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Abstract

Background: Although pharmacotherapies are available for alcohol (EtOH) or tobacco use 

disorders individually, it may be possible to develop a single pharmacotherapy to treat heavy 

drinking tobacco smokers by capitalizing on the commonalities in their mechanisms of action.

Methods: Female alcohol-preferring (P) rats were trained for EtOH drinking and nicotine self-

administration in two phases: (1) EtOH alone (0 vs. 15% EtOH, 2-bottle choice) and (2) 

concomitant access, during which EtOH access continued with access to nicotine (0.03 mg/kg/

infusion, i.v.) using a 2-lever choice procedure (active vs. inactive lever) in which the fixed ratio 

(FR) requirement was gradually increased to FR30. When stable co-use was obtained, rats were 

pretreated with varying doses of naltrexone, varenicline, or r-bPiDI, an α6β2* subtype-selective 
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nicotinic acetylcholine receptor antagonist shown previously to reduce nicotine self-

administration.

Results: While EtOH intake was initially suppressed in phase 2 (co-use), pharmacologically 

relevant intake for both substances was achieved by raising the “price” of nicotine to FR30. In 

phase 2, naltrexone decreased EtOH and water consumption but not nicotine intake; in contrast, 

naltrexone in phase 1 (EtOH only) did not significantly alter EtOH intake. Varenicline and r-bPiDI 

in phase 2 both decreased nicotine self-administration and inactive lever pressing, but neither 

altered EtOH or water consumption.

Conclusions: These results indicate that increasing the “price” of nicotine increases EtOH 

intake during co-use. Additionally, the efficacy of naltrexone, varenicline, and r-bPiDI was specific 

to either EtOH or nicotine, with no efficacy for co-use. Nevertheless, future studies on combining 

these treatments may reveal synergistic efficacy.
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1. Introduction

Approximately 14% of the U.S. population meets criteria for alcohol use disorder (AUD) 

(Grant et al., 2015), and approximately 70% of these individuals meet criteria for tobacco 

use disorder (TUD) (Falk et al., 2006), making this combination (AUD-TUD polysubstance 

abuse) highly prevalent in the United States and worldwide (for review see Van Skike et al., 

2016). Although pharmacotherapies are available for AUD or TUD individually, it may be 

possible to develop a single pharmacotherapeutic agent to treat heavy drinking tobacco 

smokers through targeting common mechanisms mediating AUDs and TUDs (Roche et al., 

2016).

A recent study from our laboratory (Maggio et al., 2018) used alcohol-preferring (P) rats, a 

translational genetic model of AUD (Bell et al., 2012; McBride et al., 2014), to develop a 

novel model of EtOH and nicotine co-use. That study used a two-bottle choice (EtOH vs 

water) procedure combined with a two-lever operant (active vs inactive for i.v. nicotine on 

an FR5 operant schedule) procedure. Under those co-use conditions, we determined the 

effects of two potential pharmacotherapies that target nicotinic acetylcholine receptors 

(nAChRs), i.e., varenicline and r-bPiDI. Varenicline is a clinically available partial agonist 

with high affinity for α4β2* nAChRs that reduces nicotine self-administration in rats 

(George et al., 2011; Rollema et al., 2007) and increases smoking abstinence in humans 

(Ebbert et al., 2016; Nides et al., 2006). However, the effects of varenicline on EtOH 

consumption have been mixed in laboratory animals (Hauser et al., 2017; Steensland et al., 

2007) and humans (de Bejczy et al., 2015; Plebani et al., 2013; Schacht et al., 2014; 

Verplaetse et al., 2016). r-bPiDI is the reduced form of the potent and selective quaternary 

ammonium antagonist for α6β2* nAChRs, N,N’-decane-1,10-diyl-bis-3-picolinium diiodide 

(bPiDI), a compound that decreases both EtOH consumption (Srisontiyakul et al., 2016) and 

nicotine self-administration (Wooters et al., 2011). It has physiochemical properties which 

confer greater brain penetration than bPiDI and also reduce nicotine self-administration 
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(Beckmann et al., 2015). However, one limitation of the study by Maggio et al. (2018) was 

that while the FR5 schedule maintained high levels of nicotine intake (>20 infusions of 0.03 

mg/kg/infusion in 60 min), co-use of EtOH was relatively low (~0.5 g/kg in 60 min). Thus, 

the ability of varenicline and r-bPiDI to selectively decrease nicotine intake may have been 

due to low consumption of EtOH in the co-use phase (i.e., floor effect) or the absence/

limitations of neuroadaptations associated with chronic EtOH.

To mitigate this problem, during the co-use phase, the current study increased the “price” of 

nicotine by gradually increasing the FR requirement from an FR5 to FR30. We hypothesized 

that this change would increase EtOH consumption without markedly decreasing nicotine 

intake, thus allowing assessment of the effects of varenicline and r-bPiDI in our co-use 

model when intake of both substances is pharmacologically relevant. In addition to assessing 

the effects of varenicline and r-bPiDI, the current study also determined the effect of 

naltrexone on EtOH and nicotine co-use. Naltrexone is a clinically available mu-opioid 

receptor antagonist used to treat AUD (Heilig and Egli, 2006), but it has also been examined 

as a treatment for TUD and co-use of EtOH and nicotine. Naltrexone has been demonstrated 

in preclinical studies to reduce EtOH intake in rats (Dhaher et al., 2012; Williams and 

Broadbridge, 2009) with a higher efficacy in rats exposed to both EtOH and nicotine (Lê et 

al., 2014). Additionally, treatment with naltrexone reduces EtOH use in heavy drinking 

smokers but not in non-smokers (Fridberg et al., 2014; Fucito et al., 2012).

2. Methods

2.1 Animals

Female P rats (n=14, selectively bred generations 79-81) were obtained from Indiana 

University School of Medicine (provided by NIAAA/NIH) and began training between PND 

50-60. Females were used because they voluntarily drink more EtOH compared to male P 

rats (Bell et al., 2011). Rats were housed individually in a temperature-controlled colony 

room under a 12:12 hr. light/dark cycle. All testing procedures occurred during the light 

phase (7:00 am – 7:00 pm), were in accordance with the NIH Guide for the Care and Use of 

Laboratory Animals (8th edition, 2011), and were approved by the IACUC at the University 

of Kentucky.

2.2 Drugs

EtOH was prepared in a concentration of 15% v/v 190 proof EtOH (Pharmco-AAPER, 

Shelbyville, KY) and diluted in distilled water. Nicotine hydrogen tartrate (Sigma-Aldrich, 

San Diego, CA) was dissolved in a 0.9% NaCl (saline) solution, to which NaOH was added 

to obtain a pH of 7.0 ± 0.05; nicotine dosage was based on freebase weight. Naltrexone 

(5α)-17-(cyclopropylmethyl)-4,5-epoxy-3,14-dihydroxymorphinan-6-one) and varenicline 

(6,7,8,9-tetrahydro-6,10-methano-6H pyrazino[2,3-h][3]benzazepine tartrate), supplied by 

the National Institute on Drug Abuse (NIDA, Bethesda, MD), were dissolved in saline. r-

bPiDI (1,10-bis(3-methyl-5,6-dihydropyridin-1 (2H)-yl)decane) was synthesized at the 

University of Arkansas for Medical Sciences (Little Rock, AK) and dissolved in saline. All 

test drug solutions were prepared fresh daily and administered s.c. 15 min prior to the start 

of the session with doses based on formula weights. For surgery, rats were anesthetized via 
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i.p. injections of 55/7.5/7.5 mg/kg ketamine (Henry Schein Animal Health, Dublin, OH)/

xylazine (LLOYD Laboratories, Shenandoah, IA)/sterile water.

2.3 Apparatus

All training and testing sessions were conducted in standard two-lever operant conditioning 

chambers (ENV-001; MED Associates, St. Albans VT). Two response levers were located 

on either side of a recessed food tray. Located above each lever was a white cue light. 

Nicotine infusions were delivered by a syringe pump, and food pellets were delivered by a 

pellet dispenser. A computer, linked to a MED Associates interface, recorded responses and 

controlled infusions during sessions. Each chamber was modified to allow access to two 100 

mL Richter feeding tube glass bottles (Model 900010; Dyets, Inc., Bethlehem PA) on the 

wall of the chamber opposite the levers. The design of the bottles allowed them to be fixed 

to the chambers with lipped feeding tube holders (Model 901100; Dyets, Inc., Bethlehem, 

PA) such that only the drinking spout could be accessed by rats while inside the chambers.

2.4 Procedures

Pre-training and EtOH access (Phase 1) were conducted using procedures similar to those 

described by Maggio et al. (2018). Briefly, during pre-training, to allow for acclimation to 

the taste and smell of EtOH, rats were given one bottle of 20% EtOH as the sole source of 

liquid for 72 consecutive hours in the home cage (Simms et al., 2010); food was available ad 
libitum. Following pre-training, rats were trained during daily 60-min sessions in which rats 

were given free-choice access to two bottles in the operant chamber; one bottle contained 

water and the other 15% EtOH (v/v), counterbalanced for side daily. Animals were trained in 

this phase for at least 15 days until the average EtOH consumption stabilized, i.e., there were 

no significant differences in average consumption across 5 consecutive sessions (Mean = 20 

days). After stable EtOH drinking was achieved, one group of animals (n=6) was pretreated 

with naltrexone (Experiment 1); results evaluating varenicline and r-bPiDI were reported 

previously (Maggio et al., 2018). A second group of animals (n=8) advanced to training for 

Experiment 2 (concurrent access, Phase 2) without drug pretreatment during Phase 1. In 

Experiment 2, naltrexone, varenicline, and r-bPiDI were each tested separately using a 

within-subject design.

During the concurrent access phase (Phase 2; Experiment 2), animals were first trained to 

acquire lever pressing for palatable food pellets (45 mg Dustless Precision Pellets, Bio-Serv, 

Frenchtown NJ) using the general methods described previously (Maggio et al., 2018) with 

some modifications. Rats were trained to lever press for food pellets using a standard 2-lever 

operant procedure (active vs inactive levers) with 2-bottle choice for EtOH (0% vs 15%) 

concurrently available during sessions. Rats then underwent surgery under anesthesia to 

implant a chronic indwelling catheter into the jugular vein, followed by 5-7 days of recovery 

with ad libitum access to food, water, and one bottle of 15% EtOH in the home cage.

Following the recovery period, rats were trained to self-administer nicotine (0.03 mg/kg/

infusion, with a 20-sec time-out period following each infusion) using a 2-lever procedure, 

with both 15% EtOH and water access restricted to daily operant sessions. The FR 

requirement for nicotine was increased incrementally and maintained for 3 consecutive 

Maggio et al. Page 4

Drug Alcohol Depend. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



sessions before the FR value was increased. The FR progression was 1, 3, 5, 8, 12, 20, and 

30. Each rat underwent at least 5 consecutive training sessions at FR30, during which there 

were no significant differences in average EtOH, water, or nicotine intake across 5 sessions 

of the experiment (Mean = 5 days).

2.5 Drug pretreatments

After operant responding and EtOH drinking stabilized in Phase 1 (Experiment 1) or Phase 2 

(Experiment 2), pretreatments were given 15 min prior to test sessions. For naltrexone, test 

doses were 0.15, 0.3, or 0.6 mg/kg; for varenicline, test doses were 1.5 or 3 mg/kg; for r-

bPiDI, test doses were 10, 20, or 40 mg/kg. Doses were selected based on previous literature 

(e.g., Beckmann et al., 2015; George et al., 2011; Williams and Broadbridge, 2009). Each 

animal in Experiment 2 received each drug and each dose in counterbalanced order, 

including the appropriate vehicle control. A minimum of 2 maintenance sessions (no 

pretreatment) separated each pretreatment test session.

2.6 Data analysis

All statistical analyses were conducted using Prism 5.0 software (Graph Pad Software Inc., 

San Diego, CA, USA). Consumption from EtOH and water bottles was measured in g/kg 

body weight, and the numbers of active lever presses for nicotine and inactive lever presses 

were recorded automatically. Consumption differences in EtOH and water across sessions 

were analyzed by one-way repeated measure ANOVA during Phase 1 and at each FR value 

during Phase 2. Active and inactive lever presses for Phase 2 were also evaluated by one-

way repeated measures ANOVA. Effects of naltrexone, varenicline, and r-bPiDI on EtOH 

and water consumption and on lever presses (active for nicotine vs inactive) earned during 

concurrent access sessions were analyzed by one-way, repeated-measure ANOVA. A priori 

multiple comparison analyses using Dunnett’s 2-tailed t-test comparing each dose to the 

vehicle control (α = 0.05) were conducted when appropriate.

3. Results

3.1 Baseline EtOH and nicotine intake in phase 1 (experiment 1) and phase 2 (experiment 
2)

Figure 1 shows differences in EtOH consumption in Phase 1 in Experiment 1 (session 20) as 

well as EtOH and nicotine intake during Phase 2 in Experiment 2 under the FR5 and FR30 

schedules (session 3 of each FR requirement) of nicotine self-administration. For 

Experiment 1, EtOH intake resulted in pharmacologically relevant levels (2 g/kg/hr). Results 

revealed a significant decrease in EtOH consumption in Phase 2 (concurrent access) 

compared to Phase 1 (EtOH access only), F(2, 17) = 30.07, p < 0.05. Posttests revealed that 

EtOH consumption was significantly lower in Phase 2 compared to Phase 1 during both FR5 

and FR30 response requirements for nicotine. However, for Experiment 2, analyses revealed 

a significant increase in EtOH consumption at FR30 for nicotine compared to FR5, t(5) = 

2.74, p < 0.05 (Figure 1A). Additionally, EtOH consumption at FR30 for nicotine reached 

pharmacologically relevant levels (~0.80 g/kg/hr). Analyses for nicotine revealed no 

significant difference in nicotine intake at FR30 compared to FR5, and the amount infused 

was pharmacologically relevant (~0.33 mg/kg in the 1 hr session; Figure 1B). Increases in 
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the FR requirement for nicotine had no significant effect on water consumption or inactive 

lever pressing (data not shown).

3.2 Effects of naltrexone in phase 1 (experiment 1) and phase 2 (experiment 2)

As shown in Figure 2, in Phase 1 (EtOH access), analyses revealed that naltrexone had no 

significant effect on EtOH or water consumption.

As shown in Figure 3, in Phase 2, there was a significant decrease in EtOH consumption 

following naltrexone pretreatment, F(3, 18) = 1.57, p < 0.05 (Figure 3A). Posttests revealed 

that EtOH consumption was decreased at all doses of naltrexone vs vehicle. Analyses also 

showed a decrease in water consumption following naltrexone pretreatment, F(3, 18) = 5.65, 

p < 0.05 (Figure 3B), with posttests showing that water consumption was decreased only at 

the highest dose (0.6 mg/kg vs vehicle). Naltrexone treatment had no effect on active lever 

presses for nicotine (Figure 3C) but significantly decreased inactive lever pressing, F(3, 18) 

= 3.38, p < 0.05 (Figure 3D). Posttests revealed that inactive lever pressing was decreased 

only at the lowest dose (0.15 mg/kg vs vehicle).

3.3 Effects of varenicline and r-bPiDI pretreatments in phase 2 (experiment 2)

Figure 4 shows EtOH and water consumption as well as active and inactive lever presses 

after varenicline pretreatment. Analyses revealed that varenicline had no significant effect on 

EtOH or water consumption (Figs 4A and 4B). However, active and inactive lever 

responding was significantly decreased by varenicline treatment; F(2, 14) = 2.89, p < 0.01 

and F(2, 14) = 3.29, p < 0.05, respectively (Figs 4C and 4D). Posttests showed that only the 

highest dose (3 mg/kg) decreased both active and inactive lever presses (vs vehicle).

Figure 5 shows EtOH and water consumption as well as active and inactive lever presses 

after r-bPiDI pretreatment. Analyses revealed that r-bPiDI had no significant effect on EtOH 

or water consumption (Figs 5A and 5B). In contrast, the number of active and inactive lever 

presses were significantly decreased by r-bPiDI treatment; F(3, 21) = 3.34 p < 0.01 and F(3, 

21) = 5.21, p < 0.01, respectively (Figs 5C and 5D). Posttests revealed that the highest dose 

of r-bPiDI (40 mg/kg) significantly decreased both active and inactive lever presses, whereas 

20 mg/kg r-bPiDI decreased inactive lever presses only.

3.4 Within-session nicotine self-administration

Figure 6 shows the number of active lever presses for nicotine in 10-min intervals during 

Phase 2. Analysis of the naltrexone data revealed a significant main effect of time interval, 

F(5, 20) = 4.83, p < 0.05, but no significant differences among the doses at any interval 

(Bonferroni - hoc test p > 0.05) (Figure 6A). Analysis of the varenicline data revealed a 

significant main effect of dose, F(2, 15) = 7.01, p < 0.05, and a significant dose x interval 

interaction, F(10, 75) = 2.82, p < 0.05. Varenicline (3.0 mg/kg) decreased responding 

compared to vehicle during the first three 10-min intervals; Bonferroni t(75) = 3.85, t(75) = 

5.22, and t(75) = 3.11, respectively, p ’s < 0.05 (Figure 6B). Analysis of the r-bPiDI data 

revealed a significant main effect for interval, F(5, 20) = 28.93, p < 0.05, and for dose, F(3, 

20) = 4.30, p < 0.05, with no significant dose x interval interaction. r-bPiDI (40 mg/kg) 
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decreased responding compared to vehicle during the 20- and 30-min intervals; Bonferroni 

t(100) = 3.23 and t(100) = 3.01, respectively, p ’s < 0.05 (Figure 6C).

Unfortunately, the operant chambers did not provide a means to monitor cumulative EtOH 

consumption during the 10-min intervals across the session.

4. Discussion

The present findings show that our modified EtOH-nicotine co-use protocol resulted in 

pharmacologically relevant levels of concurrent EtOH intake and nicotine self-

administration. When nicotine self-administration was on an FR30, EtOH consumption was 

~0.80 g/kg/hr, an amount that is comparable to humans drinking ~3-4 standard alcoholic 

drinks/hr. (Grant and Bennett, 2003; McKee et al., 2008; Udo et al., 2013), which is defined 

as binge drinking (National Institute on Alcohol Abuse and Alcoholism [NIAAA], 2004). 

Although increasing the schedule requirement to FR30 tended to decrease nicotine self-

administration, the decrease was not statistically significant. At the FR30, rats earned ~11 

infusions, each containing 0.03 mg/kg of nicotine, yielding a dose of ~0.33 mg/kg nicotine 

in each 60-min session. This level of responding exceeds the number of infusions (i.e., 10) 

traditionally used as a criterion for demonstrating robust nicotine self-administration during 

a 60-min limited access session (Corrigall and Coen, 1989). Previous research has also 

shown that 10 infusions of 0.03 mg/kg i.v. nicotine produces nicotine plasma levels of ~65 

ng/mL in male hooded Lister rats (Shoaib and Stolerman, 1999), well above peak plasma 

levels (~15-40 ng/mL) found in human chronic smokers (Feyerabend et al., 1985; Yamazaki 

et al., 2010). Thus, when using the selectively bred P rat line, the protocol described herein 

results in pharmacologically relevant intake of both EtOH and nicotine during concurrent 

availability, supporting previous observations that the P rat line can serve as a genetic animal 

model of poly-drug abuse (Bell et al., 2016).

Naltrexone was the only drug pretreatment given during EtOH access (Phase 1), as we 

previously reported that there are no effects of varenicline or r-bPiDI on EtOH consumption 

when tested in this phase (Maggio et al., 2018). The current findings indicate that while 

naltrexone was ineffective in reducing EtOH consumption in Phase 1, it reduced EtOH 

consumption during Phase 2 (co-use). The fact that subthreshold doses of naltrexone (null 

finding in Phase 1) resulted in significant decreases in EtOH consumption during Phase 2 

provides some pharmacological validity for the co-use model described above. The present 

finding that doses of naltrexone have no efficacy when EtOH is given alone but can reduce 

EtOH intake when nicotine is available concurrently parallels similar findings in outbred 

Long Evans rats trained to self-administer both EtOH and nicotine in a 2-lever alternating 

choice test (Lê et al., 2014). The current results are also congruent with previous clinical 

research showing that treatment with naltrexone is more effective in heavy drinkers or 

alcoholics who are nicotine-dependent (Fucito et al., 2012; King et al., 2009). In contrast, 

other reports have shown that naltrexone can reduce EtOH consumption in rats without 

nicotine exposure, which may be due to differences in sex and rat line, including male 

Wistar (Lê et al., 1999; Steensland et al., 2007) and male Long-Evans Hooded rats 

(Steensland et al., 2007; Williams and Broadbridge, 2009). Methodological differences, 

including differences in dose, may also play a role (Henderson-Redmond and Czachowski, 
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2014). Importantly, in each of these latter studies, EtOH delivery was contingent on operant 

lever-press responding, whereas in the current experiment EtOH was freely available. The 

finding that naltrexone had no effect on nicotine intake is consistent with previous 

preclinical studies (Corrigall and Coen, 1991; Lê et al., 2014). In contrast, clinical research 

suggests that alcohol use promotes the increased effectiveness of naltrexone in reducing 

smoking (King et al., 2009). However, these latter clinical results were obtained with 

repeated treatments over one month which contrast with the acute pretreatments used in the 

current preclinical study. Thus, chronic treatment with naltrexone may yield positive results 

when applied to preclinical basic research.

During co-use (Phase 2), varenicline significantly reduced nicotine self-administration but 

not EtOH consumption. However, in contrast to previous studies showing a selective effect 

of varenicline on active lever pressing for nicotine alone (Maggio et al., 2018), the present 

results indicated that varenicline also decreased inactive lever pressing. It is possible that the 

high FR requirement (FR30) in the current study may have enhanced the sensitivity of the 

rats to nonspecific suppressant effects of varenicline. Nevertheless, the varenicline-induced 

decrease in nicotine intake observed here is consistent with previous preclinical results 

(Funk et al., 2016; Maggio et al., 2018; Scuppa et al., 2015). Although several preclinical 

studies have shown decreases in EtOH consumption following pretreatment with varenicline 

(Czachowski et al., 2018; Froehlich et al., 2017; Steensland et al., 2007), those studies only 

examined EtOH consumption in the absence of nicotine. Overall, preclinical evidence 

provides limited support for varenicline’s efficacy as a pharmacotherapeutic for co-users of 

EtOH and nicotine.

Also consistent with our previous findings (Maggio et al., 2018), when tested in the couse 

phase, r-bPiDI decreased nicotine intake but not EtOH consumption. However, similar to the 

effect of varenicline, there was also a nonspecific decrease in inactive lever pressing. In 

combination with previous investigations of the neuropharmacology of r-bPiDI (Beckmann 

et al., 2015), these results suggest that α6β2* nAChRs play an important role in the 

maintenance of nicotine intake but not necessarily EtOH intake. Furthermore, as r-bPiDI did 

not disrupt EtOH or water drinking in the current experiment, and previous research has 

shown similar doses of r-bPiDI do not disrupt operant responding for food (Beckmann et al., 

2015), it is unlikely that r-bPiDI disrupted motor function or caused general sedation. While 

previous research shows that less selective nAChR antagonists such as mecamylamine have 

the potential to reduce nicotine intake in animals (DeNoble and Mele, 2006; Glick et al., 

1996) and in humans (Rose, 2006; Rose et al., 1994), aversive peripheral side effects 

decrease their utility in clinical trials (Bevins and Caggiula, 2009; Shytle et al., 2002). Since 

r-bPiDI is selective for central α6β2* nAChRs, it is possible that peripheral side effects 

would be reduced compared to those seen with previously tested nAChR antagonists, 

indicating further research is needed.

One limitation of the current study is that we only used female P rats. It is well-documented 

that there are sex differences in consumption of EtOH and related behaviors (Erol and 

Karpyak, 2015; Schulte et al., 2009) as well as in nicotine use (Torchalla et al., 2011). 

Additionally, previous clinical research suggests that there are sex differences in the efficacy 

of varenicline, with efficacy being greater in females (McKee et al., 2016). However, 
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previous research with mice shows that there are no sex differences in the effects of 

varenicline on EtOH drinking (Kamens et al., 2018). Clinical research with naltrexone has 

also indicated differences in effects for men and women, but overall efficacy appears similar 

for both sexes (Baros et al., 2008). Nonetheless, given the evidence for sex differences in 

several studies, it will be important to use both male and female subjects in future research 

on treatment of EtOH and nicotine co-use.

Additionally, one caveat in interpreting the naltrexone results is that naltrexone produced a 

non-significant decreasing trend in EtOH consumption in Phase 1, suggestive of an effect 

similar to what was obtained in Phase 2. While Phase 1 and 2 data were collected in separate 

experiments, an exploratory analysis comparing the percent change from control in each 

experiment revealed no significant differences in the effect of naltrexone on EtOH 

consumption in Phase 1 vs. Phase 2, which may be interpreted to reflect a similar sensitivity 

to naltrexone in both phases. However, since these groups were run at separate times and 

baseline rates of intake (vehicle control) were significantly different from each other, we 

have not included this exploratory analysis in the graphic presentation of results.

When nicotine self-administration results were examined across time within the session, 

naltrexone showed no effect during any 10-min time interval. In contrast, the highest doses 

of varenicline (3 mg/kg) and r-bPiDI (40 mg/kg) decreased active lever responding for 

nicotine early in the session but not later in the session. Importantly, responding for nicotine 

in the absence of pretreatment was higher during the early portion of the session, an effect 

that is sometimes referred to “loading” under limited access conditions (Williams and 

Broadbridge, 2009). Thus, the high rate of responding observed early in the session appears 

to be more sensitive to disruption by these compounds compared to lower response rates 

later in the session. Alternatively, it could be that the lack of effect late in the session may 

reflect attenuation of efficacy due to pharmacokinetics. This latter interpretation is not likely, 

however, as the half-life of varenicline is about 4 hours in rats (Obach et al., 2006). Thus, 

taken together, these results indicate that therapeutics which may be useful for treating AUD 

via opioid receptor antagonism and those that may be useful for smoking cessation via 

selective inhibition of α4β2* or α6β2* nAChRs may not be sufficient to treat EtOH and 

nicotine co-use. Alternatively, a combination of these compounds, titrated for effective dose 

ranges, may yield synergistic or additive efficacy, which will require continued research.

5. Conclusions

The procedures used in our previous co-use study in female P rats (Maggio et al., 2018) 

revealed that, while robust nicotine self-administration was achieved, EtOH intake was 

relatively low and thus hampered our ability to assess drug pretreatment effects on EtOH 

intake. The current study modified the procedures by increasing the FR requirement for a 

nicotine infusion from an FR5 to FR30. As modified, the present co-use procedures resulted 

in increased levels of EtOH intake with no significant diminution in nicotine intake. Since 

interactions between EtOH and nicotine have been postulated to arise from neural substrates 

common to both drugs (for review see Van Skike et al., 2016), we assessed the effects of 

opiate and nicotine receptor-selective drugs. Naltrexone significantly decreased EtOH intake 

when nicotine reinforcement was concurrently available but not when EtOH was available 
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alone. Varenicline and r-bPiDI both reduced nicotine self-administration but not EtOH 

drinking in a dose-dependent manner. Thus, under the current procedures, these results 

suggest that none of the drugs tested are effective as a monotherapy for co-use of EtOH and 

nicotine.
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Highlights

• Levels of EtOH and nicotine intake during co-use were pharmacologically 

relevant.

• Increasing the fixed ratio (FR) requirement for nicotine increases EtOH intake 

during co-use.

• Naltrexone decreased EtOH and water intake, but not nicotine intake during 

co-use.

• Varenicline and r-bPiDI decreased active and inactive lever pressing for 

nicotine.
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Figure 1. 
Baseline EtOH intake and nicotine self-administration in Phase 1 (EtOH alone) and Phase 2 

(co-use) of Experiments 1 and 2. Panel A: EtOH consumed in Phase 1 (Experiment 1) and 

Phase 2 under either FR5 or FR30 schedule of nicotine self-administration (Experiment 2). 

Panel B: Nicotine infusions earned in Phase 2 under either FR5 or FR30 schedules of 

nicotine self-administration (Experiment 2). Values represent mean ± SEM. *p < 0.05 vs 

Phase 1, #p < 0.05 vs FR5.
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Figure 2. 
Effect of naltrexone on EtOH consumed (Panel A) and water consumed (Panel B) in Phase 1 

of Experiment 1 (EtOH alone). Values represent mean±SEM.
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Figure 3. 
Effect of naltrexone on EtOH consumption (Panel A), water consumption (Panel B), number 

of active lever presses for nicotine (Panel C), and number of inactive lever presses (Panel D) 

in Phase 2 of Experiment 2 (co-use). Values represent mean ± SEM. *p < 0.05 vs vehicle 

(0).
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Figure 4. 
Effect of varenicline on EtOH consumption (Panel A), water consumption (Panel B), 

number of active lever presses for nicotine (Panel C), and number of inactive lever presses 

(Panel D) in Phase 2 of Experiment 2 (co-use). Values represent mean ± SEM. *p < 0.05 vs 

vehicle (0).
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Figure 5. 
Effect of r-bPiDI on EtOH consumption (Panel A), water consumption (Panel B), number of 

active lever presses for nicotine (Panel C), and number of inactive lever presses (Panel D) in 

Phase 2 of Experiment 2 (co-use). Values represent mean±SEM. *p < 0.05 vs vehicle (0).
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Figure 6. 
Experiment 2 results showing within-session number of active lever presses for nicotine per 

10-min interval following pretreatments with naltrexone (Panel A), varenicline (Panel B), 

and r-bPiDI (Panel C). Values represent mean ± SEM. *p < 0.05 vs vehicle (0) at same time 

point.
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