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Abstract

Substantial challenges exist for investigating the cannabinoid receptor type 1 (CB1)-mediated 

discriminative stimulus effects of the endocannabinoids, 2-arachidonoylglycerol (2-AG) and N-

arach-idonoylethanolamine (anandamide; AEA), compared with exogenous CB1 receptor agonists, 

such as Δ9-tetrahydrocannabinol (THC) and the synthetic cannabinoid CP55,940. Specifically, 

each endocannabinoid is rapidly degraded by the respective hydrolytic enzymes, 

monoacylglycerol lipase (MAGL) and fatty acid amide hydrolase (FAAH). Whereas MAGL 

inhibitors partially substitute for THC and fully substitute for CP55,940, FAAH inhibitors do not 

substitute for either drug. Interestingly, combined FAAH-MAGL inhibition results in full THC 

substitution, and the dual FAAH-MAGL inhibitor SA-57 serves as its own discriminative training 
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stimulus. Because MAGL inhibitors fully substitute for SA-57, we tested whether the selective 

MAGL inhibitor MJN110 would serve as a training stimulus. Twelve of 13 C57BL/6J mice 

learned to discriminate MJN110 from vehicle, and the CB1 receptor antagonist rimonabant dose-

dependently blocked its discriminative stimulus. CP55,940, SA-57, and another MAGL inhibitor 

JZL184, fully substituted for MJN110. In contrast, the FAAH inhibitor PF-3845 failed to 

substitute for the MJN110 discriminative stimulus, but produced a 1.6 (1.1–2.2; 95% confidence 

interval) leftward shift in the MJN110 dose-response curve. Inhibitors of other relevant enzymes 

(i.e., ABHD6, COX-2) and nicotine did not engender substitution. Diazepam partially substituted 

for MJN110, but rimonabant failed to block this partial effect. These findings suggest that MAGL 

normally throttles 2-AG stimulation of CB1 receptors to a magnitude insufficient to produce 

cannabimimetic subjective effects. Accordingly, inhibitors of this enzyme may release this 

endogenous brake producing effects akin to those produced by exogenously administered 

cannabinoids.
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1. Introduction

More than four decades have elapsed since Jarbe and Henriksson established that Δ9-

tetrahydrocannabinol (THC), the predominant psychoactive constituent of Cannabis sativa 
(Gaoni and Mechoulam, 1964), elicits subjective effects in laboratory animals with a high 

degree of sensitivity and selectivity (Henriksson and Järbe, 1972; Järbe and Henriksson, 

1974,1973; Järbe et al., 1977). The findings that CB1 receptor antagonists block the 

subjective effects of THC (Järbe et al., 2001; McMahon, 2009; Wiley et al., 1995b) as well 

as the potent cannabinoid receptor agonist CP55,940 (Owens et al., 2016; Wiley et al., 

1995a) establish a receptor mechanism for the discriminative stimulus produced by the 

naturally occurring and synthetic cannabinoids. Given the challenges associated with 

investigating the rewarding properties of THC and other cannabinoids in traditional 

preclinical behavioral assays of abuse liability, the drug discrimination paradigm offers 

utility to investigate psychoactive properties of this class of drugs (Tanda, 2016). In contrast 

to THC and synthetic cannabinoid receptor agonists, which elicit long-lasting and robust 

pharmacological effects, in vivo investigation of the endogenous cannabinoids, N-

arachidonoylethanol-amine (anandamide; AEA; Devane et al., 1992) and 2-

arachidonoylglycerol (2-AG; Mechoulam et al., 1995; Sugiura et al., 1995), pose further 

challenges because of rapid degradation by their chief respective hydrolytic enzymes fatty 

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

(MAGL) (Di Marzo et al., 1999; Dinh et al., 2002). Although AEA substitutes for THC and 

CP55,940 in rats, it does so at high doses that profoundly disrupt response rates (Wiley et 

al., 1995). Pharmacological inhibitors of FAAH and MAGL that elevate brain levels of 

endogenous cannabinoids serve as useful investigative tools to reveal the pharmacological 
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properties of endocannabinoids. Notably, FAAH inhibitors do not substitute for the THC 

discriminative stimulus (Gobbi et al., 2005; Owens et al., 2016; Solinas et al., 2007; Wiley et 

al., 2014), but increases substitution of exogenously administered AEA (Solinas et al., 2007; 

Stewart and McMahon, 2011; Vann et al., 2012; Wiley et al., 2014). Moreover, FAAH (−/−) 

mice learn to discriminate AEA from vehicle, an effect that was blocked by the CB1 receptor 

antagonist rimonabant (Walentiny et al., 2011). Whereas FAAH inhibitors lack intrinsic 

cannabimimetic subjective effects, MAGL inhibitors partially substitute for THC (Long et 

al., 2009a,b; Wiley et al., 2014; Walentiny et al., 2011), and fully substitute for the CP55,940 

discriminative stimulus (Ignatowska-Jankowska et al., 2015).

Interestingly, the dual FAAH-MAGL inhibitors JZL195 and SA-57 fully substitute for the 

THC discriminative stimulus in mice (Long et al., 2009a,b; Hruba et al., 2015). Moreover, 

mice learn to discriminate SA-57 from vehicle, and rimonabant blocks this discriminative 

stimulus, implicating CB1 receptor involvement (Owens et al., 2016). CP55,940, as well as 

the MAGL inhibitors MJN110 and JZL184 fully substitute for SA-57 (Owens et al., 2016). 

Thus, in the present study we examined whether mice would learn to discriminate a MAGL 

inhibitor from vehicle. We selected MJN110 as the training drug because of its high potency 

and increased selectivity compared with other MAGL inhibitors such as JZL184 (Niphakis 

et al., 2013). We chose 2.5 mg/kg MJN110 as the training dose because this dose fully 

substitutes for SA-57 2 h following administration without decreasing response rates 

(Owens et al., 2016). Rimonabant was used to test whether CB1 receptors mediate the 

discriminative stimulus effects of MJN110. Finally, we conducted a series of substitution 

studies to explore if additional targets contribute to the MJN110 discriminative stimulus. 

Specifically, we tested whether CP55,940, SA-57, the MAGL inhibitor JZL184, and the 

FAAH inhibitor PF-3845 would substitute for the MJN110 discriminative stimulus. Because 

MJN110 also inhibits ABHD6, another serine hydrolase that degrades 2-AG (Blankman et 

al., 2007; Niphakis et al., 2013), we examined whether KT182, a selective inhibitor for this 

enzyme, would substitute for the training drug. Additionally, as MAGL plays a rate-limiting 

role in the production of arachidonic acid and its metabolites such as the prostaglandins 

(Nomura et al., 2011), we tested the COX-2 inhibitor valdecoxib for MJN110 substitution. 

Finally, we tested two noncannabinoid psychoactive drugs, nicotine (de Moura and 

McMahon, 2017; Shannon and Herling, 1983) and diazepam (Ator and Griffiths, 1989), the 

latter of which partially substitutes for the discriminative stimuli of THC (Wiley, 1999) and 

of SA-57 (Owens et al., 2016).

2. Materials and methods

2.1. Subjects

Male C57BL/6J mice (Jackson Laboratories; Bar Harbor, ME) were used as subjects for all 

studies. The mice, aged 9—11 weeks at the beginning of training, were individually housed 

in clear plastic cages on ventilated racks in a temperature (20—22 °C) and humidity 

controlled vivarium in accordance with Virginia Commonwealth University Institutional 

Animal Care and Use Committee guidelines. The subjects were given ad libitum access to 

water and were maintained at a target weight that was 85—90% of their free-fed body 

weight. Target weight was established before the mice began their initial training and then 
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re-established every six months following a two-week period of ad libitum access to food. 

Mice were maintained at target weight by restricting daily rations of standard rodent chow 

(supplied by Harlan Labs, Frederick, MD, Rodent diet 7912).

2.2. Drugs

SA-57, MJN110, and KT182 were synthesized in the Cravatt laboratory at The Scripps 

Research Institute (La Jolla, California, USA) as previously described (Long et al., 2009a; 

Niphakis et al., 2012, 2013; Hsu et al., 2013). CP55,940, JZL184, PF-3845, diazepam, and 

rimonabant (SR144528), were supplied by the National Institute on Drug Abuse (NIDA) 

(Rockville, MD). Nicotine was obtained commercially (Sigma-RBI; Natick, MA). 

Valdecoxib was supplied by Ironwood Pharmaceuticals, Inc. (Cambridge, MA). Each 

compound was dissolved in a vehicle consisting of ethanol, castor oil ethoxylate (30) 

(Solvay S.A., Brussels, Belgium), and saline (0.9%) in a ratio of 1:1:18. All injections were 

given in a volume of 1 ml per 100 g of body mass with the exception of 100 mg/kg JZL184, 

which was given at an injection volume of 2 ml per 100 g of body mass. The increased 

volume of vehicle did not affect rates of operant responding. All injections were 

administered via the intraperitoneal (i.p.) route of administration with the exception of 

CP55,940 and its vehicle control which were administered via the subcutaneous (s.c.) route 

of administration. MJN110, JZL184, PF-3845, SA-57, and KT182 were administered 120 

min before drug discrimination testing. CP55,940, diazepam, nicotine, and valdecoxib were 

administered 30 min before testing. In the CB1 receptor antagonist experiments, mice 

received rimonabant 10–15 min before the test compound.

2.3. Apparatus

The drug discrimination assay was conducted in eight standard mice operant conditioning 

chambers (18 × 18 × 18 cm) that were sound and light-attenuated (MED Associates, St. 

Albans, VT). Each operant chamber was equipped with a house light, two nose poke 

apertures (left and right), and a recessed well centered between the two apertures. Sweetened 

14-mg pellet reinforcements were delivered to the recessed well when nose poking satisfied 

scheduled contingencies. Houselights were illuminated during all operant sessions. 

Computer software (MED-PC® IV, MED Associates, St. Albans, VT) was used to record 

data and control pellet delivery.

3. Drug discrimination paradigm

3.1. Training and testing

Thirteen male C57BL/6J mice from Jackson Laboratories (Bar Harbor, ME) were trained to 

discriminate MJN110 (2.5 mg/kg) from vehicle. In addition, twelve male C57BL/6J mice 

from Jackson Laboratories (Bar Harbor, ME) trained to discriminate CP55,940 (0.1 mg/kg) 

from vehicle were used for the cross substitution time course study. Alternate poke apertures 

were assigned as the drug-associated side. Treatments were administered daily (Monday — 

Friday) with a pretreatment time of 120 min before each 15 min session in a double 

alternation sequence (e.g., vehicle, vehicle, drug, drug). During each session, both nose poke 

apertures were available, but only responses into the correct treatment-associated side 

resulted in delivery of food reinforcement after 10 nose pokes (FR10).
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Subjects were considered to have acquired the task when they met the following three 

criteria on nine of the previous ten consecutive training sessions: 1) correct completion of 

the first FR10 (i.e., first 10 consecutive responses into the appropriate aperture); 2) ≥ 80% 

correct responding; and 3) average response rates ≥ 10 responses/min. During test sessions, 

10 responses in either aperture resulted in food reinforcement. Once drug testing 

commenced, subjects were required to satisfy the criteria listed above on the most recent 

drug and vehicle training sessions that took place between each test session. A maximum of 

two test sessions were scheduled each week, with a minimum of 72 h between test days. 

Before conducting substitution tests, a series of dose-response tests with the training drugs 

were conducted to characterize a generalization gradient to the discriminative stimulus dose 

of each training drug. The number of days required to achieve MJN110 acquisition were 

tracked and the MJN110 dose-response generalization curve was evaluated in all MJN110 

trained mice. These mice were split into two groups and assigned substitution test treatments 

in a randomized sequence. The mice trained to discriminate CP55,940 were assessed for the 

time course of MJN110 (2.5 mg/kg) substitution.

3.2. Data analysis

The percentage of drug appropriate responses and response rates (responses/min) were 

recorded for each experiment. Full substitution was defined as greater than or equal to 80% 

nose pokes that occurred into the aperture associated with the training drug. Partial 

substitution was defined as greater than or equal to 20% and less than 80% nose pokes in the 

training drug-paired aperture. Less than 20% nose pokes on the drug-paired aperture was 

defined as no substitution (Solinas et al., 2006). ED50 values (and 95% confidence intervals) 

for generalization or substitution were calculated using least squares linear regression 

analysis. AD50 values were calculated using a transformation to percent effect then using 

least squares linear regression analysis. Potency ratios (and 95% confidence intervals) were 

calculated using linear regression (Colquhoun, 1971). All data are depicted as mean ± 

S.E.M. and were analyzed using one-way or two-way ANOVA. Dunnett's tests or Bonferroni 

post hoc analyses were used following a significant ANOVA for the response rate data. 

GraphPad Prism 6.0 statistical software (Graph Pad Software, Inc., La Jolla, CA) was used 

for data analysis.

4. Results

As shown in Fig. 1 and 12 of 13 test subjects learned to discriminate MJN110 by day 126, 

with an average of 61.5 days. For comparison, 12 of 12 mice learned to discriminate 

CP55,940 and 23 of 24 mice to learn to discriminate SA-57 by day 37 in a previous study 

(Owens et al., 2016). The rates of acquisition in mice trained to discriminate SA-57 or 

CP55,940 in C57BL/6J mice were comparable to one another with an average of 25.4 and 

27.4 days, respectively, and achieved criteria with significantly fewer training days than the 

mice trained to discriminate MJN110 [p < 0.0001]. In order to assess the time course of 

action of MJN110, we used a separate cohort of mice trained to discriminate CP55,940 that 

underwent MJN110 (2.5 mg/kg) substitution tests. MJN110 produced full substitution at 1 h, 

partial substitution at 2 h, and by 24 h all mice responded on the vehicle-paired aperture 

(Supplementary Fig. 1A). Rates of responding for each time point did not significantly differ 
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compared to CP55,940 and vehicle control measures in the time course study 

(Supplementary Fig. 1B).

Fig. 2 shows the dose-response relationship for MJN110 generalization, as well as the 

CP55,940, SA-57, JZL184 and MJN110 substitution tests in mice trained to discriminate 

MJN110 (2.5 mg/kg) from vehicle. The ED50 value (95% CL) for the MJN110 

discriminative stimulus was 0.46 (0.30–0.70) mg/kg (Fig. 2A). CP55,940, SA-57, and 

JZL184 dose-dependently substituted for MJN110 (Fig. 2A), with respective ED50 (95% 

CL) values of 0.087 (0.056–0.13) mg/kg, 2.2 (1.8–2.8) mg/kg, and 14.6 (3.9–55.1) mg/kg. 

The discriminative stimulus effects of MJN110 were 33.5 (19.4–63.2) fold more potent 

(95% CL) than those of JZL184. MJN110 [p = 0.1], CP55,940 [p = 0.3] and JZL184 [p = 

0.085] did not affect response rates relative to vehicle levels (Fig. 2B).

As shown in Fig. 3, diazepam partially substituted for MJN110 and significantly reduced 

response rates [F (5,38) = 6.91, p < 0.05]. In contrast, mice administered the ABHD6 

inhibitor KT182 (1 and 2 mg/kg), the selective cyclooxygenase-1 inhibitor valdecoxib (10 

mg/kg), or nicotine (1.5 mg/kg) selected the vehicle aperture, and none of these drugs 

affected response rates (Table 1).

To assess whether CB1 receptors mediated discriminative performance, mice were 

administered rimonabant before injection of the training dose of MJN110 (2.5 mg/kg) or 

diazepam. As shown in Fig. 4A, rimonabant (0.03–1 mg/kg) dose-dependently reduced the 

discriminative stimulus of MJN110, with an AD50 (95% CL) of 0.18 (0.11–0.31) mg/kg. In 

addition, 0.3 and 1.0 mg/kg rimonabant reduced response rates compared with the vehicle 

and MJN110 alone test conditions (Fig. 4B). In contrast, rimonabant (3 mg/kg) failed to alter 

the partial substitution produced by diazepam (Fig. 3A), though it reduced response rates 

compared with diazepam, vehicle, and MJN110 alone test conditions [F (4,30) = 13.37, p < 

0.05; Fig. 3B].

Although the FAAH inhibitor PF3845 (10 mg/kg) did not substitute for MJN110, it 

produced a 1.6 (1.1–2.2; 95% CL) leftward shift in the MJN110 dose response curve (Fig. 

5A). The respective ED50 values and 95% CL for the combination treatments of MJN110 + 

Vehicle and MJN110+ PF-3845 were 0.51 (0.40–0.65) mg/kg and 0.33 (0.28–0.38) mg/kg. 

The response rates following administration of either MJN110 + Vehicle [p = 0.085] or 

MJN110+PF-3845 [p = 0.5] did not differ from the Vehicle alone condition (Fig. 5B).

4.1. Discussionis

Previous studies have reported that MAGL inhibitors fully substitute for CP55,940 and for 

the dual FAAH-MAGL inhibitor SA-57, though they only partially substitute for THC 

(Hruba et al., 2015; Ignatowska-Jankowska et al., 2014; Long et al., 2009b; Owens et al., 

2016; Vann et al., 2012; Wiley et al., 2016, 2011). The present results extend these findings 

to show that the selective MAGL inhibitor MJN110 serves as a training drug in the drug 

discrimination paradigm. Full substitution for MJN110 by the high efficacy CB1 receptor 

agonist CP55,940, combined with dose-dependent blockade of MJN110's discriminative 

stimulus effects by the CB1 receptor antagonist rimonabant, support the inference that CB1 

Owens et al. Page 6

Neuropharmacology. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



receptors mediate the MJN110 discriminative stimulus. Furthermore, MAGL substitution 

exhibits selectivity, as the MAGL inhibitor JZL184 and the dual FAAH-MAGL inhibitor 

SA-57 fully substitute and cross-substitute (Hruba et al., 2015; Owens et al., 2016; Wiley et 

al., 2016, 2011), whereas the FAAH inhibitor PF-3845, the ABHD6 inhibitor KT182, and 

three noncannabinoid drugs (i.e., valdecoxib, nicotine, and diazepam) do not elicit full 

substitution for MJN110.

Although the FAAH inhibitor PF-3845 did not engender MJN110 substitution, full FAAH 

inhibition produced a significant leftward shift in the MJN110 generalization curve. These 

findings are consistent with previous reports demonstrating that simultaneous inhibition of 

FAAH and MAGL produces more robust subjective, motor, and antinociceptive effects 

(Hruba et al., 2015; Long et al., 2009b; Owens et al., 2016; Anderson et al., 2014; Ghosh et 

al., 2015; Wilkerson et al., 2017) than those produced by selective inhibition of either 

enzyme alone. The observations that 2-AG levels are approximately three orders of 

magnitude higher than AEA levels in wild-type mouse brains (Ahn et al., 2009; Long et al., 

2009a) and 2-AG possesses higher CB1 receptor efficacy than AEA (Sugiura et al., 2002) 

are consistent with our findings that MAGL inhibitors produced a CB1 receptor-mediated 

subjective stimulus, but PF-3845 lacked efficacy. Alternatively, the possibility that these 

endocannabinoids activate distinct CB1 receptor-mediated neuronal pathways offers a more 

parsimonious explanation than explanations of mass action and differences in efficacy for 

the finding that PF-3845 increased the potency of MJN110 in producing a discriminative 

stimulus. Accordingly, 2-AG may activate a predominant CB1 receptor-mediated circuit that 

mediates the discriminative stimulus, while AEA may activate a minor CB1 receptor-

mediated circuit that serves to amplify the 2-AG-medi-ated pathway, but lacks sufficiency to 

elicit a discriminative stimulus on its own. The differential patterns of expression between 

these enzymes (i.e., predominant FAAH expression on post-synaptic terminals (Gulyas et 

al., 2004), while primary expression of MAGL on pre-synaptic terminals (Dinh et al., 2002)) 

are consistent with the possibility of major and minor CB1 receptor-mediated neuronal 

pathways subserving cannabimimetic subjective effects.

We also tested whether inhibiting ABHD6, an off-target of MJN110 (Niphakis et al., 2013) 

or COX-2 would engender responding on the MJN110 aperture. The observation that doses 

of KT182 that selectively and fully block ABHD6 (Hsu et al., 2013) did not substitute for 

MJN110 suggests that ABHD6 does not play a necessary role in the discriminative stimulus 

effects of this training drug. Because MAGL serves as a rate-limiting biosynthetic enzyme in 

arachidonic acid production (Nomura et al., 2011), we tested whether inhibition of COX-2, 

an enzyme known to be a major metabolizer of arachidonic acid (Marnett et al., 1999), 

would substitute for MJN110. The selective COX-2 inhibitor valdecoxib failed to produce 

substitution or affect response rates in the mice, indicating that inhibiting production of 

COX-2-regulated metabolites do not play a necessary role in the discriminative effects of 

MJN110. Of course, COX-2-mediated lipid signaling molecules may play a modulatory role 

in the pharmacological effects resulting from 2-AG stimulation of CB1 receptors, or other 

metabolites of arachidonic acid or arachidonic acid itself may contribute to the MJN110 

discriminative stimulus.

Owens et al. Page 7

Neuropharmacology. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



An interesting observation in the present study is that diazepam partially substituted for 

MJN110. Similarly, diazepam partially substitutes for THC in rats (Wiley, 1999) and for 

SA-57 in mice (Owens et al., 2016). Likewise, diazepam showed some evidence of partial 

substitution in a human THC discrimination study, though the magnitude of this effect was 

only 25% (Lile et al., 2014). Diaz-epam may partially substitute for cannabimimetic 

discriminative stimuli through a common mechanism, such as a GABA component, which is 

under CB1 receptor modulation (Selley et al., 2004). Nonetheless, it is assumed that a drug 

must fully substitute for the training drug in order to be considered to elicit similar 

subjective effects (Harris and Balster, 1971; Overton, 1966).

Although the present study demonstrated that C57BL/6J mice learned to discriminate 

MJN110 from vehicle, these mice required substantially more training to reach criteria than 

mice from a previous drug discrimination study that used CP55,940 and SA-57 as training 

drugs (Owens et al., 2016). With MJN110 as the training drug, mice required a mean of 61.5 

days to achieve criteria, with 12 of the 13 subjects demonstrating MJN110 discrimination by 

day 126. In our previous study, the vast majority of mice (i.e., all 12 mice trained with 

CP55,940, and 23 of 24 mice trained with SA-57) achieved criteria by day 37 (Owens et al., 

2016). A definitive explanation accounting for the disparate rates of achieving 

discrimination criteria between MJN110 and these other drugs remains to be determined. 

One possibility is that repeated dosing of these drugs during training led to differential 

downregulation and/or desensitization of the CB1 receptor. However, the fact that the ED50 

values calculated in generalization and substitution experiments did not substantially vary 

for each respective drug between studies does not support an explanation of functional CB1 

receptor tolerance. Another possibility is that elevations of 2-AG alone produce less CB1 

receptor activation than that produced by either combined elevation of AEA and 2-AG or 

CP55,940. For example, CP55,940 and SA-57 produce the full spectrum of cannabimimetic 

effects in tetrad assay, whereas MAGL inhibition produces a subset of cannabimimetic 

effects (Grim et al., 2017; Long et al., 2009b; Wilkerson et al., 2017). Finally, the MJN110 

time course substitution study showing that MJN110 fully substitutes for CP55,940 at 1 h 

and only partially substitutes at 2 h (i.e., drug-related responding = 71.4% ± 9.7) suggests 

that an optimal pretreatment time may not have been used, though previous studies showed 

that a 2 h pretreatment of 2.5 mg/kg MJN110 fully substitutes for SA57 (Owens et al., 2016) 

and CP55,940 (Ignatowska-Jankowska et al., 2015).

In conclusion, the results of the present study make a unique observation that has potential 

clinical implications. It was observed that the selective MAGL inhibitor MJN110 produces a 

reliable discriminative stimulus, most likely through a 2-AG-mediated stimulation of CB1 

receptors. Consequently, MAGL may serve to dampen endocannabinoid-mediated 

overstimulation of the CB1 receptor, thereby preventing induction of a cannabimimetic 

subjective state. From a clinical perspective, MAGL inhibitors may have a favorable 

therapeutic index as analgesics in that the apparent doses required to induce cannabimimetic 

subjective effects, induce tolerance and dependence, and possibly promote abuse, likely far 

exceed those required to produce analgesia. For example, 0.5 mg/kg MJN110, which only 

partially inhibits MAGL (Niphakis et al., 2013), does not engender responding in the 

aperture associated with cannabimimetic drugs, yet it fully reverses mechanical allodynia in 

the chronic constriction injury of the sciatic nerve model of neuropathic pain (Ignatowska-
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Jankowska et al., 2015; Owens et al., 2016). In contrast, the MJN110 training dose used in 

the present study (i.e., 2.5 mg/kg), which required a notable long time to train suggestive of 

marginal effectiveness, fully inhibits MAGL (Niphakis et al., 2013) and elicits substantial 

(i.e., approximately 10-fold) increases in 2-AG brain levels (Ignatowska-Jankowska et al., 

2015). Such prolonged and complete MAGL inhibition leads to functional CB1 receptor 

tolerance and dependence (Burston et al., 2016; Kinsey et al., 2013). Conversely, partial 

inhibition of MAGL produces maximal anti-allodynic effects, retains its anti-allodynic 

effects, and does not lead to CB1 receptor downregulation/desensitization or physical 

dependence (Burston et al., 2016; Kinsey et al., 2013). Thus, the results of the present study 

suggest that low to moderate doses of MAGL inhibitors may effectively treat chronic pain 

conditions, while minimizing effects associated with cannabinoid abuse.
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Fig. 1. 
Comparison of acquisition of MJN110 (2.5 mg/kg) to previously reported acquisition rates 

(Owens et al., 2016) of CP55,940 (0.1 mg/kg) and SA-57 (10 mg/kg) in C57BL/6J mice 

trained in the drug discrimination paradigm. Values represent percentage of mice that 

achieved criteria across days; n = 24 mice for SA-57, 12 mice for CP55,940, and 13 mice for 

MJN110. The SA-57 and CP55,940 acquisition were previously published (Owens et al., 

2016) and are reproduced with permission from the Journal of Pharmacology and 

Experimental Therapeutics.
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Fig. 2. 
Generalization curve of MJN110 (0.25–5 mg/kg) and substitution of CP55,940 (0.0125–0.2 

mg/kg), SA-57 (0.3–10 mg/kg), and JZL184 (1.6–100 mg/kg) on percentage of responses in 

the MJN110-paired aperture. A) Dose-dependent generalization of MJN110 and dose-

dependent substitution of CP55,940, SA-57, and JZL184 for the MJN110 discriminative 

stimulus. B) CP55,940, MJN110, SA-57 and JZL184 did not decrease rates of responding 

compared to vehicle. Values represent mean ± SEM; n = 7–12 mice/group.
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Fig. 3. 
Diazepam (2.5–20 mg/kg) partially substitutes for MJN110 (2.5 mg/kg). Substitution of 

diazepam (10 mg/kg) alone and in combination with rimonabant (3 mg/kg) on percentage of 

responses in the MJN110-paired aperture and response rates. A) Dose-related partial 

substitution of diazepam for the MJN110 discriminative stimulus. Rimonabant had no 

significant effects alone or in combination with diazepam on responses in the MJN110-

paired aperture. B) Diazepam dose-dependently decreased rates of responding. Rimonabant 

in combination with vehicle or diazepam decreased rates of responding compared to vehicle, 

MJN110, and diazepam alone. Asterisks indicate significant difference (p < 0.05) versus 

vehicle. Values represent mean ± SEM; n = 6–9 mice/group.
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Fig. 4. 
The MJN110 discriminative stimulus requires CB1 receptor activation. A) Rimonabant (0.3–

1 mg/kg) attenuated responding in the MJN110 aperture. B) Rimonabant (0.3, and 1 mg/kg) 

reduced response rates. Asterisks indicate significant difference (p < 0.05) versus vehicle. 

Values represent mean ± SEM; n ¼ 4–5 mice/group.
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Fig. 5. 
PF-3845 alone and in combination with MJN110. A) The FAAH inhibitor PF-3845 (10 

mg/kg) did not substitute for MJN110, but produced a leftward shift in the MJN110 

generalization dose-response curve. B) PF-3845 alone or in combination with MJN110 did 

not decrease response rates. Values represent mean ± SEM; n = 7–8 mice/group.
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Table 1

The ABHD6 inhibitor KT182, the COX-2 inhibitor valdecoxib, and nicotine do not substitute for the MJN110 

(2.5 mg/kg) discriminative stimulus. Values represent mean ± SEM. n = 6–8 mice/group.

Drug (mg/kg) % MJN110 Aperture Responses/min

Vehicle 4.2 ± 1.9 26.7 ± 5.2

KT182 (1) 1.5 ± 0.8 30.6 ± 5.3

KT182 (2) 2.3 ± 1.0 27.1 ± 6.0

Vehical 1.4 ± 1.0 19.4 ± 2.1

Valdecoxib (10) 0.6 ± 0.3 17.8 ± 1.6

Vehicle 0.4 ± 0.4 26.4 ± 5.7

Nicotine (1.5) 2.7 ± 1.4 22.7 ± 3.8
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