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Abstract

Mesyl Salvinorin B (MSB) is a potent selective kappa opioid receptor (KOP-r) agonist that has 

potential for development as an anti-psychostimulant agent with fewer side-effects (e.g., sedation, 

depression and dysphoria) than classic KOP-r agonists. However, no such study has been done on 

alcohol. We investigated whether MSB alone or in combination with naltrexone (mu-opioid 

receptor antagonist) altered voluntary alcohol drinking in both male and female mice. Mice, 

subjected to 3 weeks of chronic escalation drinking (CED) in a two-bottle choice paradigm with 

24-h access every other day, developed rapid escalation of alcohol intake and high preference. We 

found that single, acute administration of MSB dose-dependently reduced alcohol intake and 

preference in mice after 3-week CED. The effect was specific to alcohol, as shown by the lack of 

any effect of MSB on sucrose or saccharin intake. We also used the drinking-in-the-dark (DID) 

model with limited access (4 h/day) to evaluate the pharmacological effect of MSB after 3 weeks 

of DID. However, MSB had no effect on alcohol drinking after 3-week DID. Upon investigation of 

potential synergistic effects between naltrexone and MSB, we found that acute administration of a 

combination of MSB and naltrexone reduced alcohol intake profoundly after 3-week CED at doses 

lower than those individual effective doses. Repeated administrations of this combination showed 

less tolerance development than repeated MSB alone. Our study suggests that the novel KOP-r 

agonist MSB both alone and in combination with naltrexone shows potential in alcoholism 

treatment models.
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1. INTRODUCTION

Alcohol consumption affects multiple neurobiological systems including the endogenous 

opioid systems. Specifically, activation of the kappa opioid receptor (KOP-r) system has 

been implicated in the negative reinforcing aspects of alcohol, opiate, and psychostimulant 

addictions [Herz 1997; Koob and Kreek 2007]. In rats and mice, acute administration of 

KOP-r agonists attenuates alcohol drinking [Sandi et al 1988; Lindholm et al 2001; 

Henderson-Redmond and Czachowski 2014], increases alcohol drinking [Anderson et al 

2016; Rose et al 2016], and alters alcohol-induced conditioned place preference [Logrip et al 

2009; Sperling et al 2010], while the selective KOP-r antagonist nor-binaltorphimine (nor-

BNI) increases alcohol drinking in Lewis rats with relatively high intake [Mitchell et al 

2005]. Recently KOP-r antagonists have been reported to attenuate stress-induced alcohol-

seeking behavior in mice and rats [Sperling et al 2010; Deehan et al 2012; Funk et al 2014] 

and to reduce alcohol consumption in alcohol “dependent” rats [Walker and Koob 2008]. 

These findings provide support for the importance of the KOP-r systems in the processes of 

alcohol consumption and addiction.

Alcohol may activate the endogenous dynorphin neurons involved in neuronal structures 

related to alcohol’s reinforcing and motivational behaviors. Microdialysis studies have found 

that acute alcohol administration increases the extracellular dynorphin A1-8 concentrations 

in the nucleus accumbens (NAc) and the central nucleus of the amygdala (CeA), the two 

brain regions known to be involved in the regulation of alcohol consumption [Marinelli et al 

2006; Lam and Gianoulakis 2011]. In support of this concept, dynorphin mRNA and peptide 

levels in the CeA have been found to be increased after acute withdrawal from multiple 

alcohol “binge” administrations in Sprague-Dawley rats [D'Addario et al 2013], voluntary 

alcohol drinking in Sardinian alcohol-preferring rats [Zhou et al 2013a] or in alcohol-

dependent Wistar rats [Kissler et al 2014]. This enhanced dynorphin/KOP-r expression 

and/or activity in the CeA may be involved in the homeostatic adaptations of the brain after 

chronic alcohol exposure and in the negative affective state during withdrawal.

It has been found that activation of KOP-r by the novel neoclerodane diterpene salvinorin A 

(Sal A) and classic agonists such as U69,593 and U50,488H have anti-psychostimulant 

(including cocaine and amphetamine) effects in preclinical models of drug addiction [Negus 

et al 1997; Schenk et al 1999; Morani et al 2009]. However, most “classic” KOP-r agonists 

produce significant sedation and dysphoria, and those side effects limit their clinical use 

potential. Mesyl Salvinorin B (MSB) is a potent and selective KOP-r agonist, with a longer 

duration of action in mice than the structurally similar Sal A. As a novel KOP-r agonist with 

few side effects, MSB has been developed as a potential anti-cocaine compound, as acute 

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

model [Simonson et al 2015]. However, there is no report on the effect of MSB, Sal A or its 

analogues on alcohol related behaviors in rodent models. In this study, therefore, we 

Zhou et al. Page 2

Brain Res. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



investigated whether MSB alters voluntary alcohol drinking in mice to explore its potential 

for development as a therapeutic agent for alcoholism.

In the present study, we evaluated the pharmacological effect of MSB in both male and 

female mice using both chronic escalation drinking (CED) and drinking-in-the-dark (DID) 

models. In the CED model, the mice had access to alcohol drinking for 3 weeks in a two-

bottle choice paradigm with voluntary alcohol drinking every other day, and the mice 

exposed to alcohol rapidly developed high alcohol consumption (15–25 g/kg/day). Thus, the 

CED constitutes an appropriate animal model for studying escalation of alcohol drinking 

[Hwa et al 2011]. We further determined the pharmacological effect of MSB in the DID 

model, which allows for limited access (4 h/day) to a single alcohol bottle after the 

beginning of the dark period [Rhodes et al 2005], and the DID appears to be more suited to 

model “binge” drinking to the point of intoxication.

Numerous pharmacological studies provide consistent evidence that the opioid antagonist 

naltrexone (NTN) decreases alcohol reward, consumption, craving, and relapse episodes in 

human alcoholics [O’Malley et al 1992; Volpicelli et al 1992]. Preclinical investigations 

have consistently found that NTN decreases alcohol intake and alcohol’s reinforcing and 

motivational properties [Zhou and Kreek 2014]. In select experiments, therefore, we used 

the well-known MOP-r antagonist NTN as a reference compound to compare its effects on 

mouse alcohol drinking behaviors with those of the KOP-r agonist MSB.

Finally, an investigation into the combination of these two compounds could be particularly 

intriguing, given that these drugs have distinctly different mechanisms of actions (MOP-r 

antagonism and full KOP-r agonism). Therefore, we specifically tested a combination of 

MSB and NTN using doses of each compound low enough that no effect on alcohol 

consumption was seen with either drug alone. These doses were also chosen to minimize 

potential side effects of both drugs and avoid tolerance to the KOP-r agonist after repeated 

administration, in order to maximize its effect on alcohol drinking. We hypothesized that this 

combination would be more effective in reducing alcohol escalation drinking than either 

drug alone.

2. RESULTS

2.1. Single, acute administration of MSB alone dose-dependently reduced alcohol (but not 
sucrose or saccharin) intake and preference after CED

2.1.1. CED model and blood ethanol concentration (BEC) levels—Both male and 

female mice exposed to the 2-bottle “15% alcohol vs. water” choice regimen every other day 

rapidly acquired alcohol drinking behaviour, and daily alcohol intake subsequently rose to 

levels averaging approximately 15–20 g/kg/day in males and 20–25 g/kg/day in females 

after 3 weeks with 15% alcohol, with a high preference ratio above 0.8–0.9 in both sexes 

(Table 1). In a separate experiment, mice had alcohol intake of 5.3±0.8 g/kg in males (n=10) 

and 8.1±1.3 g/kg in females (n=11) after 4 hours of alcohol access following 3 weeks of 

CED. Blood samples were taken at the 4-hour time point (2 males and 1 female did not show 

reliable alcohol intake and were excluded from the BEC measurement), and this 3-week 

voluntary CED exposure was found to give rise to BECs of 0.50±0.08 mg/ml in males (n=8) 
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and 0.63±0.07 mg/ml in females (n=10). These BEC values were within the range required 

to produce specific psycho-pharmacological effects [e.g., Rhodes et al 2005; Hwa et al 

2011].

2.1.2. Single, acute MSB dose-dependently reduced 15% alcohol intake and 
preference—After 0.3 or 1 mg/kg MSB, there was no significant effect on alcohol intake, 

water intake or alcohol preference ratio in males or females. At 3 mg/kg, MSB significantly 

reduced alcohol intake in males [2-way ANOVA, F(1,13)=5.5, p<0.05] at 4 hours [post-hoc 
test p<0.01] (Fig 1A1, left) and in females [2-way ANOVA, F(1,26)=11.2, p<0.005] at 4 

hours [post-hoc test p<0.01] (Fig 1A1, right). In comparison to the vehicle controls, 3 mg/kg 

MSB reduced mean alcohol intake by 46% in males and 68% in females. This was 

associated with a compensatory increase in water intake in males [2-way ANOVA, 

F(1,13)=5.4, p<0.05] at 4 hours [post-hoc test p<0.01] (Fig 1B1, left) and in females [an 

apparent but not statistically significant increase at 4 hours] (Fig 1B1, right), resulting in 

virtually unchanged total fluid intake in both sexes (Table 2). At this dose, MSB also 

significantly reduced preference ratio in males [2-way ANOVA, F(1,13)=7.8, p<0.05] at 4 

hours [post-hoc test p<0.01] and in females [2-way ANOVA, F(1,26)=7.2, p<0.05] at 4 

hours [post-hoc test p<0.01] (Fig 1C1).

The full-dose response of single, acute MSB administration (0, 0.3, 1 and 3 mg/kg) in terms 

of 15% alcohol intake and preference at the 4-hour time point is presented in Fig 2. In 

comparison to the control group, mean alcohol intake in MSB-treated mice was reduced by 

15% and 56% in males and 7% and 61% in females at 1 and 3 mg/kg MSB doses, 

respectively. For alcohol intake (Fig 2A, left), there was a main effect of MSB [2-way 

ANOVA, F(10,124)=28, p<0.0000001] with significance at 3 mg/kg in both males and 

females [post-hoc test p<0.005 for both]. For preference ratio (Fig 2B, left), there was a 

main effect of MSB [2-way ANOVA, F(10,124)=27, p<0.0000001] with significance at 3 

mg/kg in both males and females [post-hoc test p<0.005 for both].

2.1.3. Single, acute MSB slightly reduced 7.5% alcohol intake and preference
—In males, preference ratio in 3 mg/kg MSB-treated mice was significantly reduced [2-way 

ANOVA, F(1,10)=7.9, p<0.05] at 4 hours [post-hoc test p<0.05] (Fig S2C1, left). In female 

mice, MSB (3 mg/kg) marginally reduced alcohol intake [2-way ANOVA, F(1,12)=5.9, 

p<0.05] at 4 hours [post-hoc test p=0.05] (Fig S2A1, right).

2.1.4. Single, acute MSB reduced 30% alcohol preference in male only—In 

males, preference ratio in 3 mg/kg MSB-treated mice was significantly reduced [2-way 

ANOVA, F(1,10)=5.9, p<0.05] at 4 hours [post-hoc test p<0.05] (Fig S2C2).

2.1.5. Pretreatment with the selective KOP-r antagonist nor-BNI blocked the 
reducing effect of acute MSB on 15% alcohol drinking—For intake (Table 3), 2-

way ANOVA revealed: (1) a significant effect of 3 mg/kg MSB treatment [F(1,24)=8.5, 

p<0.01]; (2) a significant effect of 5 mg/kg nor-BNI pretreatment [F(1,24)=7.2, p<0.05]; and 

(3) a significant interaction between the nor-BNI pretreatment and the MSB treatment 

[F(1,24)=7.1, p<0.05]. For preference ratio (Table 3), 2-way ANOVA revealed: (1) a 

significant effect of MSB treatment [F(1,24)=23, p<0.001]; (2) a significant effect of nor-

Zhou et al. Page 4

Brain Res. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



BNI pretreatment [F(1,24)=16, p<0.001]; and (3) a significant interaction between the nor-

BNI pretreatment and the MSB treatment [F(1,24)=22, p<0.001]. MSB at 3 mg/kg 

significantly reduced alcohol intake and preference ratio at 4 hours [post-hoc test p<0.01 for 

both]. Though pretreatment with nor-BNI at 5 mg/kg alone had no effect, it blunted the 

effect of 3 mg/kg MSB on alcohol drinking at 4 hours.

2.1.6. No effects of single, acute MSB on sucrose or saccharin intake and 
preference—As alcohol is a caloric reinforcer, the specificity of the action of MSB on 

alcohol intake was verified by testing the effects of acute administration of 3 mg/kg MSB on 

sucrose (caloric reinforcer) or saccharin (non-caloric reinforcer) intake in mice after CED. In 

these experiments, the chronic 15% alcohol exposure procedures were identical to those in 

the above experiments. After 3 weeks of CED, the alcohol tube was switched to sucrose or 

saccharin for 3 sessions, during which stable intake was observed. The mice assigned to the 

vehicle-treated or MSB-treated groups had similar sucrose or saccharin intake 24 hours 

before the test day. On the test day, no significant effect of 3 mg/kg MSB on 4% sucrose 

(Table 4A) or 0.1% saccharin (Table 4C) drinking was found after 4 hours in either males 

(left) or females (right). There was no effect on sucrose or saccharin drinking observed after 

8 or 24 hours (data not shown). Effects of MSB on consumption of other concentrations of 

sucrose (8% or 16%) or saccharin (0.2% or 0.4%) were also tested in males and females (n = 

3–4) and no significant differences were found. Similarly, there was no effect of acute MSB 

at 3 mg/kg on sucrose or saccharin drinking in alcohol-naïve males and females (data not 

shown).

2.2. Single, acute administration of NTN alone dose-dependently reduced alcohol (but not 
sucrose or saccharin) consumption after CED

At lower doses (0.3 or 1 mg/kg), there was no significant effect of NTN on 15% alcohol 

drinking in either males or females, as shown in Fig 2. At 2 mg/kg, NTN significantly 

reduced alcohol intake in males [2-way ANOVA, F(1,10)=8.7, p<0.05] after 4 hours [post-
hoc test p<0.05] (Fig 1A2, left) and in females [2-way ANOVA, F(1,14)=8.9, p<0.05] after 4 

hours [post-hoc test p<0.01] (Fig 1A2, right). In contrast to the saline controls, the reduced 

alcohol intake in the NTN-treated mice was associated with a compensatory increase in 

water intake in males and females after 4 hours [post-hoc test p<0.01 for both] (Fig 1B2), 

resulting in virtually unchanged total fluid intake (Table 2). For preference ratio, two-way 

ANOVA revealed a significant interaction between the 2 mg/kg NTN treatment and the time 

interval in males [F(2,20)=12, p<0.0005], and NTN significantly reduced preference ratio at 

4 hours [p<0.01] [post-hoc test p<0.05] (Fig 1C2, left). Also, NTN significantly reduced 

preference ratio in females [2-way ANOVA, F(1,14)=11, p<0.01] at 4 hours [post-hoc test 

p<0.05] (Fig 1C2, right). At this dose range (0.3–2 mg/kg), NTN had no effect on sucrose 

(4–16%) or saccharin (0.1–0.4%) consumption in either male or female mice (data not 

shown).

2.3. Single, acute administration of MSB combined with NTN dose-dependently reduced 
alcohol (but not sucrose or saccharin) consumption after CED

2.3.1. Effect of single, acute administration of MSB combined with NTN on 
alcohol drinking—In both males and females, single, acute administration of MSB (0.1, 
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0.3 or 1 mg/kg) combined with NTN (0, 0.3 or 1 mg/kg) reduced 15% alcohol intake and 

preference in a dose-dependent manner (data at the 4-hour time point are analyzed together 

and presented in Fig 2). Acute administration of MSB at two lower doses (0.3 or 1 mg/kg) 

combined with NTN at 0 or 0.3 mg/kg did not reduce alcohol intake or preference in either 

males or females (Fig 2A, 2B). Combined with a higher dose of 1 mg/kg NTN, however, the 

MSB at 0.3 mg/kg and 1 mg/kg significantly reduced alcohol intake [post-hoc test p<0.001 

for both] (Fig 2A, right) and preference ratio [post-hoc test p<0.005 for both] (Fig 2B, right) 

in both sexes. Of note, MSB at 0.3 or 1 mg/kg combined with 1 mg/kg NTN showed more 

reductions than MSB alone at either dose in males or females [post-hoc test p<0.01 for all]. 

Similarly, the combinations showed greater reductions than 1 mg/kg NTN alone [post-hoc 
test p<0.01 for all] (Fig 2A, 2B). However, there was no significant effect of 0.1 mg/kg MSB 

combined with 1 mg/kg NTN.

Figure 3 presents 15% alcohol and water intake values recorded at all three time points (4, 8 

and 24 hours) following the two combination doses in females. Combined with 1 mg/kg 

NTN, 0.3 mg/kg MSB significantly reduced alcohol intake [2-way ANOVA, F(1,10)=5.4, 

p<0.05] at 4 hours [post-hoc test p<0.05] (Fig 3A1), with a 66% reduction compared to the 

controls. This combination significantly also reduced preference ratio [2-way ANOVA, 

F(1,10)=5.7, p<0.05] after 4 hours and between 5–8 hours [post-hoc test p<0.01 and p<0.05, 

respectively] (Fig 3C1). With 1 mg/kg NTN, 1 mg/kg MSB further reduced alcohol intake 

[2-way ANOVA, F(1,14)=18, p<0.001] after 4 hours [post-hoc test p<0.001] (Fig 3A2), with 

a 82% reduction compared to the controls. This was associated with a compensatory 

increase in water intake at 4 hours [post-hoc test p<0.05] (Fig 3B2). This combination also 

significantly reduced preference ratio [2-way ANOVA, F(1,14)=10, p<0.01] after 4 hours 

[post-hoc test p<0.001] (Fig 3C2). Neither combination dose had an effect on total fluid 

intake (Table 2).

2.3.2. No effect of single, acute administration of MSB combined with NTN on 
sucrose or saccharin drinking—The specificity of the effect of the MSB+NTN 

combination on alcohol intake was ascertained by testing its effect on sucrose and saccharin 

drinking after CED. After 4 hours, no significant effect of 0.3 mg/kg MSB+1 mg/kg NTN 

(the most effective combination for reducing alcohol) on 4% sucrose or 0.1% saccharin 

drinking was found in either males (Table 4B, 4D, left) or females (Table 4B, 4D, right). 

Similarly, no significant effects of MSB+NTN on other concentrations of sucrose (8% or 

16%) or saccharin (0.2% or 0.4%) intake were observed in either males or females (n=3–4). 

There was no effect of MSB+NTN on sucrose or saccharin drinking in alcohol-naïve males 

or females (data not shown).

2.4. Development of tolerance to repeated administrations of MSB alone on 15% alcohol 
drinking after CED

To assess the effect of repeated MSB on alcohol drinking after 3 weeks of CED, one group 

of females were given 5 repeated administrations of 3 mg/kg MSB and the effects on alcohol 

intake and preference were compared among the 5 sessions. For intake after 4 hours (Fig 

4A), 2-way ANOVA with repeated measure revealed: (1) a significant effect of MSB 

[F(1,12)=29, p<0.0005]; and (2) a significant interaction between MSB and sessions 
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[F(4,48)=4.4, p<0.005]. MSB significantly reduced intake in sessions 1, 2, and 3 [post-hoc 
test p<0.01, p<0.01 and p<0.05, respectively], but not sessions 4 or 5. For preference ratio 

(Fig 4B), 2-way ANOVA with repeated measure revealed: (1) a significant effect of MSB 

[F(1,12)=18, p<0.005]; and (2) a significant interaction between MSB and sessions 

[F(4,48)=2.9, p<0.005]. MSB significantly reduced preference ratio in sessions 1, 2, and 3 

[post-hoc test p<0.01, p<0.01 and p<0.05, respectively], but not sessions 4 or 5.

2.5. Reduced development of tolerance after repeated administrations of MSB combined 
with NTN on 15% alcohol drinking after CED

The effect of the 0.3 mg/kg MSB+1 mg/kg NTN combination on alcohol drinking was 

assessed in all 5 consecutive sessions in both males and females (Fig 5). For intake, 1-way 

ANOVA revealed a significant effect of MSB+NTN in males (Fig 5A, left) and females (Fig 

5A, right) [F(5,24)=3.9, p<0.01 and F(5,30)=3.8, p<0.01, respectively], and the combination 

significantly reduced intake in all the sessions [post-hoc test p<0.05 for all] in both sexes, 

with no tolerance development. For preference ratio, 1-way ANOVA revealed a significant 

effect of MSB+NTN in males (Fig 5B, left) and females (Fig 5B, right) [F(5,30)=4.6, 

p<0.005 and F(5,24)=3.2, p<0.05, respectively], and the combination significantly reduced 

alcohol preference in all the sessions [post-hoc test p<0.05 for all] in both sexes, with no 

tolerance development.

2.6. No effect of single, acute administration of MSB on 15% alcohol intake after chronic 3-
week DID in males or females

To assess the effect of MSB on short-access “binge” alcohol drinking, mice received MSB at 

1 or 3 mg/kg after 3 weeks of DID. There was no effect of either dose on alcohol intake in 

either sex (Table 5).

2.7. No effect of single, acute administration of MSB on locomotor activity in male or 
female alcohol-naïve mice

We further tested whether MSB could induce sedation in mice at the dose required to 

attenuate alcohol drinking. The dose of 3 mg/kg and injection schedule (30 min before the 

test) were based on the above alcohol drinking experiments. There was no effect of 3 mg/kg 

MSB on locomotor activity in either sex (Table 6).

3. DISCUSSION

Our main objective in the present study was to investigate the potential of KOP-r activation 

in reducing alcohol consumption in mice after chronic escalation alcohol drinking. We used 

the systemically active, potent KOP-r agonist MSB to study these effects because of its 

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

Sal A (Fig S4) as well as recent reports of its anti-addiction effects in cocaine-seeking 

behavior [Simonson et al 2015]. Acute administration of MSB significantly reduced alcohol 

intake in both males and females in a dose-dependent manner (0.3–3 mg/kg) (Fig 2A). It is 

unlikely that the effect of MSB in reducing alcohol intake was secondary to a general 

suppression of appetitive (anhedonic effect) or consumption behaviors, since no tested doses 

of MSB affected – even minimally – sucrose (caloric reinforcer) or saccharin (non-caloric 
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reinforcer) consumption or preference (Table 4). Further, the MSB-induced reduction of 

alcohol intake was coupled with a full compensatory increase in water intake, resulting in no 

change in total fluid intake. Consistently, MSB (0.3–3 mg/kg) produced a dose-dependent 

reduction in alcohol preference in both sexes (Fig 2B). In the present study, we further 

confirmed that MSB reduced alcohol drinking in a KOP-r dependent manner, as the selective 

KOP-r antagonist nor-BNI blocked the effects of MSB on alcohol drinking in female mice 

(Table 3). Together, these results clearly demonstrate that the MSB-induced activation of 

KOP-r may play a role in modulating alcohol drinking in mice. This finding is in line with 

results showing that MSB, acting through the KOP-r, blocked drug-induced reinstatement of 

cocaine-seeking behavior in rats [Simonson et al 2015].

Acute administration of MSB at 3 mg/kg suppressed alcohol drinking, without inducing 

sedation (as reflected by spontaneous locomotor activity) (Table 6). Our result is similar to 

that of a recent study using a functionally selective KOP-r agonist [Brust et al 2016], but 

different from many traditional KOP-r agonists with sedative effects. This result in mice is 

also consistent with the study by Simonson et al in 2015 showing no alteration of locomotor 

activity in rats after acute administration of MSB. In this report, a tail-flick assay performed 

in mice after intrathecal administration of MSB displayed a signi cant analgesic effect with a 

longer duration than that of Sal A. The present study showed a relatively long duration (4 

hours) of the effect of MSB on alcohol drinking behavior (Fig 1A1), which is likely due to 

its increased metabolic stability and bioavailability in vivo (half-life is approximately 4 h) 

compared to that of Sal A [Simonson et al 2015]. Of note, MSB signi cantly reduced alcohol 

drinking with a similar profile to NTN (Fig 1A2), a reference compound with a relatively 

long duration of action (half-life is approximately 8 h) in reducing alcohol drinking in our 

mouse model. Therefore, the development of new KOP-r agonists with reduced side effects 

and improved pharmacokinetics may have the potential to yield useful compounds for the 

treatment of cocaine addiction, pain and alcoholism [Prisinzano 2005; Prisinzano and 

Rothman 2008; Chavkin 2011; Brust et al 2016].

In contrast to animals in the 4-hour limited-access DID paradigm, which tended to have 

rather stable alcohol intake at 5–6 g/kg-day, animals in the 24-hour intermittent access CED 

paradigm started off with higher levels of intake (~10 g/kg/day) before almost doubling their 

intake over 3 weeks to 15–20 g/kg/day in males and 20–25 g/kg/day in females (Table 1). 

This rapid escalation of intake over the course of several days, paired with a progressive 

elevation of alcohol preference, is consistent with previous studies in rats and mice [Sillaber 

et al 2002; Simms et al 2008; Hwa et al 2011] and analogous to the loss of control over 

drug-taking following long-term access to voluntary alcohol drinking in human alcoholics 

[Koob and Kreek 2007]. For this reason we purposely examined effects of MSB (1 or 3 

mg/kg) in both sexes after CED and found that it reduced intake (Fig 1A1), while it had no 

effect after DID (Table 5). Our results suggest that the KOP-r agonism of MSB modulates 

the escalation of alcohol drinking in mice with chronic exposure to alcohol and high levels 

of intake (~20 g/kg/day), but not in mice with limited access to alcohol and low levels of 

intake (5–6 g/kg/day). Escalation of drug intake is widely considered a hallmark of the 

transition from alcohol abuse to addiction in humans. MSB reliably lowered intake in mice 

following a rapid escalation in their drinking, with an improved pharmacokinetic profile and 
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fewer side effects compared to Sal A. Thus, our rodent study provides new information 

about the medical potential of KOP-r agonist MSB in the treatment of alcoholism.

Chronic high levels of alcohol consumption may activate endogenous dynorphin/KOP-r 

systems in neuronal structures related to alcohol dependence or compulsivity. For example, 

it has been shown that mice lacking dynorphin consume more alcohol [Rácz et al 2013]. 

Pharmacological studies also support this notion: the selective KOP-r antagonist nor-BNI 

enhances voluntary alcohol consumption in a continuous two-bottle choice paradigm 

[Mitchell et al 2005], and more recent work has further demonstrated that KOP-r activation 

inhibits GABAergic synaptic responses and alcohol effects in the CeA [Kang-Park et al 

2013]. Additionally, classic KOP-r agonists, such as U50,488H, U69,593 and Sal A, have all 

been shown to cause a decrease in dopamine levels in the NAc [e.g, Spanagel et al 1990]. 

Acute alcohol exposure leads to increased dopamine levels in the NAc, leading to rewarding 

effects, and KOP-r agonists oppose these effects by modulating the dopamine system 

[Lindholm et al 2007], suggesting a potential interaction between dopamine in the NAc and 

KOP-r activation by MSB in alcohol-related behavior. However, there are a number of 

studies that have found that classic KOP-r agonists increase alcohol drinking and reward 

[Anderson et al 2016; Rose et al 2016; Sperling et al 2010], and induce alcohol-seeking 

behavior in a reinstatement model [Funk et al 2014]. Therefore, our new data that the KOP-r 

agonist MSB reduces alcohol intake presents a scenario that is opposite to the results of 

previous studies using classic KOP-r agonists, thus warranting further study.

The expression of anhedonia in mice after exposure to chronic stress can be measured by 

sucrose consumption [Lim et al 2012]. Our results showed that MSB at 3 mg/kg (the most 

effective dose tested for reducing alcohol intake) did not affect sucrose preference or 

consumption after chronic alcohol exposure (Table 4), and MSB did not produce 

conditioned place aversion in rats (unpublished data). Together, these support the notion that 

MSB exhibits different signaling properties than traditional KOP-r agonists with anhedonic, 

dysphoric or drug-seeking effects (like U50,488H and U69,593) [e.g., Funk et al 2014]. Our 

present study is in line with growing research into the identification of functionally selective 

(i.e. biased) KOP-r ligands for the development of anti-addictive compounds with few side 

effects [Simonson et al 2015; White et al 2015; Brust et al 2016].

It is well documented that selective KOP-r antagonists attenuate alcohol consumption and 

alcohol-seeking behavior in male rodents. Indeed, we observed a reduction of alcohol 

drinking with nor-BNI in male mice, which replicated the above findings (Fig S1). Of note, 

there are sex differences in alcohol drinking behavior [Becker and Koob 2016] and in 

dynorphin/KOP-r systems [Chartoff and Mavrikaki 2015], as the nor-BNI treatment had no 

effect on alcohol drinking in female mice observed in the present study (Fig S1). It is 

intriguing that both male and female mice had similar responses to MSB (Fig 2). To our 

knowledge, this is the first description of using KOP-r agonist MSB with NTN and 

antagonist nor-BNI on alcohol drinking in both sexes side by side.

MSB is a highly selective KOP-r agonist, with a binding affinity of 2 nM at KOP-r and 6800 

nM at MOP-r [Simonson et al 2015]. One concern about the use of MSB is that its KOP-r 

agonist activity after repeated administration could result in tolerance (specifically a gradual 
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reduction of its effect on decreasing alcohol intake). Indeed, while acute administration of 

MSB at 3 mg/kg reduced alcohol drinking in the first drinking test session, repeated 

treatments of MSB at this high dose during 5 consecutive sessions showed a blunted effect 

in the 4th and 5th drinking sessions (Fig 4). By lowering the dose of MSB while co-

administering a MOP-r antagonist such as NTN, the development of tolerance may be 

minimized. Given that NTN therapies have been used extensively in the treatment of 

alcoholism [Müller et al 2014], NTN and the potent KOP-r agonist MSB are ideal 

candidates for investigating the potential benefit of combined treatments. NTN is a selective 

MOP-r antagonist, with binding affinity of 0.89 nM at MOP-r versus 20 nM at KOP-r. Due 

to its high selectivity for the MOP-r and the low doses used in our studies, we predicted that 

NTN’s activity at the KOP-r would not interfere with MSB’s agonism at KOP-r. In fact, our 

results clearly demonstrated that the combination of NTN and MSB together could have a 

synergistic effect on reducing alcohol intake and preference. Indications that this MSB + 

NTN combination is more effective and potentially more beneficial in reducing alcohol 

intake than either drug alone include: (1) the effects of these combined, low-dose 

administrations of MSB + NTN on alcohol drinking were greater than those of either drug 

alone (Fig 2); and (2) the combination showed persistent effects after repeated 

administrations, with less tolerance than the MSB alone (Fig 5, Fig S3). Finally, the specific 

effect of the combination on alcohol was supported by the lack of any effect on sucrose or 

saccharin consumption (Table 4).

As the effectiveness of this MSB + NTN combination could involve multiple neuro-

pharmacological mechanisms (at least KOP-r and MOP-r), it is possible that the two drugs 

are synergistic when administered together. Indeed, neurobiological studies have found 

supportive observations, given the multiple actions of alcohol in the CNS and that both the 

MOP-r and KOP-r systems are profoundly altered by chronic alcohol exposure [Zhou and 

Kreek 2014]. NTN's actions are suggested to be mediated through blockade of MOP-r in the 

NAc that may prevent alcohol-induced dopamine release, as well as through a dopamine-

independent mechanism [Unterwald 2008; Marchant et al 2016]. Therefore, the enhanced 

KOP-r activity by MSB may synergistically enhance NTN’s effects on either dopamine or 

other neurotransmitters (e.g., GABA as discussed above briefly).

Although NTN is more effective in people with alcoholism who have MOP-r variant A118G 

[Anton et al 2008], this and other single-pathway targeted pharmacotherapies (e.g., 

acamprosate on NMDA receptors) have shown modest therapeutic value over placebo, 

indicating a need for greater efficacy [Müller et al 2014]. By targeting multiple 

neurotransmitter pathways implicated in different components of alcohol addiction, 

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

medication approach. Indeed, our study in rodent alcohol escalation drinking models 

suggests that the combination of MSB with NTN may be more efficacious in treating 

alcoholism than NTN alone. There are several precedents to test the combinations of NTN 

with other compounds, like acamprosate [Heyser et al 2003] or prazosin [Froehlich et al 

2013]. In comparison with those combinations, this new combination with MSB showed 

strong synergistic effects on reducing alcohol consumption, although this could be attributed 

to different animal models used in different laboratories. Together, consistent with a recent 

study on cocaine seeking in rats [Simonson et al 2015], our findings have shown further 
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promising in vivo data indicating that the KOP-r agonist MSB, in combination with NTN, 

may offer novel strategies to treat alcoholism, without traditional dysphoric properties of 

classic KOP-r agonists.

4. EXPERIMENTAL PROCEDURE

4.1. Animals

Male and female adult C57BL/6J (B6) mice (8 weeks of age) were obtained from The 

Jackson Laboratory (Bar Harbor, ME, USA) and housed in a temperature-controlled room 

(21 ºC). 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. During the first day of testing (i.e., 

session 1), all mice were 9 weeks of age. 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 the Guide for the 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.

4.2. Apparatus for locomotor study

The experiments were performed in a place conditioning apparatus (model ENV-3013, Med 

Associate), which is a PVC plastic rectangular chamber that consists of dimly lit and sound 

attenuated chambers (16.8×12.7×12.7 cm).

4.3. Materials

The KOP receptor agonist Mesyl Salvinorin B (MSB) was synthesized from Sal A as 

described previously [Harding et al 2005], and dissolved in 1% DMSO. Ethanol solutions 

(7.5%, 15% and 30% v/v) were prepared from 190 proof absolute ethyl alcohol (Pharmco-

AAPER, Brookfield, CT, USA) and dissolved in tap water. Sucrose and saccharin were 

purchased from Sigma-Aldrich Inc. (St. Louis, MO) and diluted in tap water. Naltrexone 

was purchased from Sigma-Aldrich Inc. and dissolved in physiological saline. Nor-BNI was 

obtained from the NIDA Division of Drug Supply and Analytical Services and dissolved in 

saline.

4.4. Procedures

4.4.1. Chronic Escalation Drinking (CED)—This model of alcohol drinking in 

C57BL/6J mice has been widely used for several years by many laboratories [e.g., Hwa et al 

2011].

4.4.1.1. The 3-week CED model: Mice had access to alcohol drinking in their home cages 

for 3 weeks. Food and water were available at all times in this two-bottle choice paradigm 

with chronic alcohol exposure every other day. This CED model was similar to earlier 

protocols [e.g., Hwa et al 2011], with our modifications: At the time when the mice started 

individual housing (1 week before the experiments), the original water bottles were 

exchanged for those with sipper tubes to acclimate the mice to the sipper tubes (without ball 

bearings). Starting at 3 hours after lights off (10:00 am), both the water and alcohol (7.5%, 
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15% or 30%) solution sipper tubes were placed on their home cages. These sipper tubes 

were 10-ml pipettes that were cut at both ends, sealed with a rubber stopper, and fitted with a 

stainless steel straight sipper tubing. The sipper tubing contained a ball bearing at the end to 

prevent alcohol leakage. The left right position of the tubes was randomly set to avoid the 

development of side preference. The alcohol pipettes were refilled with fresh alcohol 

solution, and left for 24 hours before being replaced with the water tubes. Alcohol solutions 

were prepared fresh every 48 hours by mixing alcohol with tap water to reach the 

appropriate (v v) alcohol concentration. Body weights were recorded every 2 days. Alcohol 

and water intake values were recorded after 4, 8 and 24 hours of alcohol access in the 

drinking days (to the nearest 0.1 ml). These data were used to calculate consumed alcohol 

intake (i.e., g kg) and relative preference for alcohol (i.e., alcohol intake total fluid intake).

The mice randomized as the vehicle-treated and drug-treated groups in each sex had 

matched body weight and similar alcohol intake 24 hours before the test day. The drug 

dissolved in vehicle was administered by an experimenter, blinded to the treatments given to 

the experimental groups.

4.4.1.2. Single, acute administration in the 3-week CED model: On the test day, alcohol 

(7.5%, 15% or 30% concentrations) was presented 30 min after a single injection of MSB 

(0.3, 1, or 3 mg/kg in 1% DMSO, i.p.) or vehicle, and then alcohol and water intake values 

were recorded. Similarly, the effect of naltrexone (NTN, 0, 0.3, 1 or 2 mg/kg) on alcohol 

drinking was evaluated after CED. On the test day, alcohol (only 15% concentration) was 

presented 10 min after a single injection of NTN or vehicle (saline). The combined effects of 

MSB (0.1, 0.3 or 1 mg/kg) and NTN (0, 0.3 or 1 mg/kg) were evaluated on alcohol drinking 

after CED. On the test day, the mice received an i.p. injection of MSB or vehicle (1% 

DMSO) followed by the second i.p. injection of NTN or saline 20 min later. Then 15% 

alcohol was presented 10 min after NTN or vehicle.

Lastly, we used selective KOP-r antagonist nor-BNI to pharmacologically block the KOP-r 

to confirm that the MSB effects were mediated via KOP-r. Female mice were pretreated with 

nor-BNI (5 mg/kg) in saline (i.p.) 1 day before the 24-h drinking test, followed by one MSB 

(3 mg/kg) or vehicle (1% DMSO) injection 30 min before the drinking test. The rationale 

behind the exclusive use of females in this experiment came from our pilot study, in which 5 

mg/kg nor-BNI had no effect on alcohol drinking in females, while it significantly decreased 

alcohol drinking in males (see the effect of nor-BNI at 5 mg/kg on drinking behavior in both 

males and females after 3-week CED in Supporting Information, Results and Fig S1).

4.4.1.3. Repeated administration in the 3-week CED model: After 3 weeks of CED (15% 

alcohol vs. water), the males and females were assigned to test or vehicle groups. In this 

experiment, males or females received 5 consecutive administrations of vehicle, MSB (3 mg/

kg), or the MSB + NTN combination (0.3 mg/kg MSB + 1 mg/kg NTN) every other day 

immediately before drinking sessions (total 5 sessions). In each session, alcohol (15%) was 

presented after i.p. injections of test compound(s) or vehicle. Alcohol and water intake 

values were recorded after 4, 8 and 24 hours of alcohol access.

Zhou et al. Page 12

Brain Res. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We did not observe any sex differences in the dose-response effects of MSB alone or in 

combination with NTN after either single or repeated administration in the above 

experiments, suggesting that the estrous cycle and associated hormones might not be 

important factors in the response to these treatments in females. As females achieved a high 

alcohol intake of 15% alcohol more easily than males, the efficacy of repeated 

administration of MSB was tested in females only after 3 weeks of CED.

4.4.2. Chronic (3-week) drinking-in-the-dark (DID)—This model of alcohol drinking 

in C57BL/6J mice has been widely in use by many laboratories [e.g., Rhodes et al 2005]. In 

this one-bottle paradigm, alcohol exposure was every day. One recording was taken per day 

(after 4 hours of alcohol access in the dark cycle). This chronic DID model was similar to 

earlier protocols [Rhodes et al 2005], with our modifications; The procedures were identical 

to the above CED with the following exceptions: Starting at 3 hours after lights off (10:00 

am), the water bottle was replaced with one 10-ml alcohol (15%) pipette, and left for 4 hours 

before being replaced with the water bottle. Alcohol intake values were recorded after 4 

hours of alcohol access every day (to the nearest 0.1 ml). These data were used to calculate 

alcohol intake (i.e., g kg). After 3 weeks of DID, the mice assigned to the vehicle-treated 

and MSB-treated groups with matched body weight had similar 15% alcohol intake 1 day 

before the test day. The MSB doses (1 and 3 mg/kg) were chosen based on the results of the 

above CED alcohol study. On the test day, alcohol (15% concentration) was presented 30 

min after a single injection of MSB or vehicle. Control groups: males or females 

experienced DID for 3 weeks, and received one vehicle injection (1% DMSO, i.p.) before 

the 4-h drinking test. Test groups: males and females experienced DID for 3 weeks, and 

received one MSB injection (1 or 3 mg/kg in 1% DMSO, i.p.) before the test.

4.4.3. Sucrose (caloric reinforcer) and saccharin (non-caloric reinforcer) 
drinking—Using the same doses, the specificity of the action of MSB combined with NTN 

on alcohol intake was further tested using sucrose or saccharin drinking behavior after 

single, acute administration of the combination following CED. The sucrose preference test 

in mice is sensitive to the function of brain aversion systems and is widely used to measure 

the expression of anhedonia after chronic stress [Lim et al 2012]. In the following 

experiments, 15% alcohol CED exposure was identical to those in the above experiment as 

described in section 4.4.1.1. After 3 weeks of CED, the alcohol tube was switched to sucrose 

for 3 sessions with stable intakes. The mice assigned to the vehicle-treated or MSB-treated 

groups had similar sucrose intake 24 hours before the test day. On the test day, sucrose (4%, 

8% or 16%) and water intake values were recorded after 4, 8 and 24 hours of sucrose access. 

In parallel separate experiments, saccharin drinking (0.1%, 0.2% or 0.4%) was tested after 3 

weeks of CED with an identical procedure.

4.4.3.1. Single, acute administration of MSB (3 mg/kg) on sucrose or saccharin 
drinking after 3-week CED: A single i.p. injection of MSB (3 mg/kg) in 1% DMSO or 

vehicle was given 30 min before the sucrose and saccharin solutions were presented. Mice 

were assigned to one of four treatment groups: males or females with vehicle as control; and 

males or females with MSB.
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4.4.3.2. Single, acute administration of MSB (0.3 mg/kg) combined with NTN (1 mg/kg) 
on sucrose or saccharin drinking after 3-week CED: On the test day, the mice received 

the first i.p. injection of MSB in 1% DMSO followed by the second i.p. injection of NTN in 

saline 20 min later. Mice were assigned to one of four treatment groups: males or females 

with vehicle as control; males or females with MSB + NTN

4.4.3.3. Single, acute administration of MSB (3 mg/kg) on sucrose or saccharin 
drinking in alcohol-naïve mice: The procedures were identical to the above acute 

experiment, except the mice were exposed to 4% sucrose or 0.1% saccharin only.

4.4.4. Single, acute administration of MSB (3 mg/kg) on locomotor activity in 
alcohol-naïve mice—Two groups of mice (n = 8) in each sex were studied and one group 

at each dose: 0 or 3 mg/kg MSB. The dose and injection schedule chosen were based on the 

above alcohol experiments. Thirty min after MSB or saline injection, mice were placed into 

the appropriate chamber (white or black) for 30 min, and locomotor activity was assessed as 

the number of “crossovers,” defined as breaking the beams at either end of the conditioning 

chamber. Half the animals from each group were assigned to the white chamber and half to 

the black ones.

4.4.5. Blood ethanol concentration (BEC) measurement—At the time of 

decapitation (after 4-hour access to alcohol), trunk blood from each mouse was collected in 

EDTA-containing tubes, placed on ice, and spun in a centrifuge at 4 °C. Plasma alcohol 

levels were assayed with the EnzyChrom kit (BioAssay Systems).

4.5. Data analysis

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

statistically significant results, based on the levels of differences seen previously [Zhou et al 

2011, 2013b], and predicted that these studies require 6–8 animals per group. In CED 

experiments, group differences in intake and preference ratio were analyzed using 3-way 

ANOVA with repeated measures for session (session 1, session 10), time interval (0–4, 5–8 

vs. 9–24), and sex (male, female) followed by post-hoc tests. In the experiments with single 

MSB, NTN, their combinations or nor-BNI, alcohol (or sucrose, saccharin) intake, water 

intake, total fluid and preference ratio differences in each sex across the different groups 

were analyzed using 2-way ANOVA with repeated measures for treatment (vehicle vs drug) 

and for time interval (0–4, 5–8 vs. 9–24) followed by post-hoc tests. In the experiments with 

nor-BNI + MSB, alcohol intake, water intake, total fluid and preference ratio differences in 

each sex across the different groups were analyzed using 2-way ANOVA for pretreatment 

(vehicle vs nor-BNI) and for treatment (vehicle vs MSB) followed by Newman-Keuls post-
hoc tests. For dose response analysis on MSB alone and MSB + NTN combinations, group 

differences for alcohol intake and preference ratios at the 4-hour recording time were 

analyzed using 2-way ANOVA for treatments with different doses and for sex (male vs. 

female) followed by Newman-Keuls post-hoc tests. In experiments with repeated 

administrations of MSB, group differences on alcohol intake and preference ratios were 

analyzed using 2-way ANOVA with repeated measures for treatment (vehicle vs drug) and 

for session (1, 2, 3, 4 vs 5, or 1 vs 5) followed by post-hoc tests. In experiments with 
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repeated administrations of MSB + NTN, group differences on alcohol intake and preference 

ratios were analyzed using 1-way ANOVA for treatment (baseline, session 1, 2, 3, 4 vs 5) 

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).

Supplementary Material

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

(NTN, 2mg/kg) on 15% alcohol intake, water intake, and preference ratio in male and 

female mice after 3-week chronic escalation drinking (CED). (1) Control groups (n=6–8): 

males and females received one vehicle injection (1% DMSO for MSB control, or saline for 

NTN control, i.p.) before the drinking test; (2) MSB groups: males (n=6–8) and females 

(n=14) received one MSB injection (3 mg/kg in 1% DMSO, i.p.) 30 min before the drinking 

test; and (3) NTN group: males (n=6) and females (n=8) received one NTN injection (2 

mg/kg in saline, i.p.) 10 min before the drinking test. On the test day, alcohol (15%) and 

water intake values were recorded after 4, 8 and 24 hours of alcohol access. * p<0.05, 

**p<0.01 and ***p<0.005 vs. control at the same time point (see the statistical analysis in 

Supporting Information section).
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Figure 2. 
Dose responses of single, acute administration of Mesyl Salvinorin B (MSB, 0, 0.1, 0.3, 1 or 

3 mg/kg) alone or combined with naltrexone (NTN, 0, 0.3 or 1 mg/kg) on reducing 15% 

alcohol intake (A) and alcohol preference (B) in both male and female mice (n=5–8) after 3-

week chronic escalation drinking. Data were collected at the 4-hour time point on the 

baseline and testing day (24 hours later) and are expressed as a percentage of baseline 

alcohol intake to account for the differences in baseline that contribute to variation between 

experiments. **p<0.01 vs. control (both MSB and NTN at 0 mg/kg); ## p<0.01 between 

treatment groups (see the statistical analysis in Supporting Information section).
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Figure 3. 
Effects of single, acute Mesyl Salvinorin B (MSB) administration at 0.3 mg/kg (n=6) or 1 

mg/kg (n=8) combined with naltrexone (NTN, 1 mg/kg) on 15% alcohol intake, water intake 

and preference ratio in female mice after 3-week chronic escalation drinking. Control 

groups: females received one vehicle (1% DMSO, i.p.) followed by saline before the 

drinking test in two separate experiments with two different MSB+NTN combinations 

(Vehicle 1 and Vehicle 2). Test groups: females received one MSB injection (0.3 or 1 mg/kg 

in 1% DMSO, i.p.) followed by one NTN injection (1 mg/kg, i.p.) before the drinking test. 

On the test day, 15% alcohol (A) and water intake (B) values were recorded after 4, 8 and 24 

hours of alcohol access. Preference ratio is shown (C). * p<0.05; ** p<0.01 and ***p<0.005 

vs. control at the same time point (see the statistical analysis in Supporting Information 

section).
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Figure 4. 
Effects of repeated administration of Mesyl Salvinorin B (MSB, 3 mg/kg) on 15% alcohol 

intake (A) and preference ratio (B) after 3-week chronic escalation drinking in females 

(n=6–8). *p<0.05 or **p<0.01 vs. control in the same session (see the statistical analysis in 

Supporting Information section).
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Figure 5. 
Effects of repeated administration of Mesyl Salvinorin B (0.3 mg/kg) combined with 

naltrexone (NTN, 1 mg/kg) on 15% alcohol intake (A) and preference ratio (B) after 3-week 

CED in male (left, n=6) and female mice (right, n=5). *p<0.05 vs. the baseline (see the 

statistical analysis in Supporting Information section).
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Table 2

No effects of single, acute administration of Mesyl Salvinorin B (MSB, 3mg/kg) (A), naltrexone (NTN, 

2mg/kg) (B), or their combinations (0.3mg/kg MSB+1mg/kg NTN or 1mg/kg MSB+1mg/kg NTN) (C) on 

total fluid intake in male and female mice after 3-week chronic escalation drinking (CED).

A.

Total fluid intake, ml male (n=6–8) female (n=8–14)

Vehicle 3mg/kg MSB Vehicle 3mg/kg MSB

0–4h 1.6 ± 0.1 1.6 ± 0.2 1.9 ± 0.1 1.6 ± 0.2

5–8h 1.0 ± 0.1 1.2 ± 0.3 1.7 ± 0.2 1.5 ± 0.3

9–24h 2.8 ± 0.3 2.8 ± 0.4 3.0 ± 0.4 3.1 ± 0.5

B.

Total fluid intake, ml male (n=6–8) female (n=6–8)

Vehicle 2mg/kg NTN Vehicle 2mg/kg NTN

0–4h 1.9 ± 0.2 1.6 ± 0.2 1.6 ± 0.1 1.3 ± 0.1

5–8h 1.4 ± 0.2 1.5 ± 0.3 1.9 ± 0.2 1.4 ± 0.4

9–24h 3.0 ± 0.4 3.1 ± 0.5 3.2 ± 0.3 3.2 ± 0.5

C.

Total fluid intake, ml female (n=6–8) female (n=6–8)

Vehicle 0.3 mg/kg MSB+ 1mg/kg NTN Vehicle 0.3 mg/kg MSB+ 1mg/kg NTN

0–4h 1.5 ± 0.1 1.2 ± 0.2 1.5 ± 0.1 1.3 ± 0.2

5–8h 1.2 ± 0.3 1.9 ± 0.4 1.5 ± 0.2 1.8 ± 0.5

9–24h 3.5 ± 0.5 3.4 ± 0.5 3.7 ± 0.6 3.2 ± 0.3
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Table 3

Pretreatment with selective KOP-r antagonist nor-BNI (5 mg/kg) blocks the effect of single, acute Mesyl 

Salvinorin B (MSB, 3 mg/kg) on reducing 15% alcohol drinking in female mice (n=7).

Pretreatment Saline Saline Nor-BNI Nor-BNI

Treatment Vehicle MSB Vehicle MSB

Alcohol intake (g/kg/4h) 7.8 ± 0.79 4.2 ± 0.82 ** 7.8 ± 0.92 7.7 ± 0.60

Water intake (ml/4h) 0.30 ± 0.05 0.66 ± 0.26 0.32 ± 0.09 0.26 ± 0.09

alcohol preference 0.84 ± 0.04 0.34 ± 0.11 ** 0.80 ± 0.05 0.79 ± 0.04

**
p<0.01 vs. vehicle control with the same pretreatment (see the statistical analysis in Supporting Information section).
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Table 4

No effect of single, acute administration of Mesyl Salvinorin B (MSB, 3 mg/kg) alone or the combination of 

MSB (0.3 mg/kg) and naltrexone (NTN, 1 mg/kg) on 4% sucrose (A and B) or 0.1% saccharin (C and D) 

intake, water intake and their preference ratio in male or female mice (n=6–7).

A male female

Treatment Vehicle 3 mg/kg MSB Vehicle 3 mg/kg MSB

Sucrose (4%) intake (g/kg/4h) 11.8 ± 0.81 9.5 ± 1.3 12.1 ± 1.75 13.7 ± 1.1

Water intake (ml/4h) 0.17 ± 0.06 0.23 ± 0.08 0.11 ± 0.02 0.19 ± 0.10

Preference ratio 0.98 ± 0.02 0.95 ± 0.02 0.98 ± 0.01 0.97 ± 0.02

B male female

Treatment Vehicle + Saline 0.3 mg/kg MSB + 1 mg/kg 
NTN

Vehicle + Saline 0.3 mg/kg MSB + 1 mg/kg 
NTN

Sucrose (4%) intake (g/kg/4h) 9.9 ± 1.2 9.1 ± 1.0 11.5 ± 0.95 10.1 ± 1.10

Water intake (ml/4h) 0.13 ± 0.06 0.20 ± 0.05 0.15 ± 0.05 0.19 ± 0.11

Preference ratio 0.98 ± 0.02 0.97 ± 0.01 0.98 ± 0.01 0.98 ± 0.02

C male female

Treatment Vehicle 3 mg/kg MSB Vehicle 3 mg/kg MSB

Saccharin (0.1%) intake (g/kg/4h) 0.13 ± 0.03 0.11 ± 0.03 0.17 ± 0.02 0.19 ± 0.01

Water intake (ml/4h) 0.19 ± 0.10 0.26 ± 0.09 0.10 ± 0.04 0.16 ± 0.06

Preference ratio 0.95 ± 0.05 0.98 ± 0.05 0.97 ± 0.01 0.99 ± 0.01

D male female

Treatment Vehicle + Saline 0.3 mg/kg MSB + 1 mg/kg 
NTN

Vehicle + Saline 0.3 mg/kg MSB + 1 mg/kg 
NTN

Saccharin (0.1%) intake (g/kg/4h) 0.17 ± 0.02 0.14 ± 0.07 0.19 ± 0.02 0.15 ± 0.06

Water intake (ml/4h) 0.15 ± 0.04 0.20 ± 0.09 0.14 ± 0.03 0.19 ± 0.06

Preference ratio 0.98 ± 0.02 0.98 ± 0.03 0.97 ± 0.01 0.98 ± 0.04
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Table 6

No effect of single, acute administration of Mesyl Salvinorin B (MSB, 3 mg/kg) on locomotor activity in 

alcohol-naïve male and female mice. Locomotor activity is assessed as the number of “crossovers,” defined as 

breaking the light beams at either end of the conditioning chamber.

Sex Male (n = 8) Female (n = 8)

Treatment vehicle MSB vehicle MSB

Crossover (30 min) 231 ± 53 187 ± 28 277 ± 59 234 ± 42
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