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Abstract

Alcohol relapse plays a major role in alcohol dependence and is an important focus for the 

treatment of alcoholism. The alcohol deprivation effect (ADE) is a widely used paradigm in 

rodents to model the relapse episodes that occur in human alcoholics. Mesyl Salvinorin B (MSB) 

is a potent and selective kappa opioid receptor (KOP-r) full agonist, with fewer side effects (e.g., 

sedation or anhedonia) than classic KOP-r full agonists and a longer duration of action in mice 

than the structurally similar salvinorin A. We have recently found that MSB prevents cocaine 

seeking in a rat self-administration model and reduces excessive alcohol drinking in a mouse 

escalation model via a KOP-r-mediated mechanism. Here, we further investigated whether MSB 

alone (0.3-3 mg/kg) or in combination with naltrexone (mu-opioid receptor antagonist at 1 mg/kg) 

altered alcohol “relapse” drinking using a mouse ADE paradigm. Both male and female mice, 

exposed to 3-week intermittent access alcohol drinking in a two-bottle choice paradigm with 24-h 

access every other day, developed excessive alcohol intake and then displayed pronounced ADE 

after 1-week abstinence. Acute administration of MSB prevented the ADE at 3 mg/kg in both male 

and female mice. Upon investigation of potential synergistic effects between naltrexone and MSB, 

we found that acute administration of a combination of MSB (0.3 mg/kg) and naltrexone (1 

mg/kg) reduced the ADE at doses lower than those individual effective doses, with no sex 

difference. Our study suggests that the KOP-r full agonist MSB both alone and in combination 

with naltrexone shows potential in alcohol “relapse” treatment models.
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INTRODUCTION

Activation of the kappa-opioid receptor (KOP-r) by the natural product salvinorin A (Sal A) 

has anti-addictive effects (including cocaine and amphetamine) in preclinical models of drug 

addiction [1, 2]. However, Sal A has a very short half-life, which limits its potential for 

clinical use. Mesyl Salvinorin B (MSB), an analogue of Sal A, is a potent KOP-r full agonist 

and has improved pharmacokinetic properties with fewer side effects (sedation in the 

locomotor activity test or anhedonia in the sucrose preference test) compared to the natural 

product Sal A or other “classic” KOP-r agonists [3, 4]. Recently, it has been found that acute 

administration of MSB significantly attenuates cocaine seeking in a rat self-administration 

model [3] and reduces alcohol drinking in a mouse escalation model in a dose-dependent 

manner [4]. This suggests that MSB may have potential utility in treating drug abuse. To 

date, no study has investigated the effects of MSB in alcohol “relapse” in rodent models.

After a period of imposed abstinence, the phenomenon of a transient increase in alcohol 

consumption observed in both humans and rodents has been termed the alcohol deprivation 

effect (ADE) [5, 6]. ADE has been demonstrated as an appropriate animal model for 

studying alcohol “relapse” drinking included in this study. While the ADE is widely studied 

in rats [7, 8], studies on the ADE in C57BL/6J mice have not been established after 

excessive alcohol drinking. Based on the above rat models, we recently developed a simple 

behavioral protocol that rapidly and reliably induced ADE in C57BL/6 mice [9]. In this 

model, after mice have access to intermittent access alcohol drinking for 3 weeks, both male 

and female mice display excessive alcohol consumption (15-25 g/kg/day) [4, 10]. After they 

experience 1 week of imposed abstinence, mice show a pronounced ADE when alcohol is 

presented again (a significant increase in alcohol intake after 4 hours of alcohol access), 

modeling relapse drinking that occur in human alcoholics. Based on our recent findings as 

mentioned above, we hypothesized that MSB would prevent alcohol “relapse” drinking in 

the mouse ADE model. In this study, therefore, we determined the pharmacological effects 

of MSB on ADE in both male and female mice, to explore its potential for development as 

an anti-relapse agent for alcoholism.

In human alcoholics and rodent models, pharmacological studies provide consistent 

evidence that the mu-opioid receptor (MOP-r) antagonist naltrexone (NTN) decreases 

alcohol relapse episodes [11], and relapse-like drinking in an ADE model [8]. In the present 

study, therefore, we used the well-known NTN as a reference compound to compare its 

effects on mouse ADE with those of MSB. Another particularly interesting question is 

whether the proper combination of these two drugs could be more effective in reducing 

alcohol “relapse” drinking than either drug alone, given that the two compounds have 

different mechanisms of actions (KOP-r agonism for MSB and MOP-r antagonism for 

NTN). Therefore, we specifically tested combinations of MSB and NTN using doses of each 

drug that, when given alone, had no effect on ADE.
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MATERIAL AND METHDODS

Animals.

Male and female adult C57BL/6J mice (8 weeks of age) were obtained from The Jackson 

Laboratory (Bar Harbor, ME, USA) and housed in a temperature-controlled room (21 °C). 

Mice were placed on a 12-hour reverse light-dark cycle (lights off at 7:00 am) upon arrival, 

and acclimated for a week prior to testing. Mice were individually housed in ventilated 

cages fitted with steel lids and filter tops and given ad libitum access to food and water. 

Animal care and experimental procedures were conducted according to Guide for Care and 
Use of Laboratory Animals (Institute of Laboratory Animal Resources Commission on Life 

Sciences 1996), and were approved by the Institutional Animal Care and Use Committee of 

the Rockefeller University.

Materials.

Mesyl Salvinorin B (MSB) was synthesized from Sal A as described previously [12], and 

dissolved in 1% DMSO. Ethanol solutions were prepared from 190 proof absolute ethyl 

alcohol (Pharmco-AAPER, Brookfield, CT, USA) and dissolved in tap water. Naltrexone 

hydrochloride was purchased from Sigma-Aldrich and dissolved in physiological saline.

Procedures.

1. Chronic intermittent access alcohol drinking.—In C57BL/6J mice, this model 

of excessive alcohol drinking is widely used by many laboratories [e.g., 9, 10], During 

alcohol drinking in their home cages for 3 weeks, mice had access to food and water at all 

times. This chronic intermittent access model (two-bottle choice paradigm with chronic 

alcohol exposure every other day) was described in detail in earlier reports (Table S1). 

Starting at 10:00 am (3 hours after lights off), both the alcohol (15%) solution and water 

sipper tubes were placed on their home cages. The position of the tubes on left or right side 

of the cage was randomly set to avoid the development of side preference. The alcohol tubes 

were filled with fresh alcohol solution, and placed for 24 hours before being replaced with 

the water tubes. Alcohol and water intake values were recorded after 4, 8 and 24 hours of 

alcohol access in the drinking days, and these data were used to calculate consumed alcohol 

intake (g/kg) and relative preference for alcohol (alcohol intake/total fluid intake).

2. Alcohol deprivation effect (ADE) after 3-week intermittent access alcohol 
drinking.—This model of alcohol “relapse” drinking in C57BL/6J mice has recently been 

developed by our laboratory [9], based on the rat models by others [7, 8], Briefly, mice 

experienced chronic intermittent access alcohol drinking (see the above Section 1) for 3 

weeks (Table S1). In the baseline session on day 21 in week 3, 30% (but not 15%) alcohol 

and water intake values were recorded at 4, 8 and 24 hours. Then, alcohol tubes were taken 

away for 7 days. After 1-week abstinence, alcohol (30%) tubes were presented to the mice 

again at 10:00am (3 hours after the dark cycle) on day 28 (week 5) and the alcohol and water 

intakes were recorded at 4, 8 and 24 hours in the ADE session.

3. Acute administration MSB, NTN or their combination in the ADE model 
(Table S1).—Mice were randomly assigned as the vehicle- and drug-treated groups in each 
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sex with similar alcohol intake in the baseline session. An experimenter, blinded to the 

treatments given to the experimental groups, injected the drug and vehicle. The mice in 

control groups received one vehicle injection before the ADE test on day 28; and the mice in 

test groups received one drug injection (MSB or NTN) or two drug injections (MSB 

followed by NTN) before the ADE test on day 28. Then, the alcohol tube was presented 

after the drug or vehicle injection, and alcohol and water intakes were recorded after alcohol 

access.

The MSB doses were based on our recent publication [4]: the mice in test groups received 

one MSB injection (0.3, 1 or 3 mg/kg, i.p.), and the mice in control groups received one 

vehicle injection (1% DMSO). The NTN doses were also based on the above publication [4]: 

the mice in test groups received one NTN injection (0.5, 1 or 3 mg/kg, i.p.) and the mice in 

control groups received one saline injection. The MSB + NTN dose chosen was based on the 

above two experiments with each compound alone: the mice in test groups received the first 

i.p. injection of MSB (0.3 mg/kg) followed by the second i.p. injection of NTN (0.5 or 1 

mg/kg) 20 min later; and the mice in control groups received one vehicle followed by saline.

Data analysis.

We performed power analyses to determine the number of animals required to provide 

statistical significances, based on the levels of differences seen previously [9], and predicted 

that these studies require 9-15 males and 9-10 females per group. As similar effects on the 

ADE with no significant sex differences were seen after the individual compounds and their 

combinations, data of each sex were analyzed and presented separately. Alcohol intake 

differences across the different groups were analyzed using two-way ANOVA for treatment 

(vehicle vs drug doses) and for sessions (baseline vs ADE) in each sex, with testing our a 
priori hypothesis that there were effects of ADE, NTN, MSB or their combinations, based 

on the published findings [7, 8] and our new hypothesis. This was followed by Newman-

Keuls post-hoc tests. The accepted level of significance for all tests was p<0.05. All 

statistical analyses were performed using Statistica (version 5.5, StatSoft Inc, Tulsa, OK).

RESULTS

Effect of MSB on ADE in both male and female mice.

In this experiment, we tested the effect of MSB at 0.3, 1 or 3 mg/kg on alcohol intake. In the 

males at 4 hours (Figure 1A), two-way ANOVA revealed a significant effect of MSB 

treatment [F(1,84)=3.5, p<0.05], Session [F(1,84)=11, p<0.01], and a significant interaction 

between Session and Treatment [F(1,84)=2.8, p<0.05]. Post hoc analysis showed that: (1) 

the males had more intake in the ADE session on day 28 than the baseline on day 21 

[p<0.05]; and (2) the 3 mg/kg MSB-treated males had less intake than the vehicle-treated 

ones in the ADE session [p<0.01]. In the females at 4 hours (Figure 1B), two-way ANOVA 

showed a significant effect of MSB treatment [F(1,72)=2.8, p<0.05], Session [F(1,72)=7.1, 

p<0.01], and a marginally significant interaction between Session and Treatment 

[F(1,72)=2.7, p=0.05]. Post hoc analysis further showed that: (1) the females had more 

intake in the ADE session than the baseline [p<0.05]; and (2) the 3 mg/kg MSB-treated 

females had less intake than the vehicle ones in the ADE session on day 28 [p<0.01]. 
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However, MSB at either 0.3 or 1 mg/kg did not significantly reduce ADE in either males or 

females. For alcohol preference, there was no significant effect of ADE or acute MSB on 

preference ratio in either sex, and at 3 mg/kg dose, the results are shown in Table S2.

After 8 or 24 hours, there were no significant effects of acute MSB at 3 mg/kg on either 

alcohol intake (Table S3) or preference ratio (data not shown) in either sex. Acute MSB at 3 

mg/kg did not change water intake after 4, 8 or 24 hours (Table S4).

Effect of NTN on ADE in both male and female mice.

In this experiment, we tested the effect of NTN at 0.5, 1 or 3 mg/kg in both sexes. Acute 

administration of NTN at 0.5 mg/kg did not show any effect on ADE in either males or 

females (data not shown).

At 1 and 3 mg/kg doses, the results on alcohol intake are shown in Figure 1. In the males at 

4 hours (Figure 1C), two-way ANOVA revealed a significant effect of Session [F(1,48)=4.5, 

p<0.05] and a marginally significant effect of NTN treatment [F(1,48)=2.8, p=0.06]. To test 

our a priori hypothesis that NTN would reduce ADE [8], we included the post-hoc results 

showing that: (1) the males had more intake in the ADE session than the baseline [p<0.05]; 

and (2) the 3 mg/kg NTN-treated males had less intake than the vehicle-treated ones in the 

ADE session [p<0.05], though 2-way ANOVA did not show a significant effect of NTN. In 

the females at 4 hours (Figure 1D), two-way ANOVA revealed a significant effect of NTN 

treatment [F (1,48) = 4.0, p<0.05], Session [F(1,48)=6.3, p<0.05], and a significant 

interaction between Session and Treatment [F(1,48)=6.3, p<0.01]. Post hoc analysis showed 

that: (1) the females had more intake in the ADE session than the baseline [p<0.05]; and (2) 

the 3 mg/kg NTN-treated females had less intake than the vehicle ones in the ADE session 

[p<0.01]. For alcohol preference, there was no significant effect of ADE or acute NTN at 3 

mg/kg on preference ratio in either sex (data not shown).

After 8 or 24 hours, there were no significant effects of acute NTN at 3 mg/kg on either 

alcohol intake or preference ratio in either sex (data not shown).

Effect of MSB combined with NTN on ADE in both male and female mice.

Finally, we tested the effect of 0.3 mg/kg MSB combined with 2 doses of NTN (0.5 and 1 

mg/kg), and the MSB + NTN doses were chosen based on the above two experiments with 

each drug alone. Acute administration of MSB at 0.3 mg/kg combined with NTN at 0.5 

mg/kg did not reduce ADE in either sex (data not shown).

Combined with a higher dose of 1 mg/kg NTN, the results on alcohol intake are shown in 

Figure 2. In the males at 4 hours (Figure 2A), two-way ANOVA revealed a significant effect 

of Session [F(1,44)=5.9, p<0.05] and a marginally significant effect of MSB + NTN 

treatment [F(1,44)=3.7, p=0.05], and a marginally significant interaction between Session 

and Treatment [F(1,44)=3.0, p=0.08]. To test our a priori hypothesis that there was an effect 

of MSB + NTN, we included the post-hoc results showing that: (1) the males had more 

intake in the ADE session than the baseline [p<0.01]; and (2) the MSB + NTN-treated males 

had less intake than the vehicle ones in the ADE session [p<0.05], though 2-way ANOVA 

did not show a significant effect of MSB + NTN. In the females at 4 hours (Figure 2B), two-
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way ANOVA revealed a significant effect of Session [F(1,32)=15.6, p<0.005], a marginally 

significant effect of MSB + NTN treatment [F(1,32)=3.4, p=0.06], and a marginally 

significant interaction between Session and Treatment [F(1,32)=3.3, p=0.07]. To test our a 
priori hypothesis that there was an effect of MSB + NTN, we included the post-hoc results 

showing that: (1) the females had more intake in the ADE session than the baseline 

[p<0.01]; and (2) the MSB + NTN-treated females had less intake than the vehicle ones in 

the ADE session [p<0.05], though 2-way ANOVA did not show a significant effect of MSB 

+ NTN. For alcohol preference, there was no significant effect of ADE or MSB + NTN on 

preference ratio in either sex (data not shown).

After 8 or 24 hours, there were no significant effects of the MSB + NTN on either alcohol 

intake or preference ratio in either sex (data not shown).

DISCUSSION

Our main objective in the present study was to investigate the potential of MSB in reducing 

relapse-like drinking in mice after 1 week of abstinence from chronic 3-week excessive 

alcohol drinking. A transient increase in alcohol consumption after a period of imposed 

abstinence has been labeled as the ADE, which is regarded as an animal model of “relapse” 

drinking behavior and craving with good predictive validity [6]. In the present study, mice of 

both sexes displayed the ADE with increased alcohol intake after 1 week of abstinence 

(Figures 1 and 2). We used systemically active MSB to study these effects because of its 

resistance to metabolism and thereby longer-lasting effects relative to its parent compound 

Sal A [4]. We found that acute administration of MSB significantly reduced ADE in both 

males and females at 3 mg/kg (Figure 1). These results are consistent with previous reports 

of MSB’s effects on cocaine seeking and alcohol drinking behaviors which were shown to 

be KOP-r mediated, as the selective KOP-r antagonist nor-BNI blocked these effects [3, 4]. 

Our new results clearly demonstrate that MSB reduced alcohol “relapse” in a mouse model, 

which would constitute an interesting extension to the anti-relapse properties of MSB 

observed in drug-prime induced cocaine seeking behavior [3].

Many studies have demonstrated that classic KOP-r full agonists increase alcohol drinking 

[13, 14], induce alcohol-seeking behavior in a rat reinstatement model [15] and promote 

alcohol “relapse” drinking in rat ADE models [14] (see an updated review [16]). Therefore, 

our new data that the KOP-r full agonist MSB reduced, rather than triggered, “relapse” 

drinking, presents a scenario that seems to contradict the results of classic KOP-r agonists. 

After chronic excessive alcohol consumption, however, the endogenous dynorphin (a G-

protein and beta-arrestin dependent agonist [17, 18])/KOP-r systems are activated in several 

neuronal structures. Either the increased release of dynorphin [19] or enhanced KOP-r 

activity [13] produces sedation, dysphoria, anxiety- and depression-like behaviors that may 

drive excessive and “relapse” drinking. In support of this concept, dynorphin levels (both 

mRNA and peptide) and KOP-r activity are found to be increased in the rat central amygdala 

after chronic alcohol exposure [20–22]. Pharmacologically, selective blockade of KOP-r 

attenuates alcohol drinking and stress-induced alcohol-seeking in mice [4] and rats [23, 24], 

though one study did not find any effect of nor-BNI on “relapse” drinking in rats during 

either early withdrawal or chronic abstinence [14]. Unlike dynorphin, however, MSB does 
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not induce sedation [the locomotor activity test] or anhedonic signs of depression-like 

behavior [the sucrose preference test] in rats or mice [3, 4], and could act as a G-protein 

dependent agonist, which was suggested by our recent report [3] but needs further study. In a 

pilot study, MSB did not cause aversion (the conditioned place aversion test) or anxiety-like 

behavior (the elevated plus maze test) in rats, but with pro-depressive effects in the forced 

swim test, suggesting that the compound may have less severe side effects. MSB could 

possibly compete with excessive dynorphin to bind the KOP-r, thereby reducing beta-

arrestin signaling. This could be responsible, at least in part, for the observed reduction of 

excessive alcohol intake in the ADE mice, as MSB may reverse the dynorphin-enhanced 

dysphoria and/or anxiety-like behavior presented during alcohol abstinence. Together, these 

data support the notion that MSB may exhibit different cellular and behavioral properties 

than dynorphin or classic KOP-r full agonists with drug-seeking effects (such as U50,488H 

and 1169,593). Therefore, the development of new KOP-r agonists with reduced side effects 

may have the potential to yield useful compounds for the treatment of drug addiction. Our 

studies are in line with growing research into the identification of functionally selective 

KOP-r ligands for the development of anti-addictive compounds [25–27].

Alternatively, MSB, as a KOP-r agonist, decreases dopamine concentrations in the striatum, 

and acute administration of alcohol leads to increased dopamine levels in the same regions, 

suggesting that MSB opposes the alcohol effect by modulating the dopamine system [28]. 

Also, KOP-r activation stimulates the hypothalamic-pituitary-adrenal (HPA) axis in humans 

and rodents, and thus the enhanced HPA function may reduce alcohol drinking and craving, 

as demonstrated in humans [29]. This latter possible mechanism is currently under 

investigation in our laboratories.

In our recent study, the combination of NTN and MSB together displayed a synergistic 

effect on reducing excessive alcohol intake in both male and female mice. The effect of this 

combination was alcohol-specific, as demonstrated by the lack of any effect on sucrose or 

saccharin consumption [4]. Here, we provide further experimental data showing that this 

MSB + NTN combination is more effective and potentially more beneficial in reducing 

alcohol “relapse” drinking than either drug alone, as the effects of these combined, low-dose 

administrations of two compounds on ADE were greater than those of either drug alone. The 

single-receptor targeted pharmacotherapies (NTN, acamprosate on NMDA receptors) have 

shown modest therapeutic value over placebo, suggesting a further need for greater efficacy. 

Our study in rodent ADE model suggests that the combination of MSB with NTN may be 

more efficacious in treating alcohol relapse than NTN alone. By targeting multiple 

neurotransmitter receptors implicated in different components of alcohol addiction, 

combination medications are likely to have enhanced efficacy over the traditional single-

receptor approach.

Conclusion.

Consistent with our recent study on cocaine seeking in rats, our new finding here has 

provided further promising in vivo data showing that the KOP-r agonist MSB, in 

combination with NTN, may offer a novel strategy to treat alcohol relapse, possibly with 

less adverse effects.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Effects of acute administration of Mesyl Sal B (MSB, 0.3-3 mg/kg) (A, B) or naltrexone 

(NTN, 1-3 mg/kg) (C, D) on alcohol intake in an alcohol deprivation effect (ADE) model at 

4 hours in male and female mice after 1 week of abstinence from 3-week chronic 

intermittent access alcohol drinking. * p<0.05 vs. control baseline, and + p<0.05 or ++ 

p<0.01 vs. control ADE.
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Figure 2. 
Effects of acute administration of Mesyl Sal B (MSB, 0.3 mg/kg) combined with naltrexone 

(NTN, 1 mg/kg) on alcohol intake in an alcohol deprivation effect (ADE) model at 4 hours 

in male (A, n=11-14) and female (B, n=9) mice after 1 week of abstinence from 3-week 

chronic intermittent access alcohol drinking. * p<0.05 vs. control baseline, and + p<0.05 vs. 

control ADE.
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