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Abstract

Rationale—N-(4-hydroxyphenyl)-arachidonamide (AM404) is an anandamide transport inhibitor 

shown to reduce rewarding and relapse-inducing effects of nicotine in several animal models of 

tobacco dependence. However, the reinforcing/rewarding effects of AM404 are not clear.

Objectives—We investigated whether AM404 maintains self-administration behavior or 

reinstates extinguished drug seeking in squirrel monkeys.

Methods and Results—In monkeys with a history of anandamide or cocaine self-

administration, we substituted injections of AM404 (1–100 µg/kg/injection). Using a 10-response, 

fixed-ratio schedule, self-administration behavior was maintained by AM404. Dose-response 

curves had inverted-U shapes, with peak response rates occurring at a dose of 10 µg/kg/injection. 

In anandamide-experienced monkeys, we also demonstrated self-administration of another 

anandamide transport inhibitor VDM11. In addition to supporting self-administration, priming 

injections of AM404 (0.03–0.3 mg/kg) reinstated drug-seeking behavior previously reinforced by 

cannabinoids (THC or anandamide) or cocaine. Both, AM404 self-administration behavior and 

reinstatement of drug seeking by AM404 were reduced by treatment with the cannabinoid CB1 

receptor antagonist/inverse agonist rimonabant (0.3 mg/kg). Moreover, the reinforcing effects of 

AM404 were potentiated by the treatment with the FAAH inhibitor URB597 (0.3 mg/kg) 

suggesting the major role of anandamide in these effects. Finally, AM404 (0.3 mg/kg) potentiated 

the reinforcing effects of anandamide, but not those of cocaine.

*Corresponding author: Preclinical Pharmacology Section, National Institute on Drug Abuse, NIH, Biomedical Research Center, 251 
Bayview Boulevard, Baltimore, MD 21224; cschind@helix.nih.gov.
We dedicate this paper to our colleague and friend Steven R. Goldberg who passed away suddenly on November 25, 2014.

The authors have no conflicts of interest to report.

HHS Public Access
Author manuscript
Psychopharmacology (Berl). Author manuscript; available in PMC 2017 May 01.

Published in final edited form as:
Psychopharmacology (Berl). 2016 May ; 233(10): 1867–1877. doi:10.1007/s00213-016-4211-3.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Conclusions—In non-human primates, AM404 effectively reinforced self-administration 

behavior and induced reinstatement of drug-seeking behavior in abstinent monkeys. These effects 

appeared to be mediated by cannabinoid CB1 receptors. Therefore, compounds that promote 

actions of endocannabinoids throughout the brain by inhibiting their membrane transport may 

have a potential for abuse.
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Introduction

With few exceptions, drugs that are abused by humans are self-administered by animals. 

Prior to 2000, one of those exceptions was Δ9-tetrahydrocannabinol (THC), the active 

ingredient for marijuana. However, in 2000, Tanda and colleagues were able to show that 

THC would be reliably self-administered by squirrel monkeys that had been previously 

trained to self-administer cocaine (Tanda et al. 2000). Justinova et al. (Justinova et al. 2003) 

later showed that naïve monkeys could also be trained to self-administer THC. These studies 

were followed by reports of self-administration of major endogenous cannabinoids 

anandamide and 2-arachidonoylglycerol (2-AG) by the same species (Justinova et al. 2011). 

The effects of THC, anandamide, and 2-AG were blocked by the cannabinoid CB1 

antagonist/inverse agonist rimonabant, suggesting that self-administration was mediated by 

cannabinoid CB1 receptors. Rimonabant is highly selective at CB1 over CB2 receptors, but 

was also shown to be an antagonist at mu opioid receptors and possibly other receptors and 

ion channels (Raffa and Ward 2012; Seely et al. 2012). If endocannabinoids are self-

administered when administered systemically, then compounds that enhance the action of 

endocannabinoids might also be self-administered. Anandamide is primarily metabolized by 

the enzyme fatty acid amide hydrolase (FAAH) and a number of compounds that inhibit 

FAAH has been developed, e.g. URB597, URB694, AM3506, and PF-04457845 to name a 

few (Ahn et al. 2011; Alapafuja et al. 2012; Clapper et al. 2009b; Piomelli et al. 2006). 

FAAH inhibitors were proposed as potentially safer alternatives to direct CB1 agonists for 

treatment of pain and many neuropsychiatric disorders, including addiction, anxiety, 

cognitive and movement disorders (Clapper et al. 2010; Janero et al. 2009; Pertwee 2014; 

Petrosino and Di Marzo 2010; Piomelli 2005). The best characterized FAAH inhibitor, 

URB597, increases the levels of anandamide in the squirrel monkey brain (Justinova et al. 

2008a). Interestingly, the increase in anandamide levels was accompanied by a decrease in 

2-AG levels in that study, but this effect was not shown in a later study in squirrel monkeys 

(Justinova et al. 2015). Despite the increase in anandamide levels, URB597 was not self-

administered by squirrel monkeys and it did not reinstate extinguished THC or anandamide 

self-administration (Justinova et al. 2008a). However, other studies from our laboratory 

indicate that the reinforcing effects of FAAH inhibitors in non-human primates are not 

uniform and outcomes range from no or moderate self-administration (URB597, URB694) 

to significant self-administration (PF-04457845, AM3506) (Bergman et al. 2011; Justinova 

et al. 2008a; Justinova et al. 2014; Justinova et al. 2015).
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In addition to metabolism, evidence suggests the action of anandamide is also terminated 

though reuptake into neurons (Beltramo et al. 1997; Di Marzo et al. 1994; Hillard et al. 

1997). The processes involved in anandamide uptake have long been a matter of a 

considerable debate and both passive and active mechanisms have been proposed (Di Marzo 

et al. 1994; Fowler et al. 2004; Fowler 2012; Fu et al. 2012; Glaser et al. 2003; Hillard and 

Jarrahian 2003; Kaczocha et al. 2009; Piomelli et al. 1999). The most studied anandamide 

transport inhibitor, AM404 (N-(4-hydroxyphenyl)-arachidonamide), has been shown to 

increase the endogenous brain levels of anandamide in both mice and rats (Bortolato et al. 

2006; Fegley et al. 2004), as well as the levels of anandamide in rat plasma (Beltramo et al. 

1997; Giuffrida et al. 2000) for at least one to two hours. VDM-11, UCM-707 and OMDM-2 

have been shown to increase whole brain levels of anandamide in rats (de Lago et al. 2005).

As with self-administration, conditioned place preference (CPP) is typically seen with drugs 

that are abused in humans. In rat studies, AM404 has been shown to induce CPP, but the 

results are mixed and point to a need for special conditions (like enriched environment) in 

order to capture the rewarding effects of AM404 in rodents (Bortolato et al. 2006; 

Gamaleddin et al. 2013; Scherma et al. 2012). Also, the role of dopamine in the effects of 

AM404 is unclear (Scherma et al. 2012; Solinas et al. 2007), as well as the effects of AM404 

on endocannabinoid levels in the brain reward (Wiskerke et al. 2012). There is a need for 

careful work to explore direct and indirect effects of AM404 using proven and reliable 

methods.

To date, there are no published rodent (or monkey) self-administration studies with AM404, 

thus there is no clear picture of the reinforcing/rewarding effects of AM404. Therefore, the 

purpose of the current study was to study the effects of AM404 in a non-human primate self-

administration model where previous research has shown that a variety of cannabinoids will 

be self-administered. As our results showed that AM404 was self-administered, we further 

determined whether there was involvement of cannabinoid CB1 receptors in the reinforcing 

effects of AM404. Although, it is known that AM404 itself binds to CB1 receptors with very 

low affinity (Ki = 1.8 µM) and does not activate these receptors either in vitro or in vivo 

(Beltramo et al. 2000). Moreover, since AM404 also activates vanilloid TRPV1 receptors 

(Zygmunt et al. 2000), we compared its reinforcing effects with those of VDM11, the 

anandamide transport inhibitor that is not active at TRPV1 receptors and has only a very 

weak action at CB1 receptors (Ki > 5–10 µM) (De Petrocellis et al. 2000). We also studied 

how AM404 would interact with other self-administered drugs (cocaine, anandamide) and 

determined the effects of FAAH inhibition by URB597 on self-administration of AM404. 

Finally, the effects of AM404 were also compared with other cannabinoids in a model of 

relapse.

Method

Subjects

Seventeen adult male squirrel monkeys (Saimiri sciureus) housed in individual cages in 

rooms in which temperature and humidity were controlled were used as subjects. Room 

lights were on a 12:12-h cycle with lights on at 0700 hours. Fresh water was continuously 

available. Monkeys were fed a daily food ration consisting of high-protein monkey diet (Lab 
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Diet 5045, PMI Nutrition International, Richmond, IN) and banana flavored food treats 

(Banana Softies, Bio-Serv, Frenchtown, NJ) that maintained their body weight throughout 

the course of the experiment (800–1,200 g). The number of biscuits (8–14) was determined 

for each monkey individually to maintain their body weights at a constant level throughout 

the study. Monkeys self-administering food pellets had the number of biscuits adjusted to 

maintain the motivation to perform a food-reinforced task. Fresh fruits, vegetables and 

environmental enrichment were provided daily. Each animal had a unique numeric or 

alphanumeric identificator. These monkeys were implanted with venous catheters for the 

delivery of drug. The general surgical procedure has been described in detail elsewhere 

(Goldberg 1973). Monkeys wore nylon jackets (Lomir Biomedical, Canada) at all times to 

protect the catheters. Catheters were flushed with saline daily and sealed with stainless steel 

obturators when not in use. Following a 2-week recovery period, experiments were begun.

All animals used in this study were maintained in facilities fully accredited by the 

Association for the Assessment and Accreditation of Laboratory Animal Care, and 

experiments were conducted in accordance with guidelines of the Institutional Animal Care 

and Use Committee of the Intramural Research Program, National Institute of Drug Abuse, 

National Institutes of Health, and the Guidelines for the Care and Use of Mammals in 

Neuroscience and Behavioral Research (National Research (Council 2003).

Apparatus

During experimental sessions, the monkeys sat in Plexiglas chairs and were loosely 

restrained in the seated position by a waist lock (see Justinova et al. 2005). The chair 

contained a response lever (no. 121-05, BRS/LVE Corp., Laurel, MD, USA) mounted on a 

transparent front wall. Pairs of green and amber stimulus lights, mounted behind the 

transparent wall of the chair, could be illuminated and used as visual stimuli. A food trough 

was located in the bottom middle of the same panel as the levers. The monkey’s catheter was 

connected to polyethylene tubing that passed out of the isolation chamber where it was 

attached to a motor-driven syringe pump. A computer located in an adjacent room using the 

MED Associates MED-PC software package (East Fairfield, VT, USA) controlled the 

operation of the experimental events and data collection.

Procedure

Self-Administration—One-hour sessions were typically conducted Monday-Friday at 

around the same time each day. Monkeys were transported from the holding room to the 

experimental room where they were seated in the Plexiglas chairs. Catheters were flushed 

with saline and connected to the syringe pump. An injection of drug calculated to fill the 

dead space of the catheter was then administered. Sessions began with the illumination of 

the green stimulus lights. When the green stimulus lights were on, 10 responses on the 

response lever (FR 10) lead to the green light being turned off, the amber lights being turned 

on and the operation of the infusion pump (0.2 ml in 0.2 sec). After 2 sec, the amber lights 

were turned off and a timeout began where no stimulus lights were illuminated. Reponses 

during the timeout were counted, but had no scheduled effect. After a 1-min timeout, the 

green stimulus lights were turned on signaling that responses on the lever could again be 

reinforced on the FR 10 schedule.
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Monkeys were initially trained with anandamide (40 µg/kg/injection), cocaine (30 µg/kg/

injection) or THC (4 µg/kg/injection). Self-administration of AM404 was tested over a range 

of doses (1 to 100 µg/kg/injection) in anandamide- and cocaine-trained monkeys. Self-

administration of VDM11 was tested over a similar range of doses (0.3 to 56 µg/kg/

injection) in anandamide-trained monkeys. Each AM404 or VDM11 dose was made 

available for 4–5 consecutive sessions each to obtain dose-effect functions. Testing of each 

dose was always preceded and followed with 4–5 sessions of extinction. The doses of 

AM404 for this study were selected by conservative extrapolation from rodent pretreatment 

studies. Doses of VDM11 were based on our results with AM404.

To assess the effects of CB1-receptor blockade on reinforcing effects of AM404, rimonabant 

(0.1 and 0.3 mg/kg, i.m.) was given before AM404 (10 µg/kg/injection) self-administration 

sessions. Each rimonabant dose was tested for four consecutive sessions that were preceded 

and followed by 3–5 sessions with vehicle pretreatment. Then, monkeys were returned to 

self-administration of anandamide and three doses of AM404 (0.03, 0.1, and 0.3 mg/kg, i.v.) 

were compared for their effects on self-administration of the 40-µg/kg/injection dose of 

anandamide. Each dose was tested for five consecutive sessions that were preceded and 

followed by 3–5 sessions with vehicle pretreatment. The dose (0.3 mg/kg) that most 

effectively decreased anandamide self-administration was selected for further determination 

of the effects of AM404 on anandamide or cocaine self-administration dose-effect curves. 

Here, AM404 (0.3 mg/kg) was administered i.v. before each of five consecutive anandamide 

or cocaine self-administration sessions, preceded and followed by 3–5 consecutive baseline 

self-administration sessions with vehicle pretreatment. These sets of baseline and test 

sessions were conducted at anandamide doses of 2.5, 10, 40, and 80 µg/kg/injection and 

cocaine doses 3, 30, and 100 µg/kg/injection to detect changes in the anandamide and 

cocaine dose-effect curves. AM404 at a dose 0.3 mg/kg was also tested with food under self-

administration conditions that paralleled the drug self-administration procedure.

Reinstatement procedure—Prior to the experiments described here, the monkeys were 

repeatedly exposed to extinction conditions where vehicle replaced the self-administered 

drug (responses still produced the 2-sec amber stimulus light and time-out on the FR 

schedule) and thus their responding typically decreased rapidly, usually within 1 day. For the 

reinstatement procedure, anandamide-, THC-, and cocaine-trained monkeys were first 

exposed to extinction conditions until responding decreased to a low level. For the 

reinstatement test, priming injection of test drug (0.04 mg/kg of THC, 0.3 mg/kg of 

anandamide, or 0.3 mg/kg of AM404) was administered i.v. prior to the session, during 

which completion of the FR produced the vehicle injections, the brief stimulus and time-out. 

In anandamide-trained monkeys, we previously determined the effects of three doses of 

AM404 (0.03, 1, and 0.3 mg/kg) and the most effective dose (0.3 mg/kg) was then used 

alone and in combination with rimonabant (0.3 mg/kg, i.m.) in all three groups of monkeys. 

Each reinstatement test was preceded by 1–2 extinction sessions with vehicle pretreatment.

Drugs

AM404 (N-(4-hydroxyphenyl)-arachidonamide) and anandamide (N-

Arachidonoylethanolamine) were synthesized in the laboratory of Dr. Makriyannis at the 

Schindler et al. Page 5

Psychopharmacology (Berl). Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Center for Drug Discovery, Northeastern University (Boston, MA, USA). AM404 was 

dissolved in a vehicle containing 2% Tween 80, ethanol 2%, and saline to obtain stock 

solution (1.5 mg/ml) that was further diluted with saline as needed. When used as a 

pretreatment, AM404 was injected i.v. (1 ml/kg) 5 min before the session. Anandamide was 

dissolved in a vehicle containing 2% Tween 80, 2% ethanol, and saline to obtain a stock 

solution (10 mg/ml) and further diluted with saline as needed. (−)-Cocaine HCl (Sigma 

Chemical Co., St. Louis, MO, USA) was dissolved in saline (doses expressed as salt). Δ9-

tetrahydrocannabinol (THC, NIDA Drug Supply Program, Bethesda, MD, USA) was 

dissolved in a vehicle containing 1% Tween 80, 1% ethanol, and saline to obtain stock 

solution (0.4 mg/ml) and further diluted with saline. VDM11 [(5Z,8Z,11Z,14Z)-N-(4-

Hydroxy-2-methylphenyl)-5,8,11,14-eicosatetraenamide] (Tocris Bioscience, Ellisville, MO, 

USA) was dissolved in a vehicle containing 2% Tween 80, 6% ethanol, and saline to obtain 

stock solution (0.3 mg/ml) and further diluted with saline as needed. Rimonabant 

(SR141716; N-piperidino-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methylpyrazole-3-

carboxamide), provided by NIDA Drug Supply Program (Bethesda, MD, USA), was 

dissolved in a vehicle of 2% Tween 80, 2% ethanol, and sterile water and injected i.m. (in a 

volume of 0.3–0.5 ml/kg) 60 min before the session. URB597 (cyclohexyl carbamic acid 3’-

carbamoyl-3-yl ester) was kindly provided by Dr. Daniele Piomelli (University of California, 

Irvine, CA, USA). URB597 was dissolved in vehicle containing 5% Tween 80, and saline 

and injected i.v. (1 ml/kg) 30 min before the session. In the reinstatement tests, THC, 

anandamide, and AM404 were injected i.v. (1 ml/kg) immediately before the session.

Data analysis

Cumulative response records were obtained during all sessions to assess within-session 

patterns of responding. The number of reinforcements (injections or pellets) per session 

represents total number of injections delivered during each 1-hour session. The rates of 

responding are expressed as responses per second averaged over the 1 h session, with time 

and responding during time-outs not included in calculations. Data for dose–effect curves 

are expressed as mean response rates and numbers of reinforcements per session ± SEM 

over the last three sessions. In addition, total intake for each self-administered dose was 

calculated. For statistical evaluation of effects over consecutive sessions, the average of the 

last three sessions prior to the experimental manipulation (extinction or pretreatment) was 

used as a control value to allow comparisons with subsequent sessions. Statistical analysis 

was performed using one-way or two-way repeated measures ANOVA (data met the 

assumptions of the test). Post hoc analysis was performed either by Tukey pairwise multiple 

comparisons or Bonferroni t-test (multiple comparisons versus control group). Statistical 

significance was accepted at the p < 0.05 level. SigmaStat software (Systat Software Inc.) 

was used for all statistical analyses.

Results

Monkeys initially trained to self-administer either anandamide or cocaine also self-

administered AM404 (Figure 1). For both groups of monkeys, a typical inverted U-shaped 

dose-effect function was observed, with peak responding occurring at a dose of 10 µg/kg/

injection AM404. Both the number of injections per session (Figure 1a; anandamide group: 
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F(5,10) = 17.91, p < 0.001; cocaine group: F(5,10) = 115.23, p < 0.001) and the rate of 

responding (Figure 1b; anandamide group: F(5,10) = 6.85, p = 0.005; cocaine group: F(5,10) 

= 11.72, p < 0.001) were significantly above vehicle levels at a number of doses. The total 

AM404 intake per session reached 1.53 ± 0.32 mg/kg in anandamide group and 1.29 ± 0.07 

mg/kg in cocaine group (Figure 1c). The number of 10-µg/kg injections of AM404 received 

per session (anandamide group: 50.33 ± 1.02 ; cocaine group: 50.58 ± 1.40) was near 

available maximum and the rates of responding (anandamide group: 1.22 ± 0.13 ; cocaine 

group: 1.07 ± 0.24) were typical of other drugs of abuse in squirrel monkeys, including THC 

(Justinova et al. 2003) and anandamide (Justinova et al. 2005).

When vehicle was substituted for AM404 (30 µg/kg/injection), but the brief stimulus and 

time-out still followed each FR completion, both the number of injections (Figure 2a; F(4,8) 

= 9.28, p = 0.004) and the rate of responding (Figure 2b; F(4,8) = 6.99, p = 0.01) dropped 

immediately. When AM404 (10 µg/kg/injection) was again made available for self-

administration, injections and rate of responding recovered rapidly. Self-administration of 

AM404 (10 µg/kg/injection) was attenuated by pretreatment with the CB1 antagonist/inverse 

agonist rimonabant, indicating a role for CB1 receptors in AM404 self-administration 

(Figure 2c,d). A dose of 0.3 mg/kg rimonabant reduced the number of injections per session 

by over half (Figure 2c; F(4,12) = 8.5, p = 0.002) and reduced response rates by more than 

80% (Figure 2d; F(4,12) = 19.18, p < 0.001), effects not much different from that observed 

with vehicle substitution (Figure 2a,b). A lower dose of rimonabant (0.1 mg/kg) produced 

smaller, but still significant reductions in responding (Figure 2c, injections: F(4,12) = 3.90, p 

= 0.03; Figure 2d, response rate: F(4,12) = 4.61, p = 0.017). Cumulative records from the 

sessions with the rimonabant treatment showed that all the responding occurred in the first 

half of the session. The pattern of responding was indicative of attenuation of the effects of 

AM404. The reduction in responding and cumulative records were comparable to those seen 

with the same rimonabant pretreatment doses in monkeys self-administering THC (Tanda et 

al. 2000) or anandamide (Justinova et al. 2005).

Like AM404, the anandamide uptake inhibitor VDM11 that is not active at TRPV1 receptors 

also supported self-administration behavior in anandamide-experienced squirrel monkeys 

(Figure 3). Inverted U-shaped dose-effect functions were observed for both total number of 

injections and response rates. A number of VDM11 doses maintained infusions (Figure 3a; 

F(6,22) = 14.38, p < 0.001) and response rate (Figure 3b; F(6,22) = 8.82, p < 0.001) at levels 

above those maintained by vehicle and total intake reached 1.77 ± 0.26 mg/kg at the highest 

dose tested (Figure 3c).

In monkeys self-administering anandamide (40 µg/kg/injection), pretreatment with 0.03 and 

0.1 mg/kg of AM404 did not significantly decrease number of self-administered injections. 

However, a dose of 0.3 mg/kg AM404 significantly (injections: F(5,10) = 5.42; p = 0.011; 

response rate: F(5,10) = 4.04; p = 0.029) reduced anandamide self-administration (not 

shown) over 5 consecutive sessions. To further investigate the interaction between AM404 

and anandamide, the effect pretreatment with 0.3 mg/kg AM404 on the anandamide self-

administration dose-effect function was determined. Figure 4 shows that AM404 

pretreatment shifts the anandamide dose-effect function for both injections (Figure 4a; 

anandamide dose×AM404 interaction: F(3,6) = 21.59; p = 0.001) and rate of responding 
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(Figure 4b; anandamide dose×AM404 interaction: F(3,6) = 11.70; p = 0.006) to the left. 

Pretreatment with AM404 decreased the amount of anandamide self-administered at the two 

highest doses (Figure 4c; anandamide dose×AM404 interaction: F(3,6) = 7.95; p = 0.016). 

Unlike with anandamide, pretreatment with AM404 did not affect cocaine self-

administration (Figure 5). Like with cocaine, when monkeys responding for food pellets on 

the same FR 10 schedule were pretreated with 0.3 mg/kg AM404 responding was not 

affected (not shown; pre AM404 treatment number of pellets: 49.67 ± 1.76, response rate: 

0.96 ± 0.2; post AM404 treatment number of pellets: 48.89 ± 0.35, response rate: 0.79 

± 0.02). Thus, the effects of AM404 pretreatment appear to be specific to cannabinoid 

responding.

Any compound that further enhances the effects of released anandamide might be expected 

to affect the self-administration of AM404. One such compound is URB597 that reduces 

anandamide metabolism by inhibiting the enzyme that metabolizes anandamide (FAAH). 

Figure 6 shows that pretreatment with 0.3 mg/kg URB597 shifts the AM404 dose-effect 

functions to the left, which is indicative of enhanced reinforcing effects of AM404 (AM404 

dose×URB597 interactions; Figure 6a, injections: F(2,4) = 49.03; p = 0.002; Figure 6b, 

response rates: F(2,4) = 15.47; p = 0.013; Figure 6c, intake: F(2,4) = 37.66; p = 0.003).

Finally, we tested the effects of priming injections of AM404 in comparison with 

cannabinoid agonists (anandamide, THC) on extinguished drug seeking behavior in 

monkeys trained to self-administer anandamide, THC, or cocaine. When vehicle was 

substituted for the training drug in the self-administration procedure (extinction), monkeys’ 

lever-pressing decreased to very low rates in all three groups (Figure 7a,b,c). In anandamide-

trained monkeys, we tested the priming effects of non-contingent i.v. injections of AM404 at 

three doses (0.03, 0.1, and 0.3 mg/kg) and observed a dose-dependent reinstatement of 

extinguished drug seeking behavior with the dose 0.3 mg/kg producing an effect comparable 

to the effects of priming injections of THC (0.04 mg/kg) or anandamide (0.3 mg/kg) (Figure 

7a; F(6,15) = 57.79; p < 0.001). In THC- and cocaine-trained monkeys, the effects of 

priming with AM404 (0.3 mg/kg) were also virtually the same as the effects of THC or 

anandamide (Figure 7b, F(4,15) = 55.23; p < 0.001; Figure 7c, F(4,11) = 59.80; p < 0.001, 

respectively). The lever pressing was reinstated to approximately the same levels that had 

been obtained during self-administration of the training dose of each drug. Pretreatment with 

rimonabant (0.3 mg/kg) prevented the priming effects of AM404 in all three groups of 

monkeys (Figures 7a,b,c; all p´s < 0.001).

Discussion

Using the same intravenous self-administration procedure that had been used previously to 

show that cannabinoids are self-administered, we show that the anandamide transport 

inhibitor AM404 is also robustly self-administered by squirrel monkeys. The rates of self-

administration were similar to those previously seen for other cannabinoids, including THC 

(Justinova et al. 2003; Tanda et al. 2000), anandamide (Justinova et al. 2005) and 2-AG 

(Justinova et al. 2011). Substituting vehicle for AM404 led to immediate reductions in self-

administration responding and rates of self-administration immediately recovered when 

AM404 was again available. Self-administration of AM404 showed the typical inverted U-
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shaped dose-effect function that is seen for most drugs of abuse, with peak self-

administration rates occurring at 10-µg/kg injection dose. AM404 was reliably self-

administered by monkeys previously trained to self-administer anandamide, but also by 

monkeys trained on cocaine, indicating that a prior history of cannabinoid self-

administration was not a necessary prerequisite to AM404 self-administration.

The mechanisms underlying the reinforcing effects of AM404 almost certainly involve 

cannabinoid CB1 receptors, as the CB1 antagonist/inverse agonist rimonabant attenuated 

AM404 self-administration. In addition to anandamide (Beltramo et al. 1997; Di Marzo et 

al. 1994; Hillard et al. 1997), AM404 and other anandamide uptake inhibitors have also been 

shown to block the uptake of 2-AG (Bisogno et al. 2001; de Lago et al. 2005). As noted 

above, squirrel monkeys will self-administer both anandamide (Justinova et al. 2005) and 2-

AG (Justinova et al. 2011), however the involvement of 2-AG in the effects of AM404 in this 

study is not clear. AM404 increases 2-AG levels in the nucleus accumbens of rats, an area 

where changes in the levels of endocannabinoids are associated with motivation properties 

of some drugs (Caille et al. 2007), but does not increase the levels of anandamide there 

(Wiskerke et al. 2012). Here we observed that URB597, which is not self-administered by 

monkeys, was able to potentiate the reinforcing effects of AM404 by shifting the self-

administration dose-effect functions to the left, which is indicative of interference with 

anandamide levels (Justinova et al. 2008a). Further, the effect of URB597 on AM404 self-

administration was identical to the effect of URB597 on anandamide self-administration 

shown previously in monkeys (Justinova et al. 2008a). These results suggest that blockade of 

anandamide transport may be crucial in mediating AM404 self-administration. It is unlikely 

that the self-administration observed with AM404 is related to its action at vanilloid TRPV1 

receptors, as VDM11, an uptake inhibitor that does not affect TRPV1 receptors (De 

Petrocellis et al. 2000), was also self-administered by squirrel monkeys.

In addition to supporting self-administration, AM404 administration also reinstates 

extinguished drug seeking behavior that was previously reinforced by cannabinoids (THC or 

anandamide) or cocaine. The reinstating effect of AM404 was identical to the effects of 

other CB1 agonists, anandamide and THC, in cannabinoid- and cocaine-experienced 

monkeys. It has previously been shown that AM404 reinstates self-administration 

responding that was previously maintained on a second-order schedule of THC 

reinforcement (Justinova et al. 2008b), but this is the first demonstration of reinstatement of 

cocaine-seeking behavior by AM404. This result suggests that the reinforcing effects of 

AM404 share properties with other self-administered drugs, including drugs from different 

chemical classes. It could also mean that AM404 at the tested dose triggered general 

increases in operant responding, regardless of the previous reinforcer. However, the fact that 

AM404 did not increase responding at low cocaine self-administration doses would argue 

against a general increase in operant responding. Nevertheless, there was involvement of 

CB1 receptors in the reinstatement effects of AM404, as rimonabant attenuated the 

reinstatement of drug seeking induced by AM404 in both the cannabinoid- and cocaine-

experienced monkeys.

The success of methadone treatment for heroin abuse and the use of nicotine replacement as 

smoking cessation treatments have led a number of investigators to propose the use of 
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agonist replacement therapy for other drugs of abuse (Grabowski et al. 2004; Rothman et al. 

2008), including cannabinoid abuse (Clapper et al. 2009a). The findings with AM404 

pretreatment in monkeys self-administering anandamide support this approach. AM404 

reduced the self-administration of anandamide at doses near the peak of the anandamide 

dose-effect function and shifted the entire anandamide dose-effect function to the left. This 

effect was specific for cannabinoid self-administration, as AM404 did not alter self-

administration of cocaine. The fact that AM404 is itself self-administered would appear to 

detract from its use as a replacement therapy, although this fact alone should not be 

disqualifying if the treatment reduces the overall negative effects of cannabinoid use. Further 

developments of uptake inhibitors can be directed to producing compounds that have slower 

onsets and longer durations of action that may reduce the abuse potential of the candidate 

medications (Gorelick 1998; Schindler et al. 2011).

In conclusion, the anandamide transport inhibitors AM404 and VDM11 were reliably self-

administered by squirrel monkeys at rates that matched those seen with other cannabinoids. 

AM404 also reinstated extinguished drug-seeking responding for the cannabinoids THC and 

anandamide, as well as the psychostimulant cocaine. Both, the reinforcing effects of AM404 

and its priming effects in the model of relapse were blocked by the cannabinoid CB1 

antagonist/inverse agonist rimonabant suggesting involvement of CB1 receptors.
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Figure 1. 
Dose-effect functions for self-administration of various doses of AM404 under a fixed-ratio 

10 (FR10) schedule. Total number of AM404 injections self-administered per 1-h session 

(a), overall response rates in the presence of the green light signaling drug availability (b), 

and total AM404 intake per 1-h session (c) are shown as a function of AM404 dose 

(abscissae log scale) in anandamide- (n=3) and cocaine-trained (n=3) monkeys. **p < 0.01, 

post-hoc comparisons with vehicle (V) self-administration, Bonferroni test.

Schindler et al. Page 14

Psychopharmacology (Berl). Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Extinction and reacquisition of AM404 self-administration. Number of injections per session 

(a) and overall rates of responding (b) during AM404 (30 µg/kg/injection) self-

administration (sessions 1–4), vehicle extinction (sessions 5–8), and AM404 (10 µg/kg/

injection) self-administration (sessions 9–12) are shown (n=3). Attenuation of AM404 self-

administration by cannabinoid CB1 antagonist/inverse agonist rimonabant. Number of 

injections per session (c) and overall rates of responding (d) during AM404 (10 µg/kg/

injection) self-administration are shown (n=4) after i.m. pretreatment with vehicle (sessions 

1–3 and 8–11) or rimonabant (0.1 and 0.3 mg/kg; sessions 4–7). Points represent means ± 

SEM. *p < 0.05, **p < 0.01, post-hoc vs. the mean of the last three sessions of AM404 self-

administration (a,b; sessions 2–4) or the mean of the last three sessions of vehicle 

pretreatment (c,d; sessions 1–3), Bonferroni test.
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Figure 3. 
Dose-effect functions for self-administration of various doses of VDM11 under a fixed-ratio 

10 (FR10) schedule. Total number of VDM11 injections self-administered per 1-h session 

(a), overall response rates in the presence of the green light signaling drug availability (b), 

and total VDM11 intake per 1-h session (c) are shown as a function of VDM11 dose 

(abscissae log scale) in anandamide-trained monkeys (n=5; except for the dose 0.3 µg/kg/

injection where n=3). *p < 0.05, **p < 0.01, post-hoc comparisons with vehicle (V) self-

administration, Bonferroni test.
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Figure 4. 
Effect of AM404 on anandamide self-administration in squirrel monkeys under a fixed-ratio 

10 (FR10) schedule. Number of anandamide injections per 1-h session (a), overall response 

rates in the presence of the green light signaling anandamide availability (b) and total 

anandamide intake per session (c) are shown as a function of the anandamide dose 

(abscissae log scale) after vehicle or AM404 (0.3 mg/kg) pretreatment. Each data point 

represents the mean ± SEM of the last three sessions under each anandamide and vehicle (V) 

conditions (n=3). *p < 0.05, **p < 0.01, post-hoc comparisons of the effects of pretreatment 

with AM404 vs. vehicle treatment within each anandamide dose, Tukey test.
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Figure 5. 
Effect of AM404 on cocaine self-administration in squirrel monkeys under a fixed-ratio 10 

(FR10) schedule. Number of cocaine injections per 1-h session (a), overall response rates in 

the presence of the green light signaling cocaine availability (b) and total cocaine intake per 

session (c) are shown as a function of the cocaine dose (abscissae log scale) after vehicle or 

AM404 (0.3 mg/kg) pretreatment. Each data point represents the mean ± SEM of the last 

three sessions under each cocaine and vehicle (V) conditions (n=3).
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Figure 6. 
Effect of URB597 on AM404 self-administration in squirrel monkeys under a fixed-ratio 10 

(FR10) schedule. Number of AM404 injections per 1-h session (a), overall response rates in 

the presence of the green light signaling AM404 availability (b) and total AM404 intake per 

session (c) are shown as a function of the AM404 dose (abscissae log scale) after vehicle or 

URB597 (0.3 mg/kg) pretreatment. Each data point represents the mean ± SEM of the last 

three sessions under each AM404 and vehicle (V) conditions (n=4). *p < 0.05, **p < 0.01, 

post-hoc comparisons of the effects of pretreatment with URB597 vs. vehicle treatment 

within each AM404 dose, Tukey test.
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Figure 7. 
Anandamide (AEA), THC, and AM404 priming-induced reinstatement of extinguished drug 

seeking behavior in anandamide-, THC- and cocaine-experienced monkeys. Priming i.v. 

injection with THC (0.04 mg/kg), anandamide (0.3 mg/kg), or AM404 (0.03–0.3 mg/kg) 

reinstated extinguished self-administration behavior in anandamide- (a; n=4), THC- (b; 

n=5), and cocaine-trained (c; n=4) monkeys. Pretreatment with rimonabant (0.3 mg/kg) 

blocked the reinstatement induced by priming injection of AM404 (0.3 mg/kg) in all three 

groups of monkeys. Number of vehicle injections self-administered during 1-h sessions are 

shown. Bars represent means ± SEM. “Vehicle” bars represent the average of 4–6 extinction 

sessions prior to the test sessions. *p < 0.05, **p < 0.01, post-hoc comparisons with 

“Vehicle” condition; ##p < 0.01, post-hoc comparisons with “AM404 0.3” condition; Tukey 

test.
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