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CB1 Agonism Alters Addiction-Related Behaviors in Mice Lacking Mu or Delta Opioid Receptors
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Opioids are powerful analgesics but the clinical utility of these compounds is reduced by aversive outcomes, including the development of affective and substance use disorders. Opioid systems do not function in isolation so understanding how these interact with other neuropharmacological systems could lead to novel therapeutics that minimize withdrawal, tolerance, and emotional dysregulation. The cannabinoid system is an obvious candidate as anatomical, pharmacological, and behavioral studies point to opioid-cannabinoid interactions in the mediation of these processes. The aim of our study is to uncover the role of specific cannabinoid and opioid receptors in addiction-related behaviors, specifically nociception, withdrawal, anxiety, and depression. To do so, we tested the effects of a selective CB1 agonist, arachidonyl-2-chloroethylamide (ACEA), on mouse behavior in tail immersion, naloxone-precipitated withdrawal, light-dark, and splash tests. We examined cannabinoid-opioid interactions in these tests by comparing responses of wildtype (WT) mice to mutant lines lacking either Mu or Delta opioid receptors. ACEA, both acute or repeated injections, had no effect on nociceptive thresholds in WT or Mu knockout (KO) mice suggesting that analgesic properties of CB1 agonists may be restricted to chronic pain conditions. The opioid antagonist, naloxone, induced similar levels of withdrawal in all three genotypes following ACEA treatment, confirming an opioidergic contribution to cannabinoid withdrawal. Anxiety-like responses in the light-dark test were similar across WT and KO lines; neither acute nor repeated ACEA injections modified this behavior. Similarly, administration of the Delta opioid receptor antagonist, naltrindole, alone or in combination with ACEA, did not alter responses of WT mice in the light-dark test. Thus, there may be a dissociation in the effect of pharmacological blockade vs. genetic deletion of Delta opioid receptors on anxiety-like behavior in mice. Finally, our study revealed a biphasic effect of ACEA on depressive-like behavior in the splash test, with a prodepressive state induced by acute exposure, followed by a shift to an anti-depressive state with repeated injections. The initial pro-depressive effect of ACEA was absent in Mu KO mice. In sum, our findings confirm interactions between opioid and cannabinoid systems in withdrawal and reveal reduced depressive-like symptoms with repeated CB1 receptor activation.
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INTRODUCTION

Opioid and cannabinoid systems both play a critical role in a number of addiction-related behaviors, such as analgesia, reward, and emotional processing (1, 2). This commonality of function may reflect colocalization of opioid and cannabinoid receptors in brain regions implicated in each process and/or a common mechanism of receptor activation. In terms of the latter, Mu (MOP), Delta (DOP), and Kappa (KOP) opioid receptors, as well as both cannabinoid receptors (CB1 and CB2), are all coupled to inhibitory G proteins. Similarly, anatomical distribution of the three opioid receptors (3, 4) overlaps with CB1 receptor distribution (1) in many areas of the central nervous system (CNS). In contrast, anatomical localization of CB2 receptors in the CNS is not well studied. Indeed, initial reports described CB2 expression in immune cells (5, 6), although more recent work confirmed central expression of these receptors (7–9). Consequently, the anatomical relationship between CB2 receptors and either CB1 or opioid receptors is not known. Importantly, colocalization of opioid and CB1 receptors has been reported in the spinal cord, a critical site for antinociception (10–12), and in higher brain regions associated with emotional processing (13). This pattern of co-expression suggests that cannabinoid-opioid interactions may mediate behavioral responses related to pain relief and addiction (1, 6, 14), a process that may involve the formation of receptor heteromers (15).

Pharmacological and genetic knockout studies confirm interactive effects of opioid and CB1 receptors in antinociception (16) and behaviors related to addiction (17). For example, pharmacological blockade of either opioid or cannabinoid receptors with selective antagonists attenuates behavioral responses induced by an agonist of the other system (14). In addition, genetic inactivation of MOP receptors, producing knockout (KO) mice, decreases physical dependence induced by chronic administration of cannabinoid agonists (18, 19) and reduces the reinforcing properties of these drugs (18). Conversely, inactivation of CB1 receptors inhibits the rewarding properties of a MOP receptor agonist (19–21).

Most studies examining opioid mechanisms in pain relief focus on MOP receptors because of the potent analgesic properties of MOP agonists, such as morphine. Unfortunately, the therapeutic utility of these compounds is often limited as repeated use can lead to both tolerance and addiction (22). One suggestion for increasing clinical efficacy is to combine MOP and cannabinoid agonists, as this leads to increased analgesia (23–25) with fewer side effects (26). Development of these combination drugs depends on a better understanding of opioid-cannabinoid interaction in antinociception and addiction-related behaviors (e.g., tolerance, withdrawal, and emotional processing). To date, the majority of studies examining behavioral responses to cannabinoid receptor activation used Δ9-Tetrahydrocannabinol (THC), the primary phytocannabinoid in the cannabis plant. Because it is a partial agonist at both CB1 and CB2 receptors, THC cannot dissociate the contribution of either cannabinoid receptor to behavioral and affective processes related to pain management. This is a particularly important issue in pain studies, given recent evidence that CB2 receptors are involved in pathological states, such as neuroinflammation and hypersensitivity (27).

In this study, we explored possible interactions between opioid and cannabinoid systems in the mediation of antinociception and addiction-related behaviors. To do so, we examined the effect of the selective CB1 agonist, arachidonyl-2-chloroethylamide (ACEA) (28), on nociception, tolerance, withdrawal, and emotion-related behaviors in MOP or DOP receptor deficient mice. Nociception and tolerance to this effect were assessed in the tail immersion assay; somatic withdrawal symptoms were measured following an injection of the opiate antagonist, naloxone. We relied on naturalistic behaviors to assess anxiety-like (light-dark box) and depressive-like (splash test) responses in mice. Finally, we tested the consequences of both acute and repeated ACEA treatments on opioid-mediated effects in order to assess putative biphasic properties of this agonist.

MATERIALS AND METHODS

Animals

One hundred and sixty-eight male and female mice lacking MOP or DOP receptors (MOP KO and DOP KO, respectively) and their wildtype controls (12–24 weeks) were group housed (2–5/cage) under standard light, temperature, and humidity conditions (12 h light-dark cycle, 22 ± 2°C, 55 ± 10% humidity) with ad libitum access to food and water. Mice were generated by homologous recombination (29, 30). The genetic background of all mice was 50% C57/BL6J:50% 129svPas.

Research was conducted in accordance with the European Communities Council Directive of 22 September 2010 (directive 2010/63/UE), under the guidelines of the Committee for Research and Ethical issues of the International Association for the Study of Pain (31). Experiments were approved by the local ethics committee (Comité Régional d'Ethique en Matière d'Expérimentation Animale de Strasbourg CREMEAS), and findings are reported following the ARRIVE Guidelines for experiments involving animals.

Drugs

ACEA (Tocris, Bio-techne, Lille, France) was dissolved in 0.9% saline solution (supplied pre-dissolved in ethanol at 5 mg/ml) to obtain doses of 0.15, 3, and 5 mg/kg. Naloxone (NLX) and Naltrindole (NTI) (Sigma-Aldrich St-Quentin Fallavier, France) were dissolved in saline solution to obtain final doses of 1 and 2.5 mg/kg, respectively. Vehicle (saline or 6% ethanol) injections were used as controls. All drug and vehicle injections were administered ip using 100 μl solution per 10 g bodyweight.

Behavioral Procedures

In each group, approximately equal numbers of male and female mice were used. A total of 22 DOP KO, 49 MOP KO, and 97 WT mice were used. Mice were habituated to the facility and handled for one week before starting the experiments. Behavioral tests were conducted during the light phase and performed blind to genotype and treatment. ACEA or vehicle was administered 45 min before tail immersion or light-dark tests, 35 min before the splash test, and 90 min before precipitated withdrawal.

Tail Immersion

Thermal nociceptive thresholds were assessed in the tail immersion test by gently restraining mice and immersing ~2/3 of the tail in a water bath at 47°C. The latency to withdraw the tail was recorded before and after ACEA injections. Acute responses to increasing doses of ACEA were tested in WT and MOP KO mice. The effects of repeated ACEA injections (3 mg/kg) on antinociception were tested in a separate group of WT and MOP KO mice by measuring tail immersion responses on day 1 and day 5 of treatment. Hypersensitivity to repeated treatment was assessed 23 h after the last injection, as described previously (32).

Naloxone-Precipitated Withdrawal From ACEA

To evaluate the role of the opioid system in cannabinoid withdrawal, WT, MOP KO, and DOP KO mice received ACEA injections (3 mg/kg once per day for 5 days) followed by a naloxone injection (1 mg/kg), administered 90 min after the last ACEA injection. Withdrawal behaviors were summed over a 20-min observation period and three separate scores were computed for each animal. First, global withdrawal scores were calculated by summing the following values: jumping x 0.8, wet dogs shakes x 1, paw tremors x 0.35, ptosis x 1.5, teeth chattering x 1.5, body tremors x 1.5, and piloerection x 1.5. Second, a subcategory of somatic signs was calculated by combining the total number of jumps, paw tremors, and wet dog shakes. Third, signs of discomfort reflected the sum of stretching, genital licks, and body tremors (33).

Light-Dark Test

The light-dark test, assessing anxiety-like behavior in rodents, employed an apparatus composed of two compartments (20 × 20 × 25 cm), connected by a tunnel (6 × 16.5 × 20 cm) (34). One compartment was brightly illuminated (>400 lx); the other was dark (7 lx). Mice were placed in the dark compartment and allowed to freely explore the apparatus for 5 min while the time spent in each compartment and the tunnel was recorded. Mice have a natural tendency to avoid lit environments: decreased time spent in the dark compartment is a measure of reduced anxiety (35). WT, MOP KO, and DOP KO mice were tested prior to drug administration (baseline; BL) and then following ACEA injections (3 mg/kg) on days 1 and 3. The role of DOP receptors in ACEA-induced changes in anxiety-like behavior was assessed in WT mice by administering NTI prior to ACEA injections; control groups received saline plus ACEA or NTI plus vehicle.

Splash Test

The splash test (36, 37) consists of vaporizing a 20% sucrose solution on the back fur of mice; mice initiate grooming in response to the solution viscosity. The number of grooming responses (head or body grooming, shakes, and scratches) and the time spent grooming were recorded over 5 min. Repeated stress decreases grooming responses, which is reversed by antidepressant treatment (38), providing an assay for changes in depressive-like behavior in rodents. WT, MOP KO, and DOP KO mice were assessed in the splash test following days 1 and 3 of ACEA treatment (3 mg/kg). As with the light-dark test, WT mice were tested following injections NTI plus ACEA, saline plus ACEA, or NTI plus vehicle.

Data Analyses

Statistical tests were performed using Graphpad Prism® statistical software (Version 6.0; La Jolla, CA, USA). Data from the tail immersion, light-dark, and splash tests were analyzed using a two-way analysis of variance (ANOVA) with genotype as a within subject's factor and dose or day of injection as repeated factors. A 2-way ANOVA (genotype by drug) was used to assess each category of withdrawal score. Subsequent comparisons were conducted using Bonferroni post hoc tests. Statistical significance was set at p < 0.05.

RESULTS

Body weight was monitored across the entire experiment with daily weights recorded on all drug treatment days. Using body weight prior to the first injection as a baseline, ANOVA revealed no effect of drug (ACEA, NTI, or NTI + ACEA) on body weights at d5 in either WT (ACEA, 97.5% of BL; NTI, 95.1% of BL, NTI+ACEA, 101.8% of BL), MOP KO (Vehicle, 102.7% of BL; ACEA, 100.7% of BL), or DOP KO (Vehicle, 100.6% of BL; ACEA, 97.9 % of BL) mice.

Thermal Nociception

As shown in Figure 1A, acute injections of ACEA had no effect on thermal nociception in WT or MOP KO mice across a range of doses [WT: F(3, 32) = 1.43, P = 0.24; MOP KO: F(3, 31) = 1.86, P = 0.15]. Although MOP receptors preferentially mediate nociceptive response in mice (30), we did not observe any significant modification of nociceptive thresholds in this genotype, compared to WT mice (P > 0.05). We also investigated the effects of repeated subanalgesic doses of ACEA (Figure 1B), revealing no drug-induced alteration in thermal nociceptive thresholds in WT mice [F(1, 45) = 0.04, P = 0.15] and no effect of repeated injections [F(2, 90) = 1.30, P = 0.27]. MOR KO mice developed hypersensitivity, with decreased thermal nociceptive thresholds after the 1st vehicle and 5th ACEA injections [Drug X Time Interaction: F(2, 44) = 3.40, P < 0.05]. Finally, there was no effect of chronic ACEA treatment on thermal nociceptive thresholds in either WT or MOP KO mice, measured 23 h after the last injection (Figure 1C) [WT: F(1, 45) = 0.40, P = 0.15; MOP KO: F(1, 22) = 2.68, P = 0.11].
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FIGURE 1. Effects of ACEA on thermal nociceptive thresholds in wildtype (WT) (left) and MOP receptor knockout (KO) (right) mice following acute (A) or chronic (B) injections and during a post-treatment drug-free test (C). (A) Bars represent mean (+SEM) latency (s) to withdraw the tail from a heated bath 45 min after ACEA (0.15, 3, or 5 mg/kg) or vehicle injections. (B) Tail withdrawal latencies are expressed as mean (+SEM) % change from baseline (BL) following vehicle or ACEA (3 mg/kg) administration on days 1 and 5 (d1, d5) of a 5-day dosing regime. BL was established one day prior to the first injection. (C) Tail withdrawal latencies, shown as mean (+SEM) % change from BL, were assessed 23 h following the final ACEA or vehicle injection. ACEA = arachidonyl-2-chloroethylamide **P < 0.01; ***P < 0.001.



Naloxone-Precipitated Withdrawal From ACEA

Naloxone induced increased global withdrawal scores in animals chronically treated with ACEA [F(1, 41) = 28.85, P < 0.0001]. The effect was consistent across WT, MOP KO, and DOP KO mice [F(2, 41) = 1.74, P = 0.16], with modest changes in all three genotypes treated with vehicle (Figure 2A). A more detailed analysis revealed that ACEA treatment increased both somatic symptoms [F(1, 41) = 24.45, P < 0.0001] and signs of discomfort [F(141) = 3.80, P = 0.058], although the latter did not reach statistical significance (Figures 2B,C). Differences in somatic signs in ACEA- and vehicle-treated mice varied across genotype [F(2, 41) = 4.50, P < 0.05], with MOP KO showing reduced signs of withdrawal compared to WT and DOP KO mice. Signs of discomfort were relatively low in all animals and did not differ across the three lines [F(2, 41) = 0.97, P = 0.07].
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FIGURE 2. Effects of ACEA treatment on naloxone-precipitated withdrawal in wildtype (WT), MOP knockout (KO), and DOP KO mice. Bars represent mean (+SEM) global withdrawal scores (A), somatic signs (B), and signs of discomfort (C) for each genotype over a 20-min observation session. Naloxone (1 mg/kg) was administered 2 h after the last injection of vehicle or ACEA (3 mg/kg per day for 5 days). ACEA = arachidonyl-2-chloroethylamide *P < 0.05; **P < 0.01.



Light-Dark Test

Figure 3A shows that there were no significant differences in baseline levels of anxiety, measured in the light-dark test, across WT, MOP KO, and DOP KO mice [F(2, 37) = 1.436, P = 0.25]. Repeated drug injections (ACEA with and without NTI) decreased anxiety-like effects in WT mice (Figure 3B) [F(2, 42) = 7.93, P < 0.01], although there was no overall main effect of drug [F(2, 21) = 0.02, P = 0.97]. Post-hoc tests revealed a significant difference in % time spent in the dark on BL compared to d1 for mice treated with NTI plus ACEA (Bonferroni post-hoc P < 0.05). Similarly, repeated injections of ACEA increased % time in the dark in both KO lines [F(2, 28) = 8.57, P < 0.01] (Figure 3C), due to significant changes from BL to both d1 and d3 in MOP KO mice (Bonferroni post-hoc P < 0.05 and P < 0.01).
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FIGURE 3. Effects of ACEA treatment on anxiety-like behavior in the light-dark test for wildtype (WT), MOP knockout (KO), and DOP KO mice. (A) Bars represent mean (+SEM) time (s) spent in the dark compartment for each genotype over a 5-min drug-free test, which constituted baseline (BL) values. (B) Time in the dark compartment is shown as mean (+SEM) % change from BL, assessed on days 1 and 3 (d1, d3) in WT mice, following injections of ACEA plus saline, ACEA combined with naltrindole (NTI), or NTI alone. (C) Time in the dark compartment, expressed as mean (+SEM) % change from BL, was assessed in the two KO lines on days 1 and 3 following daily injections of vehicle or ACEA (3 mg/kg). ACEA = arachidonyl-2-chloroethylamide. *P < 0.05; **P < 0.01.



Splash Test

As shown in Figure 4, grooming scores of WT controls (Figure 4A) were higher than both MOP (Figure 4C) and DOP (Figure 4D) KO mice following a vehicle injection, although time spent grooming was consistent across genotypes. Statistical analysis revealed that the effect of ACEA on grooming scores in WT and DOP KO mice was modified with repeated testing [WT: F(1, 23) = 7.15, P < 0.05; DOP KO: F(1, 12) = 15.50, P < 0.01]. Analysis of time spent grooming revealed a similar drug x time interaction in these groups [WT: F(1, 23) = 15.25, P < 0.0001; DOP KO: F(1, 12) = 16.23, P < 0.01]. These effects were due to decreased grooming on day 1 in ACEA- vs. vehicle-treated mice and increased drug-induced grooming on day 3 compared to day 1 (post-hoc Ps < 0.05). ACEA increased grooming score [F(1, 29) = 17.04, P < 0.001], but not time spent grooming [F(1, 29) = 0.53, P = 0.46], in MOP KO mice. As with WT and DOP KO mice, both measures increased with repeated injections in this group [grooming score: F(1, 29) = 7.30, P < 0.05; time spent grooming: F(1, 29) = 5.38, P < 0.05]. In sum, the first ACEA injection decreased grooming in WT and DOP KO mice, while having no effect in MOP KO mice. Interestingly, this prodepressive drug effect was altered following 3 days of injections in WT mice: grooming score returned to basal levels and time spent grooming was increased beyond these levels. The pattern was similar in DOP KO mice, showing increases in both measures following the third ACEA injection. In MOP KO mice, grooming score and time spent grooming were not significantly altered in MOP KO mice on day 1; grooming score increased following the 3rd ACEA injection.
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FIGURE 4. Effects of ACEA treatment on depressive-like behaviors in the splash test for wildtype (WT) (A), MOP knockout (KO) (C), and DOP KO (D) mice. Bars represent mean (+SEM) grooming score (left) and time (s) spent grooming (right) in response to vaporization of a 20% sucrose solution on the back fur. Responses were assessed in each genotype over a 5-min period, 45 min after the first and third daily (d1, d3) injections of vehicle or ACEA (3 mg/kg). Grooming responses were assessed in a separate group of WT mice on days 1 and 3 (d1, d3) following injections of ACEA plus saline, ACEA combined with naltrindole (NTI), or NTI alone (B). ACEA = arachidonyl-2-chloroethylamide *P < 0.05; **P < 0.01; ***P < 0.001.



We verified this biphasic effect of ACEA on depressive-like behavior in a separate group of WT mice (Figure 4B), replicating decreased grooming at day 1 with a return to baseline levels by day 3 [grooming score: F(2, 42) = 4.41, P < 0.05; time spent grooming: F(2, 42) = 9.95, P < 0.001]. Pretreatment with NTI had no significant effect on either measure [grooming score: F(2, 21) = 1.55, P = 0.20; time spent grooming: F(2, 21) = 1.23, P = 0.31].

DISCUSSION

The goal of this study was to clarify the role of CB1 receptors in addiction-related behaviors and to assess potential interactions with opioid mechanisms, specifically MOP and DOP receptors. Extensive research over the last decades confirms an important contribution of cannabinoid mechanisms to processes such as antinociception, drug dependence, and emotional responses (1, 39, 40), but many of these studies employed THC or other nonselective compounds. Studies using receptor KO mice confirm that both CB1 and CB2 receptors play a role in these processes (1, 41, 42), pointing to the need to examine behavioral effects of pharmacological tools that specifically target each receptor. To this end, we used the selective CB1 agonist, ACEA, as this compound has a Ki of 1.4 nM for CB1, vs. a Ki < 2000 nM for CB2, or 1,400 times greater for CB2 compared to CB1 (43). Confirmation of compound selectivity is provided by abolishment of neurotoxicological effects of ACEA in CB1 KO animals (44), although functional selectivity of G protein signaling may be lost with high doses of ACEA (45).

Use of this highly specific compound revealed a distinct pattern of behavioral effects, some of which differed from results using other CB1 agonists. First, we show that ACEA did not alter bodyweight, despite evidence that other CB1 agonists have orexigenic properties in human and rodents, and that CB1 antagonists may facilitate weight loss (46, 47). We also observed no effect of ACEA on antinociceptive thresholds across a range of doses, contradicting previous evidence that CB agonists such as THC, CP55,940, anandamide, or WIN are analgesic (48, 49). We confirmed a lack of ACEA-induced antinociception in a separate group of mice treated with a single dose and revealed no changes in this measure with repeated injections. It is possible that ACEA doses in our study were too low to be effective as higher doses of THC are required to elicit analgesic responses in the tail immersion, compared to the hot plate, test (20). It is also possible that extending the ACEA dosing regime may have revealed behavioral effects that were not apparent following the protocol used in this study. At the same time, high doses of CB agonists, such as THC, may induce hypolocomotion and catalepsy (50), which could interfere with the behavioral expression of pain and confound measures of antinociception. In addition, THC produces aversive effects at higher doses, such as anxiety and weight loss, which may explain contracictory effects of cannabinoid agonists at high and low doses (51–53). Repeated injections of cannabinoid agonists, such as ACEA, could lead to poor health outcomes minimizing the ethological validity of our findings. Importantly, doses of ACEA comparable to those in our study reduce mechanical allodynia in mouse models of osteoarthritic (54) and neuropathic (55) pain. A more plausible explanation for our negative findings, therefore, is that CB1 receptors are not involved in antinociceptive responses in pain naïve states, fitting evidence that ACEA-induced analgesia in a neuropathic model does not extend to the paw contralateral to the injury (54). This dissociation in the effectiveness of ACEA treatment may reflect altered endocannabinoid signaling, including changes in CB1 receptor function, that is associated with persistent pain states (56).

Our study also provides the first evidence of naloxone-precipitated withdrawal following chronic ACEA treatment. The effect was consistent across all three genotypes but was substantially lower than symptoms observed following treatment with a classic MOP receptor agonist, morphine (33). This general reduction in withdrawal signs may have obscured any genotypic differences in our study, such as decreased withdrawal in MOP or DOP KO mice. If these do exist, they could be revealed by a more intense treatment regime (i.e., higher dose and/or increased number of injections). Regardless, our finding that naloxone elicited withdrawal symptoms in ACEA-treated mice adds to evidence of opioid-cannabinoid interactions in this behavior. For example, cannabinoid antagonists, such as SR141716A, elicit withdrawal symptoms following chronic morphine injections (17, 19, 57) and opioid antagonists induce withdrawal in rodents previously treated with cannabinoid agonists (17). Studies using genetically modified mice confirm opioid-cannabinoid cross-talk in drug withdrawal: naloxone-precipitated withdrawal is decreased in CB1 receptor knockout mice following morphine treatment (19–21) and MOP KO mice exhibit reductions in SR141716A-induced withdrawal following chronic THC treatment (19). The latter effect is dose dependent and alleviated by morphine injections in wildtype mice, providing further support for cannabinoid-opioid interactions in drug withdrawal.

Given the reciprocal relationship between opioid and cannabinoid systems in drug withdrawal, our observation that ACEA treatment induced withdrawal symptoms in both MOP and DOP KO mice seems counterintuitive. These findings could suggest that the KOP receptor has a critical role in cannabinoid withdrawal. This fits evidence that DOP receptors contribute to negative affective states induced by THC (18, 20, 58), but have no role in the anxiolytic properties of the drug (59). In addition, naloxone is a nonselective antagonist so if a single receptor subtype is deleted (e.g., MOP or DOP), withdrawal symptoms could be elicited through an action at the remaining, intact receptors. This would explain why naloxone-precipitated withdrawal following cannabinoid treatment is not modulated in mice lacking either MOP, DOP, or KOP receptors (18).

A novel finding in our study is that initial administration of a CB1 agonist produces a depressive-like state, which recovers with further drug exposure. This could explain why the rewarding effects of cannabinoid agonists, including THC, are only revealed in self-administration or place conditioning paradigms when animals receive priming injections prior to training (18, 51, 53, 60, 61). Interestingly, the pro-depressive effect of acute ACEA injections (i.e., day 1) was absent in MOP KO mice, mimicking decreased depressive-like symptoms of this genotype in other behavioral tests (29). Despite this initial blunting, repeated ACEA injections reduced depressive-like symptoms in MOP KO animals, matching behavioral effects observed in DOP KO mice. WT mice showed a different profile: repeated ACEA injections restored grooming scores to basal levels but increased time spent grooming above control levels. MOP receptors, therefore, appear to mediate the initial pro-depressive effects of ACEA without affecting the subsequent anti-depressive effects of repeated exposure.

In contrast to depressive-like behaviors, we observed no effect of either acute or chronic ACEA injections on anxiety-like responses in the light/dark box. This appears to contradict previous findings in the elevated plus maze (54), although decreased time spent in open arms was only observed with higher doses of the drug. At least for another CB agonist (THC), anxiolytic properties at low doses (59, 61) are replaced by anxiogenic effects at higher ones (51, 61). As noted previously, hypolocomotion and catalepsy induced by higher dose of THC (50) could modify responses in a number of behavioral tasks including the light-dark test, open field, and elevated plus maze. At the very least, given that we used identical dosing procedures in splash and light/dark tests, our findings provide evidence for a dissociation in the effects of CB1 activation on anxiety- and depressive-like responses in mice.

Given the key role of DOP receptors in anxiety and depression (29), we went on to test whether pharmacological blockade of these receptors in WT mice would alter responses in splash or light/dark tests. The DOP receptor antagonist, NTI, was ineffective on its own, but decreased time spent grooming in the splash test when combined with ACEA. This reduction was not matched by a reduction in grooming score, suggesting that the drug combination may have disrupted a general pattern of naturalistic behavior (i.e., grooming). Overall, our results are consistent with previous studies: although NTI disrupts pro-depressive or anxiogenic effects of DOP agonists (62–64), it is ineffective when administered alone (65, 66). Our findings that pharmacological blockade of DOP receptors has no effect on anxiety- or depressive-like behaviors conflicts with studies using genetically modified mice (67), suggesting that developmental adaptations impact the function of these receptors in emotional expression.

In sum, our results help to clarify how opioid and cannabinoid systems interact in behavioral processes associated with addiction. The use of a selective CB1 agonist revealed no involvement of this receptor in either antinociception or anxiety-like behaviors in mice. In contrast, repeated activation of CB1 receptors induced opioid-dependent withdrawal symptoms and produced a biphasic effect on depressive-like symptoms. In the long-term, this information could facilitate the development of new pain medications that reduce the incidence of affective and substance use disorders that currently characterize long-term opioid use.
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ACEA, arachidonyl-2-chloroethylamide; CNS, central nervous system; DOP, delta opioid; KO, knockout; KOP, kappa opioid; MOP, mu opioid; NLX, naloxone; NTI, naltrindole; THC, Δ9-Tetrahydrocannabinol; WT, wildtype.

REFERENCES

 1. Befort K. Interactions of the opioid and cannabinoid systems in reward: insights from knockout studies. Front Pharmacol. (2015) 6:6. doi: 10.3389/fphar.2015.00006

 2. Scavone JL, Sterling RC, Van Bockstaele EJ. Cannabinoid and opioid interactions: implications for opiate dependence and withdrawal. Neuroscience (2013) 248:637–54. doi: 10.1016/j.neuroscience.2013.04.034

 3. Erbs E, Faget L, Scherrer G, Matifas A, Filliol D, Vonesch J-L, et al. A mu-delta opioid receptor brain atlas reveals neuronal co-occurrence in subcortical networks. Brain Struct. Funct. (2015) 220:677–702. doi: 10.1007/s00429-014-0717-9

 4. Mansour A, Fox CA, Akil H, Watson SJ. Opioid-receptor mRNA expression in the rat CNS: anatomical and functional implications. Trends Neurosci. (1995) 18:22–9.

 5. Mackie K. Cannabinoid receptors: where they are and what they do. J Neuroendocrinol. (2008) 20(Suppl 1):10–4. doi: 10.1111/j.1365-2826.2008.01671.x

 6. Maldonado R, Berrendero F, Ozaita A, Robledo P. Neurochemical basis of cannabis addiction. Neuroscience (2011) 181:1–17. doi: 10.1016/j.neuroscience.2011.02.035

 7. Onaivi ES, Ishiguro H, Gong J-P, Patel S, Perchuk A, Meozzi PA, et al. Discovery of the presence and functional expression of cannabinoid CB2 receptors in brain. Annals N Y Acad Sci. (2006) 1074:514–36. doi: 10.1196/annals.1369.052

 8. Zhang H-Y, Gao M, Liu Q-R, Bi G-H, Li X, Yang H-J, et al. Cannabinoid CB2 receptors modulate midbrain dopamine neuronal activity and dopamine-related behavior in mice. Proc Natl Acad Sci USA. (2014) 111:E5007–15. doi: 10.1073/pnas.1413210111

 9. Zhang H-Y, Gao M, Shen H, Bi G-H, Yang H-J, Liu Q-R, et al. Expression of functional cannabinoid CB2receptor in VTA dopamine neurons in rats. Addict Biol. (2017) 22:752–65. doi: 10.1111/adb.12367

 10. Bushlin I, Gupta A, Stockton SD, Miller LK, Devi LA. Dimerization with cannabinoid receptors allosterically modulates delta opioid receptor activity during neuropathic pain. PLoS ONE (2012) 7:e49789. doi: 10.1371/journal.pone.0049789

 11. Rodriguez JJ, Mackie K, Pickel VM. Ultrastructural localization of the CB1 cannabinoid receptor in mu-opioid receptor patches of the rat Caudate putamen nucleus. J Neurosci (2001) 21:823–33.

 12. Salio C, Fischer J, Franzoni MF, Mackie K, Kaneko T, Conrath M. CB1-cannabinoid and mu-opioid receptor co-localization on postsynaptic target in the rat dorsal horn. Neuroreport (2001) 12:3689–92.

 13. Cichewicz DL. Synergistic interactions between cannabinoid and opioid analgesics. Life Sci. (2004) 74:1317–24.

 14. Fattore L, Deiana S, Spano SM, Cossu G, Fadda P, Scherma M, et al. Endocannabinoid system and opioid addiction: behavioural aspects. Pharmacol Biochem Behav. (2005) 81:343–59. doi: 10.1016/j.pbb.2005.01.031

 15. Massotte D. In vivo opioid receptor heteromerization: where do we stand? Br J Pharmacol. (2015) 172:420–34. doi: 10.1111/bph.12702

 16. Nielsen S, Sabioni P, Trigo JM, Ware MA, Betz-Stablein BD, Murnion B, et al. Opioid-sparing effect of cannabinoids: a systematic review and meta-analysis. Neuropsychopharmacology (2017) 42:1752–65. doi: 10.1038/npp.2017.51

 17. Navarro M, Carrera MR, Fratta W, Valverde O, Cossu G, Fattore L, et al. Functional interaction between opioid and cannabinoid receptors in drug self-administration. J Neurosci. (2001) 21:5344–50.

 18. Ghozland S, Matthes HWD, Simonin F, Filliol D, Kieffer BL, Maldonado R. Motivational effects of cannabinoids are mediated by mu-opioid and kappa-opioid receptors. J Neurosci. (2002) 22:1146–54.

 19. Lichtman AH, Sheikh SM, Loh HH, Martin BR. Opioid and cannabinoid modulation of precipitated withdrawal in delta(9)-tetrahydrocannabinol and morphine-dependent mice. J Pharmacol Exp Ther. (2001) 298:1007–14.

 20. Ledent C, Valverde O, Cossu G, Petitet F, Aubert JF, Beslot F, et al. Unresponsiveness to cannabinoids and reduced addictive effects of opiates in CB1 receptor knockout mice. Science (1999) 283:401–4.

 21. Martin M, Ledent C, Parmentier M, Maldonado R, Valverde O. Cocaine, but not morphine, induces conditioned place preference and sensitization to locomotor responses in CB1 knockout mice. Eur J Neurosci. (2000) 12:4038–46.

 22. Pasternak GW. Mu opioid pharmacology: 40 years to the promised land. Adv Pharmacol. (2018) 82:261–91. doi: 10.1016/bs.apha.2017.09.006

 23. Cichewicz DL, Welch SP. Modulation of oral morphine antinociceptive tolerance and naloxone-precipitated withdrawal signs by oral Delta 9-tetrahydrocannabinol. J Pharmacol Exp Ther. (2003) 305:812–7. doi: 10.1124/jpet.102.046870

 24. Finn DP, Beckett SRG, Roe CH, Madjd A, Fone KCF, Kendall DA, et al. Effects of coadministration of cannabinoids and morphine on nociceptive behaviour, brain monoamines and HPA axis activity in a rat model of persistent pain. Eur J Neurosci. (2004) 19:678–86.

 25. Smith PA, Selley DE, Sim-Selley LJ, Welch SP. Low dose combination of morphine and delta9-tetrahydrocannabinol circumvents antinociceptive tolerance and apparent desensitization of receptors. Eur J Pharmacol. (2007) 571:129–37. doi: 10.1016/j.ejphar.2007.06.001

 26. Valverde O, Noble F, Beslot F, Daugé V, Fournié-Zaluski MC, Roques BP. Delta9-tetrahydrocannabinol releases and facilitates the effects of endogenous enkephalins: reduction in morphine withdrawal syndrome without change in rewarding effect. Eur J Neurosci. (2001) 13:1816–24.

 27. Dhopeshwarkar A, Mackie K. CB2 Cannabinoid receptors as a therapeutic target-what does the future hold? Mol Pharmacol. (2014) 86:430–7. doi: 10.1124/mol.114.094649

 28. Pertwee RG. Receptors and channels targeted by synthetic cannabinoid receptor agonists and antagonists. Curr Med Chem. (2010) 17:1360–81.

 29. Filliol D, Ghozland S, Chluba J, Martin M, Matthes HWD, Simonin F, et al. Mice deficient for δ- and μ-opioid receptors exhibit opposing alterations of emotional responses. Nat Genet. (2000) 25:195–200. doi: 10.1038/76061

 30. Matthes HWD, Maldonado R, Simonin F, Valverde O, Slowe S, Kitchen I, et al. Loss of morphine-induced analgesia, reward effect and withdrawal symptoms in mice lacking the μ-opioid-receptor gene. Nature (1996) 383:819–23. doi: 10.1038/383819a0

 31. Zimmermann M. Ethical guidelines for investigations of experimental pain in conscious animals. Pain (1983) 16:109–10. doi: 10.1016/0304-3959(83)90201-4

 32. Roeckel LA, Utard V, Reiss D, Mouheiche J, Maurin H, Robé A, et al. Morphine-induced hyperalgesia involves mu opioid receptors and the metabolite morphine-3-glucuronide. Sci Rep. (2017) 7:10406. doi: 10.1038/s41598-017-11120-4

 33. Berrendero F, Mendizábal V, Murtra P, Kieffer BL, Maldonado R. Cannabinoid receptor and WIN 55 212-2-stimulated [35S]-GTPgammaS binding in the brain of mu-, delta- and kappa-opioid receptor knockout mice. Eur J Neurosci. (2003) 18:2197–202.

 34. Goeldner C, Lutz P-E, Darcq E, Halter T, Clesse D, Ouagazzal A-M, et al. Impaired emotional-like behavior and serotonergic function during protracted abstinence from chronic morphine. Biol Psychiatry (2011) 69:236–44. doi: 10.1016/j.biopsych.2010.08.021

 35. Takao K, Miyakawa T. Light/dark transition test for mice. J Visual Exp (2006) 1:104. doi: 10.3791/104

 36. Ducottet C, Belzung C. Behaviour in the elevated plus-maze predicts coping after subchronic mild stress in mice. Physiol Behav. (2004) 81:417–26. doi: 10.1016/j.physbeh.2004.01.013

 37. Kalueff AV, Tuohimaa P. Grooming analysis algorithm for neurobehavioural stress research. Brain Res Brain Res Prot. (2004) 13:151–8. doi: 10.1016/j.brainresprot.2004.04.002

 38. MacHado DG, Cunha MP, Neis VB, Balen GO, Colla A, Grando J, et al. Fluoxetine reverses depressive-like behaviors and increases hippocampal acetylcholinesterase activity induced by olfactory bulbectomy. Pharmacol Biochem Behav. (2012) 103:220–9. doi: 10.1016/j.pbb.2012.08.024

 39. Lötsch J, Weyer-Menkhoff I, Tegeder I. Current evidence of cannabinoid-based analgesia obtained in preclinical and human experimental settings. Eur J Pain (2017) 22:471–84. doi: 10.1002/ejp.1148

 40. Tzschentke TM. Measuring reward with the conditioned place preference (CPP) paradigm: Update of the last decade. Addict Biol. (2007) 12:227–462. doi: 10.1111/j.1369-1600.2007.00070.x

 41. Nadal X, La Porta C, Andreea Bura S, Maldonado R. Involvement of the opioid and cannabinoid systems in pain control: new insights from knockout studies. Eur J Pharmacol. (2013) 716:142–57. doi: 10.1016/j.ejphar.2013.01.077

 42. Valverde O, Torrens M. CB1 receptor-deficient mice as a model for depression. Neuroscience (2012) 204:193–206. doi: 10.1016/j.neuroscience.2011.09.031

 43. Hillard CJ, Manna S, Greenberg MJ, DiCamelli R, Ross RA, Stevenson LA, et al. Synthesis and characterization of potent and selective agonists of the neuronal cannabinoid receptor (CB1). J Pharmacol Exp Ther. (1999) 289:1427–33.

 44. Dang DK, Shin EJ, Mai AT, Jang CG, Nah SY, Jeong JH, et al. Genetic or pharmacological depletion of cannabinoid CB1 receptor protects against dopaminergic neurotoxicity induced by methamphetamine in mice. Free Radical Biol Med. (2017) 108:204–24. doi: 10.1016/j.freeradbiomed.2017.03.033

 45. Diez-Alarcia R, Ibarra-Lecue I, Lopez-Cardonaïngela P, Meana J, Gutierrez-Adïn A, Callado LF, et al. (2016). Biased agonism of three different cannabinoid receptor agonists in mouse brain cortex. Front Pharmacol. 7:415. doi: 10.3389/fphar.2016.00415

 46. Dore R, Valenza M, Wang X, Rice KC, Sabino V, Cottone P. The inverse agonist of CB1 receptor SR141716 blocks compulsive eating of palatable food. Addict Biol. (2014) 19:849–61. doi: 10.1111/adb.12056

 47. Vickers SP, Kennett GA. Cannabinoids and the regulation of ingestive behaviour. Curr Drug Targets (2005) 6:215–23.

 48. Stevens AJ, Higgins MD. A systematic review of the analgesic efficacy of cannabinoid medications in the management of acute pain. Acta Anaesthesiol Scand. (2017) 61:268–80. doi: 10.1111/aas.12851

 49. Suplita RL, Eisenstein SA, Neely MH, Moise AM, Hohmann AG. Cross-sensitization and cross-tolerance between exogenous cannabinoid antinociception and endocannabinoid-mediated stress-induced analgesia. Neuropharmacology (2008) 54:161–71. doi: 10.1016/j.neuropharm.2007.07.006

 50. Monory K, Blaudzun H, Massa F, Kaiser N, Lemberger T, Schütz G, et al. Genetic dissection of behavioural and autonomic effects of Delta(9)-tetrahydrocannabinol in mice. PLoS Biol. (2007) 5:e269. doi: 10.1371/journal.pbio.0050269

 51. Célérier E, Ahdepil T, Wikander H, Berrendero F, Nyberg F, Maldonado R. Influence of the anabolic-androgenic steroid nandrolone on cannabinoid dependence. Neuropharmacology (2006) 50:788–806. doi: 10.1016/j.neuropharm.2005.11.017

 52. Hutschenson DM, Tzavara ET, Smadja C, Valjent E, Roques BP, Hanoune J, et al. Behavioural and biochemical evidence for signs of abstience in mice chronically treated with delta-9-tetrahyrocannabinol. Br J Pharmacol. (1998) 125:1567–77.

 53. Soria G, Castañé A, Berrendero F, Ledent C, Parmentier M, Maldonado R, Valverde O. Adenosine A2A receptors are involved in physical dependence and place conditioning induced by THC. Eur J Neurosci. (2004) 20:2203–13. doi: 10.1111/j.1460-9568.2004.03682.x

 54. La Porta C, Bura SA, Llorente-Onaindia J, Pastor A, Navarrete F, García-Gutiérrez MS, et al. Role of the endocannabinoid system in the emotional manifestations of osteoarthritis pain. Pain (2015) 156:2001–12. doi: 10.1097/j.pain.0000000000000260

 55. Vera G, Cabezos PA, Martín MI, Abalo R. Characterization of cannabinoid-induced relief of neuropathic pain in a rat model of cisplatin-induced neuropathy. Pharmacol Biochem Behav. (2013) 105:205–12. doi: 10.1016/j.pbb.2013.02.008

 56. Li M-H, Suchland KL, Ingram SL. Compensatory activation of cannabinoid CB2 receptor inhibition of GABA release in the rostral ventromedial medulla in inflammatory pain. J Neurosci (2017) 37:626–36. doi: 10.1523/JNEUROSCI.1310-16.2017

 57. Navarro M, Chowen J, Rocío A Carrera M, del Arco I, Villanúa MA, Martin Y, et al. CB1 cannabinoid receptor antagonist-induced opiate withdrawal in morphine-dependent rats. Neuroreport (1998) 9:3397–402.

 58. Zimmer A, Valjent E, Konig M, Zimmer AM, Robledo P, Hahn H, et al. Absence of delta−9-tetrahydrocannabinol dysphoric effects in dynorphin-deficient mice. J Neurosci. (2001) 21:9499–505.

 59. Berrendero F, Maldonado R. Involvement of the opioid system in the anxiolytic-like effects induced by Delta(9)-tetrahydrocannabinol. Psychopharmacology (2002) 163:111–7. doi: 10.1007/s00213-002-1144-9

 60. Valjent E, Maldonado R. A behavioural model to reveal place preference to delta 9-tetrahydrocannabinol in mice. Psychopharmacology (2000) 147:436–8.

 61. Valjent E, Mitchell JM, Besson M-J, Caboche J, Maldonado R. Behavioural and biochemical evidence for interactions between Δ 9-tetrahydrocannabinol and nicotine. Br J Pharmacol. (2002) 135:564–78. doi: 10.1038/sj.bjp.0704479

 62. Hudzik TJ, Maciag C, Smith MA, Caccese R, Pietras MR, Bui KH, et al. Preclinical pharmacology of AZD2327: a highly selective agonist of the δ-opioid receptor. J Pharmacol Exp Ther. (2011) 338:195–204. doi: 10.1124/jpet.111.179432

 63. Jutkiewicz EM. The antidepressant -like effects of delta-opioid receptor agonists. Mol Intervent. (2006) 6:162–9. doi: 10.1124/mi.6.3.7

 64. Naidu PS, Lichtman AH, Archer CC, May EL, Harris LS, Aceto MD. NIH 11082 produces anti-depressant-like activity in the mouse tail-suspension test through a delta-opioid receptor mechanism of action. Eur J Pharmacol. (2007) 566:132–6. doi: 10.1016/j.ejphar.2007.03.031

 65. Broom DC, Jutkiewicz EM, Folk JE, Traynor JR, Rice KC, Woods JH. Nonpeptidic delta-opioid receptor agonists reduce immobility in the forced swim assay in rats. Neuropsychopharmacology (2002) 26:744–55. doi: 10.1016/S0893-133X(01)00413-4

 66. Saitoh A, Kimura Y, Suzuki T, Kawai K, Nagase H, Kamei J. Potential anxiolytic and antidepressant-like activities of SNC80, a selective delta-opioid agonist, in behavioral models in rodents. J Pharmacol Sci. (2004) 95:374–80.

 67. Lutz P-E, Kieffer BL. Opioid receptors: distinct roles in mood disorders. Trends Neurosci. (2013) 36:195–206. doi: 10.1016/j.tins.2012.11.002

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Roeckel, Massotte, Olmstead and Befort. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpsyt-09-00630-g003.gif
LI T P I L
...........





OPS/images/fpsyt-09-00630-g004.gif
wT

EQ
a
I,
g
x 2 TC H
W % Z il o
s mmm ©
= M. M o
e
= MR H
; :
e e e e
FH
28
os
.ﬂa ﬁﬂa
. o
z
s & (=}
=
P






OPS/images/fpsyt-09-00630-g001.gif
g2 £ 2
i b :
$333 3 13
£888 E&d H
ooe on o8
9 ” :
) H B ’
e B
a
s N
= = ‘
[ d ’
@ ko ¥ oo obunn o stamo .
= ==
5 b u
— ;
k N
H i ’
T T % s ST = § £ 5 °

@ fovme ¥ 10 won oburus

. . o 18 wou sBuewd %





OPS/images/fpsyt-09-00630-g002.gif
. WwT MOP KO DOP KO

o @ «l «
i = =
3 x| | f
s 4., o [T
Ve Aceasmang C vewe  mceasmmg Ve Actasmm
e o

Ve Acehsmon Voo AceA I Tarer—

]
!
!
¥

T T ——— T — T OT T ——





OPS/images/cover.jpg
’ frontiers
in Psychiatry

CB1 Agonism Alters
Addiction-Related Behaviors in Mice
Lacking Mu or Delta Opioid
Receptors









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Psychiatry





