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Abstract

Rationale: Co-users of alcohol and nicotine are the largest group of polysubstance users 

worldwide. Commonalities in mechanisms of action for ethanol (EtOH) and nicotine proposes the 

possibility of developing a single pharmacotherapeutic to treat co-use.

Objectives: Toward developing a preclinical model of co-use, female alcohol-preferring (P) rats 

were trained for voluntary EtOH drinking and i.v. nicotine self-administration in three phases: (1) 

EtOH alone (0 vs. 15%, 2-bottle choice); (2) nicotine alone (0.03 mg/kg/infusion, active vs. 

inactive lever); and (3) concurrent access to both EtOH and nicotine. Using this model, we 

examined the effects of (1) varenicline, a nicotinic acetylcholine receptor (nAChR) partial agonist 

with high affinity for the α4β2 subtype; (2) r-bPiDI, a subtype-selective antagonist at α6β2* 

nAChRs; and (3) (R)-modafinil, an atypical inhibitor of the dopamine transporter (DAT).

Results: In Phases 1 and 2, pharmacologically relevant intake of EtOH and nicotine was 

achieved. In the concurrent access phase (Phase 3), EtOH consumption decreased while nicotine 

intake increased relative to Phases 1 and 2. For drug pretreatments, in the EtOH access phase 

(Phase 1), (R)-modafinil (100 mg/kg) decreased EtOH consumption, with no effect on water 

consumption. In the concurrent access phase, varenicline (3 mg/kg), r-bPiDI (20 mg/kg), and (R)-
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modafinil (100 mg/kg) decreased nicotine self-administration, but did not alter EtOH 

consumption, water consumption, or inactive lever pressing.

Conclusions: These results indicate that therapeutics which may be useful for smoking 

cessation via selective inhibition of α4β2 or α6β2* nAChRs, or DAT inhibition, may not be 

sufficient to treat EtOH and nicotine co-use.
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In the United States, tobacco use ranks as the leading cause of preventable death (Warren et 

al. 2014), followed closely behind by alcohol-related death (Mokdad et al. 2004). Roughly 

80% of alcoholics are also regular tobacco smokers, making co-use of alcohol (EtOH) and 

nicotine the most prevalent polysubstance use disorder (Falk et al. 2006). Additionally, co-

use poses a threat to successful cessation of both substances, with the likelihood of a 

successful abstinence attempt being decreased in co-users when compared to users of either 

substance alone (Chiappetta et al. 2014; McKee and Weinberger 2013; Weinberger et al. 

2013). Despite high incidence of co-use, EtOH and nicotine use disorders primarily have 

been considered as separate substance use disorders (SUDs), and medication development 

has focused on treating them individually. However, to the extent that there are 

commonalities in the mechanisms of action for EtOH and nicotine, it may be possible to 

develop a single pharmacotherapeutic agent to treat cigarette smokers who are also heavy 

drinkers (Roche et al. 2016).

Animal models have been utilized successfully to model and test treatments for either EtOH 

or nicotine use disorders separately (Van Skike et al. 2016), as well as for other SUDs (Koob 

et al. 2009), but relatively few studies have examined voluntary co-use of EtOH and nicotine 

in the same animal (Bell et al. 2016; McBride et al. 2014). Critical for testing 

pharmacotherapeutics for EtOH and nicotine co-use disorder, is developing a translational 

animal model that produces pharmacologically relevant levels of concomitant voluntary oral 

EtOH consumption and i.v. nicotine self-administration.

Lê et al. (2010) developed a two-lever choice procedure for operant self-administration of 

EtOH and nicotine when both substances are available concurrently. Since that original 

report, variations of that procedure have been published, with each study showing that 2-

lever choice will induce reliable EtOH and nicotine co-self-administration (Cippitelli et al. 

2015; Funk et al. 2016; Scuppa et al. 2015). In this general procedure, two levers are 

available concurrently during a limited access (60 min) session; responding on one lever 

delivers EtOH (12% solution, 0.19 mL per delivery into a drinking receptacle) and 

responding on the other lever delivers nicotine (0.03 mg/kg/infusion i.v.). The response 

requirement on each lever is typically a fixed ratio (FR) 3.

While the original two-lever choice procedure (Lê et al. 2010) produces reliable co-

administration of both EtOH and nicotine, there are some limitations to the model in terms 

of its utility for preclinical screening of candidate medications for potential efficacy in 

decreasing co-use. If a candidate medication decreases lever pressing for both EtOH and 
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nicotine simultaneously, it is difficult to determine if the drug is specifically decreasing the 

reinforcing effect of both EtOH and nicotine concurrently or is simply producing a non-

specific suppression of ongoing responding. To address this limitation, the current study 

employed a novel model in which a two-bottle choice (EtOH vs water) was combined with 

two-lever procedure (active vs inactive for nicotine). The intended advantage of this 

modified procedure was to determine if potential pharmacotherapies will specifically 

decrease both EtOH drinking and nicotine self-infusions, while leaving both water intake 

and inactive lever pressing unchanged.

For this novel model, we used selectively-bred EtOH-preferring (P) rats, a translational 

genetic model of alcoholism (Bell et al. 2012; McBride et al. 2014). Since heterogeneous 

stock rats generally consume only modest amounts of EtOH voluntarily (Cicero and 

Smithloff 1973), selective breeding techniques have been used to elicit pharmacologically 

relevant levels of EtOH consumption (Barkley-Levenson and Crabbe 2014; Bell et al. 2012). 

Additionally, criteria for an animal model of alcoholism have been proposed which mimic 

criteria for humans with EtOH use disorder (Bell et al. 2012; Cicero and Smithloff 1973; 

Lester and Freed 1973). Importantly, P rats also voluntarily consume not only intoxicating 

amounts of EtOH which meet these criteria, but also readily self-administer i.v. nicotine in 

amounts twice that of non-preferring, Wistar, and Long-Evans rats (Lê et al. 2006; Rezvani 

et al. 2010). Additionally, female P rats have been shown to voluntarily consume higher 

amounts of EtOH than male P rats (Bell et al. 2011). Thus, female P rats may be especially 

advantageous for screening potential medications for EtOH and nicotine co-use.

Using this novel model in female P rats, we evaluated three drugs: (1) varenicline; (2) 1,10-

bis(3-methyl-5,6-dihydropyridin-1(2H)-yl)decane dihydrochloride (r-bPiDI); and (3) 2-[(R)-

(diphenylmethyl)sulfinyl]acetamide ((R)-modafinil, RMOD; see Figure 1). Varenicline, a 

clinically available partial agonist at α4β2* nicotinic acetylcholine receptors (nAChRs), has 

been demonstrated to reduce nicotine self-administration in animals (George et al. 2011; 

O’Connor et al. 2010; Rollema et al. 2007), reduce tobacco craving, withdrawal, and its 

reinforcing effects in humans (Gonzales et al. 2006; Jorenby et al. 2006; McKee et al. 2013), 

as well as increasing smoking abstinence rates (Ebbert et al. 2016; Gonzales et al. 2006; 

Nides et al. 2006). However, effects of varenicline on EtOH consumption in laboratory 

animals (Feduccia et al. 2014; Froehlich et al. 2017; Funk et al. 2016; Steensland et al. 

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

Verplaetse et al. 2016) have been mixed, indicating that more work is needed, especially 

regarding EtOH and nicotine co-use. r-bPiDI, a potent and selective α6β2* nAChR 

antagonist, has also been shown to decrease nicotine-evoked dopamine release and nicotine 

self-administration (Beckmann et al. 2015). However, it is not known if r-bPiDI alters EtOH 

self-administration, tested either alone or when combined with nicotine. RMOD, an atypical 

inhibitor of the dopamine transporter (DAT) without abuse liability, was selected based on a 

report demonstrating that RMOD attenuates nicotine self-administration, nicotine-induced 

reinstatement, and cue-induced nicotine-seeking in P rats (Wang et al. 2015). However, it is 

not known if RMOD also alters EtOH self-administration, tested either alone or combined 

with nicotine. For each drug, pretreatments were given during either the co-use phase 

(Experiment 1) or the EtOH only phase (Experiment 2).
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Methods

Animals:

Selectively bred female P rats (n=25, generation 79–83) were obtained from Indiana 

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

55 to 65. Rats were housed individually upon arrival in a temperature-controlled colony 

room under a 12:12hr 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 Institutional Animal Care 

and Use Committee at the University of Kentucky. Some of the rats (n=5) used in this study 

had a brief experimental history prior to the current experiment that involved exposure to 

saccharin- or quinine-flavored water and acute injections of a novel drug unrelated to the 

drugs tested here. In Experiment 1 (total n=17), animals were trained in both voluntary oral 

EtOH consumption and i.v. nicotine SA and were given drug pretreatments during the co-use 

phase. In Experiment 2 (n=8), animals were only trained in voluntary oral EtOH 

consumption and then were given drug pretreatments with varenicline, r-bPiDI, and RMOD.

Drugs:

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

Shelbyville, KY) 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. Varenicline 

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

donation from the National Institute on Drug Abuse (NIDA) (Bethesda, MD), was 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. RMOD was synthesized at the National Institute on Drug Abuse-Intramural Research 

Program, Medicinal Chemistry Section (Baltimore, MD) and dissolved in sterile water 

containing 10% DMSO and 15% Tween-80. All test drug solutions were prepared 

immediately before each injection and administered i.p. 15 min prior to the start of the 

session, with doses based on formula weights. For surgery, rats were anesthetized via 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. Respective drug doses were 

determined from the literature (e.g., Beckmann et al. 2015; George et al. 2011; Wang et al. 

2015).

Apparatus:

All training and testing sessions were conducted in standard two-lever operant 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 the experimental session. 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 
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allowed them to be fixed securely to the outside of 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.

Procedures:

Experiment 1: Drug Pretreatments During Co-use of EtOH and Nicotine (Phase 3)

EtOH Acclimation (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). During this time, food was 

available ad libitum.

EtOH Access (Phase 1): In Phase 1, rats began daily 60-min two-bottle choice sessions 

by being placed in the operant conditioning chambers with the levers retracted. For the 

duration of each session, rats were given free access to two bottles, one bottle of water and 

one bottle of 15% EtOH (v/v). Both bottles were presented on the same wall of the chamber, 

one on the left side and the other on the right, with the position of solutions alternating daily. 

During these sessions, rats could drink freely from both bottles. Access to water was 

restricted to these daily 1-hr sessions.

EtOH and water consumption were measured by weighing each bottle immediately prior to 

and immediately after access sessions to determine differences in weight. On the tenth day 

of EtOH access, blood ethanol concentration (BEC) was determined at a single time point 

(90 min after the start of the session) from plasma derived from tail blood. BEC was 

measured by a GM7 Analyser (Analox, London, UK). Animals were trained in this phase for 

at least 10 days until the average EtOH consumption stabilized, i.e. there were no significant 

differences in average consumption across 4 sessions (~14–20 days). Prior to the next phase, 

animals were placed back on free access to water in the home cage.

Nicotine Access (Phase 2): Animals were trained to lever press for i.v. injections of 

nicotine (0.03 mg/kg/infusion) using the general methods previously described (Bardo et al. 

1999; Corrigall and Coen 1989). At the beginning of Phase 2, rats were restricted to 8–12 g 

of food/day in the home cage until the completion of lever press training for food pellets. In 

the operant conditioning chambers, rats were initially trained to acquire lever pressing for 

palatable food pellets (45 mg Dustless Precision Pellets, Bio-Serv, Frenchtown, NJ). 

Responses on one lever (active lever, counterbalanced for position across rats) resulted in 

illumination of a cue light located directly above the lever and the delivery of one food pellet 

into the receptacle; responding on the other lever (inactive) had no programmed 

consequence. The cue light signaling the delivery of the food pellet remained illuminated for 

an additional 20-sec time-out (TO) period after pellet delivery; responding on either lever 

during this TO period had no programmed consequence. Response requirements for food 

pellet delivery increased under an incrementing FR schedule, beginning with FR1 (3 

sessions), followed by FR3 (3 sessions), and then FR5, where it remained until responding 

for food stabilized (at least 5 consecutive sessions with no significant differences in 

responding between sessions and at least two times more responding on the active lever vs 

inactive lever; ~14 days).
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Prior to surgery, rats were given 24-hr ad libitum access to food and water in the home cage. 

Rats then underwent surgery under anesthesia to implant a chronic indwelling catheter into 

the jugular vein; catheters were flushed daily with heparinized saline to maintain patency. 

Following surgery, rats were given 5–7 days of recovery with ad libitum access to food and 

water in the home cage. Following the recovery period, rats were trained to self-administer 

nicotine (0.03 mg/kg/infusion) using a 2-lever procedure. During this time, rats were given 

12–15 g of food/day in the home cage. Similar to the food training procedure, during 60-min 

daily sessions in the operant chambers, responses on one lever (active lever, counterbalanced 

for position across rats) resulted in illumination of a cue light located directly above the 

lever and an infusion of 0.03 mg/kg nicotine (0.1 mL over 5.9 sec); responding on the other 

lever (inactive) had no programmed consequence. The cue light signaling the nicotine 

infusion remained illuminated for an additional 20-sec TO period after termination of the 

infusion; responding on either lever during this TO period had no programmed consequence. 

The FR-rate was increased incrementally and stabilized at FR5, such that the animals 

showed consistent FR5 responding across at least 3 consecutive sessions (~14 days), after 

which rats were moved to the concurrent access phase.

For one group of animals (n = 12), bottles were removed from the operant chambers 

throughout Phase 2; water (no EtOH) was available continuously in the home cage. For the 

remaining animals (n = 5), access to both water and EtOH bottles in the operant 

conditioning chambers continued throughout Phase 2. This procedural variation had no 

effect on intake of EtOH, water, or nicotine when stable responding was reached in the final 

phase of the experiment (Phase 3), as described below. Stability in responding was defined 

as no significant difference in average EtOH consumption, water consumption, or nicotine 

intake across 5 sessions.

Concurrent Access (Phase 3): During Phase 3, the FR5 schedule for nicotine infusions 

remained as described in Phase 2, while access to 15% EtOH and water bottles (alternated 

daily between the left and right side of the chamber wall) was returned to the operant 

sessions (for the animals that underwent Phase 2 without bottle access (n = 12); see above). 

During Phase 3, water again was removed from the home cage as in Phase 1, and food 

provision (12–15 g per day) continued as in Phase 2. Each rat underwent at least 10 

consecutive training sessions (with no significant differences in average daily EtOH 

consumption, water consumption, or nicotine intake across 5 sessions; ~10 days) in this 

phase prior to beginning drug pretreatment testing.

Drug Pretreatments—For animals in Experiment 1, drug pretreatments began after 

operant responding and drinking stabilized in Phase 3 (after at least 10 sessions and with no 

significant differences in average daily EtOH consumption, water consumption, or nicotine 

intake across 5 sessions; ~14–20 days). Each drug was prepared fresh prior to administration 

and was given 15 minutes prior to the start of the testing session. For varenicline, the test 

dose was 3 mg/kg; for r-bPiDI, the test doses were 10 or 20 mg/kg; and for RMOD, the test 

doses were 30, 56 or 100 mg/kg. Each drug dose was given in counterbalanced order, 

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

pretreatment) separated each dose or drug pretreatment test session.
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Experiment 2: Drug Pretreatments During Use of EtOH Only (Phase 1)

Animals in this experiment were trained under the same procedures described for EtOH 

acclimation (pre-training) and EtOH access (Phase 1). Drug pretreatments began on day 15 

of Phase 1. After EtOH consumption stabilized (after at least 10 sessions and with no 

significant differences in average daily EtOH or water consumption across 5 consecutive 

sessions; 15 days), drug treatments began using the same doses and procedure as described 

in Experiment 1.

Data Analysis—For both experiments, consumption from the EtOH and water bottles 

were measured in g per kg body weight. For EtOH, the weight of liquid consumed during 

each session was converted to g of EtOH by multiplying the specific gravity of EtOH by the 

concentration of EtOH used (15% v/v/kg body weight/session). For Experiment 1, active 

and inactive lever presses for nicotine infusions were recorded by the automated system used 

to operate the operant chambers (ENV-001; MED Associates, St. Albans, VT). Consumption 

differences of EtOH and nicotine, averaged across the last 3 days of each experiment phase, 

were analyzed by two-tailed t-tests. A Pearson correlation analysis was used to analyze the 

association between EtOH intake and nicotine infusions.

Effects of varenicline on EtOH and water consumption and on lever presses for nicotine 

(active vs inactive) earned during concurrent access sessions, were analyzed by two-tailed 

paired t-test analyses (vehicle vs drug for each operant lever). Effects of r-bPiDI and RMOD 

on EtOH and water consumption (Experiments 1 and 2), and lever presses for nicotine 

(active vs inactive) earned during concurrent access sessions (Experiment 1), were analyzed 

by one-way, repeated-measures ANOVA. Post hoc analyses using Dunnett’s test comparing 

each dose against the vehicle control (α = 0.05), were conducted when appropriate. All 

statistical analyses were conducted using Prism 5.0 (Graph Pad Software Inc., San Diego, 

CA). Within-session effects of varenicline, r-bPiDI, and RMOD on the number of nicotine 

infusions earned across10-min intervals were analyzed by mixed model ANOVAs and post 

hoc analyses were conducted using subsequent Bonferroni posttests where appropriate (α = 

0.05).

Results

Experiment 1: Pretreatments During Co-Use of EtOH and Nicotine

Initial Training—Acquisition across sessions for baseline levels of EtOH consumption, 

water consumption, active lever presses and inactive lever presses for nicotine across Phases 

1–3 are shown in Figure 2. In Phase 1 (EtOH alone), both EtOH and water consumption 

gradually increased across the sessions (Figs 2A and 2C); for EtOH F(13,312) = 3.92, p < 

0.05 and for water F(13, 312) = 4.19, p < 0.05. However, both EtOH and water consumption 

eventually stabilized, as there were no significant differences in consumption across the last 

4 sessions. In Phase 2 (nicotine alone), active lever pressing increased as the FR requirement 

increased and became stable across the last three FR5 sessions of this phase (Fig 2C); across 

all sessions F(10, 131) = 51.72, p < 0.05. In Phase 3 (EtOH + nicotine), EtOH consumption 

increased across sessions, F(13, 237) = 2.10, p < 0.05 (Figure 2B), while water consumption, 
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active lever presses and inactive lever presses did not change significantly across sessions 

(Fig 2D and 2F).

A direct comparison of the average baseline levels of EtOH consumption, water 

consumption, active lever presses and inactive lever presses collapsed across the last 3 

sessions within each of the Phases 1–3 are shown in Figure 3. Results from a two-tailed 

paired t-test showed that there was a significant decrease in EtOH consumption between 

Phase 1 (EtOH alone) to Phase 3 (EtOH + nicotine); t(2) = 10.25, p < 0.05 (Fig 3A). 

Similarly, there was a significant decrease in water consumption from Phase 1 to Phase 3; 

t(2)= 5.29, p < 0.05 (Fig 3B). In contrast, there was a significant increase in nicotine 

infusions from Phase 2 (nicotine alone) to Phase 3 (EtOH + nicotine); t(2) = 7.09, p < 0.05 

(Fig 3C). Additionally, across individual rats, there was a significant negative correlation 

between EtOH consumption and nicotine infusions during Phase 3, r = −0.58, p < 0.05 (see 

Figure 4).

Blood EtOH Concentrations—Figure 5 shows BECs in Phases 1 and 3. Consistent with 

the decrease in EtOH consumption, there was a significant decrease in BEC in Phase 3 

(EtOH + nicotine) versus Phase 1 (EtOH alone);t(23) = 4.63, p < 0.01.

Effect of Varenicline Pretreatment—Figure 6 shows EtOH consumption, water 

consumption, active lever presses for nicotine, and inactive lever presses after varenicline 

pretreatment in Phase 3 (n = 5). Analyses for Phase 3 revealed that varenicline had no 

significant effect on EtOH consumption (Fig 6A). While water consumption was increased 

slightly by varenicline, this effect was not statistically significant (Fig 6B). In contrast to 

liquid consumption, the number of active lever presses for nicotine was significantly reduced 

by varenicline (3 mg/kg) compared to vehicle; t(4) = 2.83, p < 0.05 (Fig 6C). However, 

varenicline did not significantly alter the number of inactive lever presses (Fig 6D).

Effect r-bPiDI Pretreatment—Figure 7 shows EtOH consumption, water consumption, 

active lever presses for nicotine, and inactive lever presses after r-bPiDI pretreatment in 

Phase 3 (n = 17). Analyses revealed there was no significant effect of r-bPiDI on EtOH 

consumption or inactive lever presses at either dose (Figs 7A and 7D). However, there was a 

significant effect of r-bPiDI pretreatment on water consumption, F(2,16) = 5.37, p < 0.05 

(Fig 7B). Subsequent Dunnett’s tests revealed that water consumption significantly 

increased at 20 mg/kg r-bPiDI compared to vehicle control. Analyses also revealed a 

significant effect of r-bPiDI treatment on active lever presses, F(2,16) = 4.28, p < 0.05 (Fig 

7C). Subsequent Dunnett’s tests revealed that active lever presses for nicotine significantly 

decreased at 20 mg/kg r-bPiDI compared to vehicle control.

Effect of RMOD Pretreatment—Figure 8 shows EtOH consumption, water 

consumption, active lever presses for nicotine, and inactive lever presses after RMOD 

pretreatment in Phase 3 (n = 5). Analyses revealed no significant effect of RMOD on either 

EtOH or water consumption (Figs 8A and 8B), and there was no significant effect of RMOD 

on inactive lever presses (Fig 8D). Analyses revealed a significant effect of RMOD on active 

lever presses, F(3, 12) = 4.77, p < 0.05 (Fig 8C), with a subsequent Dunnett’s test showing a 
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significant decrease in active lever presses following 100 mg/kg RMOD compared to 

vehicle.

Within-session Nicotine SA—Figure 9 shows the number of active lever presses for 

nicotine in 10-min intervals during the concurrent access phase (Phase 3). Analyses for 

varenicline reveal a significant main effect for dose, F(1, 8) = 7.80, p < 0.05, and a 

significant interaction, F(5, 8) = 8.18, p < 0.05. Subsequent Bonferroni posttests revealed a 

significant difference in responding between vehicle and 3.0 mg/kg varenicline during the 

first 10-min interval, t(40) = 6.14, p < 0.05 (Fig 9A). Analyses for r-bPiDI reveal a 

significant main effect for interval, F(5, 48) = 28.93, p < 0.05, with no significance shown by 

the Bonferroni posttest (Fig 9B). Analyses for RMOD show a significant main effect for 

dose, F(3, 35) = 4.75, p < 0.05, a significant main effect for interval, F(5, 35) = 3.18, p < 

0.05, and a significant interaction, F(15, 35) = 1.72, p < 0.05. Subsequent Bonferroni 

posttest revealed significant differences in responding during the first 10-min interval for 30, 

56, and 100 mg/kg RMOD (t(175) = 2.71, p < 0.05; t(175) = 2.94, p < 0.05; t(175) = 5.18, p 
< 0.05, respectively) compared to vehicle. Additionally, analyses revealed a significant 

difference in responding for nicotine at 100 mg/kg RMOD during the 20-min interval 

compared to vehicle, t(175) = 3.02, p < 0.05 (Fig 9C). As there was no automated system to 

keep track of EtOH consumption rates, we are unable to provide this within-session data for 

EtOH.

Experiment 2: Pretreatments During Use of EtOH Only

Since EtOH use was low during the co-use phase (Experiment 1), this experiment tested the 

same drug pretreatments during Phase 1, when use of EtOH was relatively higher. Figure 10 

shows EtOH consumption and water consumption for Experiment 2 (n=8) following drug 

pretreatments. Analyses revealed that varenicline (3 mg/kg) had no significant effect on 

EtOH consumption (Fig 10A). However, water consumption was significantly increased at 

this dose, t(7) = 4.30, p < 0.05 (Fig 10B). Analyses also revealed that r-bPiDI had no 

significant effect on EtOH consumption or water consumption (Figs 10C and 10D). For 

RMOD pretreatment, analyses revealed a significant effect of RMOD on EtOH 

consumption, F(3, 21) = 14.97, p < 0.05 (Fig 10E), with subsequent Dunnett’s test showing 

a significant decrease in EtOH consumption following 100 mg/kg RMOD compared to 

vehicle. There was no effect of any dose of RMOD on water consumption (Fig 10F)

Discussion

The current study used a novel model of EtOH and nicotine co-use in female P rats to assess 

the effects of varenicline, r-bPiDI, and RMOD on co-use behavior. In this study, the 2-bottle 

and 2-lever choice model allowed access to both EtOH and nicotine concurrently. However, 

in contrast to a previous co-use model (Lê et al. 2010), the current model also measured 

choice for a natural reward (water), as well as non-reinforced operant behavior (inactive 

lever pressing), thus allowing for assessment of nonspecific changes in ongoing behavior 

following pharmacotherapeutic pretreatments. With this new model, abuse-relevant levels of 

EtOH and nicotine intake were achieved when each substance was given alone. However, 

during the co-use phase (Phase 3), nicotine intake increased and EtOH intake decreased 
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relative to the intake of each substance alone, consistent with results from previous co-use 

models (Funk et al. 2016; Scuppa et al. 2015).

When EtOH was given alone (Phase 1), rats voluntarily consumed ~1.6 g/kg/hr, which is 

comparable to binge drinking 5–6 standard alcoholic beverages for humans (Grant and 

Bennett 2003; McKee et al. 2008; Udo et al. 2013). This amount of EtOH consumption 

produced a BEC of ~85 mg/dL paralleling our previous work (Bell et al. 2011), just above 

the definition of intoxication to impairment (National Institute on Alcohol Abuse and 

Alcoholism, 2017). Additionally, the P rats used in this study were selectively bred, 

generations 79–83. Results from previous research show that adult female P rats from 

generations 66–69 also consume approximately 1.6 g/kg/hr of EtOH (Bell et al. 2011), 

indicating consistent levels of EtOH drinking across a range of P rat generations.

For nicotine, rats in the current study show rates of nicotine self-administration during both 

the nicotine access phase (~19 infusions of 0.03 mg/kg iv nicotine) and the concurrent 

access phase (~22 infusions of 0.03 mg/kg iv nicotine) that are comparable to those seen in a 

previous study by Lê et al. (2006), showing nicotine self-administration rates of ~20–25 

infusions of 0.03 mg/kg iv nicotine in 44th generation selectively bred P rats. For nicotine, 

substantial intake is considered to be ~0.5 mg/kg/hr i.v. nicotine (16 infusions of 0.03 mg/kg 

nicotine), as this amount of intake is sufficient to produce pharmacologically relevant levels 

of nicotine and cotinine in plasma (Corrigall 1992; Corrigall and Coen 1989; Shoaib and 

Stolerman 1992). The steady-state-peak plasma levels of nicotine seen in humans are on 

average 40 ng/mL (Yamazaki et al. 2010). In rats, it has been determined that 0.5 mg/kg/hr 

of i.v. nicotine results in ~65.4 ng/mL of plasma nicotine (Shoaib and Stolerman 1992). Rats 

in the current study averaged ~0.65 mg/kg/hr of i.v. nicotine, enough to exceed 

pharmacologically relevant levels of plasma nicotine. Taken together, these results show that 

there is consistency in EtOH and nicotine intake across a wide range of selectively bred P 

rats, providing support for using P rats in the development of a translational model of EtOH 

and nicotine co-use.

One limitation to the co-use model described here relates to the relatively low EtOH 

consumption during the concurrent access phase (Phase 3). In contrast to the drinking levels 

during the EtOH access phase (Phase 1), when EtOH and nicotine were given concurrently 

(Phase 3), EtOH consumption was only ~0.5 g/kg/hr, which achieved an average BEC of 

only ~25 mg/dL. This amount is comparable to humans drinking approximately 2 standard 

alcoholic beverages/hr (Grant and Bennett 2003; McKee et al. 2008; Udo et al. 2013). 

Nonetheless, the decrease in EtOH intake in the presence of nicotine availability is 

consistent with previous concurrent access studies (Funk et al. 2016; Scuppa et al. 2015). 

Interestingly, however, the decrease in EtOH consumption in the presence of nicotine in the 

current study was greater than that observed previously (Funk et al. 2016; Scuppa et al. 

2015). This may reflect a difference between P rats (current study) versus Marchigian 

Sardinian alcohol-preferring (msP) and Wistar rats (previous studies). Alternatively, in 

contrast to those previous studies that used a two-lever choice procedure (EtOH vs. 

nicotine), the current study included water, a natural reinforcer. Based on the notion of 

response competition among multiple drug and non-drug reinforcers (Carroll et al. 1991), 
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the inclusion of both nicotine and water as alternative reinforcers may have been responsible 

for the greater suppression of EtOH consumption observed here.

The current results also show a significant increase in nicotine intake when EtOH is 

concurrently available. While this finding is consistent with clinical evidence that EtOH 

increases cigarette smoking (Henningfield et al. 1984; McKee et al. 2009; Mello et al. 1980), 

it conflicts with preclinical studies showing a decrease in nicotine self-administration when 

EtOH is available concurrently (Funk et al. 2016; Scuppa et al. 2015). In contrast to those 

previous preclinical studies, however, it is notable that the rate of nicotine self-

administration in the absence of EtOH in the current study was higher than the rates reported 

by Scuppa et al. (2015) and Funk et al. (2016). These differences across studies reflect, at 

least in part, strain and/or sex differences because the current study used female P rats, 

whereas the study by Scuppa et al. (2015) used selective bred male msP rats and the study 

by Funk et al. (2016) used outbred male Wistar rats. Previous work has shown that P rats 

self-administer nicotine at higher rates than Wistar rats (Lê et al. 2006) and that females 

acquire nicotine self-administration and show more motivation for nicotine compared to 

males (Donny et al. 2000). Thus, the EtOH-induced increase in nicotine self-administration 

observed here may be unique to female P rats when compared to other breeds. Importantly, 

as previously stated, EtOH-induced increases in nicotine intake have been observed in 

humans (Henningfield et al. 1984; McKee et al. 2009; Mello et al. 1980), which suggests 

that female P rats display characteristics that more closely mimic the human condition, 

making them a better model for human behavior.

When tested during the co-use phase, varenicline specifically decreased nicotine-reinforced 

lever pressing, without altering inactive lever pressing, EtOH consumption or water 

consumption. Although several studies have demonstrated that varenicline reduces EtOH 

consumption in humans (Falk et al. 2015; Litten et al. 2013; McKee et al. 2013), conflicting 

evidence for the effects of varenicline on EtOH craving and consumption has been reported 

(de Bejczy et al. 2015; Schacht et al. 2014; Verplaetse et al. 2016). In conflict with the 

results of the current study, several preclinical studies have also demonstrated that 

pretreatment with varenicline reduces EtOH consumption in rodents (Froehlich et al. 2017; 

Kamens et al. 2010; Sotomayor-Zarate et al. 2013; Steensland et al. 2007) when EtOH was 

available in the absence of nicotine. This may be explained by the different breeds used by 

Kamens et al. (2010), Sotomayor-Zarate et al. (2013), and Steensland et al. (2007). 

Additionally, in the study by Froehlich et al. (2017), EtOH consumption in male P rats (78th 

generation) was reduced by varenicline. However, these pretreatments occurred daily for 5 

days, while the pretreatments in the current study were only given to females on one day. It 

is possible that the differences seen in the current study were due to the acute administration 

vs chronic administration of varenicline.

Furthermore, in preclinical examinations of co-use of EtOH and nicotine, there is conflicting 

evidence of the effectiveness of varenicline in reducing EtOH consumption in rodents (Funk 

et al. 2016; Randall et al. 2015; Scuppa et al. 2015). Among the three preclinical studies that 

have examined the effects of varenicline on EtOH and nicotine co-use, only one study 

reported that varenicline significantly decreased both nicotine and EtOH self-administration 

during concurrent access (Cippitelli et al. 2015). In contrast, the two other studies showed 
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that varenicline decreased nicotine self-administration, but not EtOH self-administration 

(Funk et al. 2016; Scuppa et al. 2015), a finding that is corroborated by the current results. 

Thus, on balance, while it is possible that EtOH consumption levels were too low to detect 

significant effects of pretreatment, preclinical evidence to date does not support the utility of 

varenicline as a pharmacotherapeutic for heavy drinking tobacco smokers.

One caveat to this experiment is that only one dose of varenicline (3.0 mg/kg) was tested. 

While Cippitelli et al. (2015) found that varenicline reduced EtOH consumption at 1.5 

mg/kg, Scuppa et al. (2015) found that a higher dose of 3 mg/kg had no effect on EtOH 

consumption and results from Funk et al. (2016) show that 3 mg/kg varenicline reduced both 

EtOH consumption and food intake. These results indicate that perhaps a lower dose of 

varenicline could be more effective for reducing EtOH consumption in co-use models, but 

more research is needed.

When tested in the co-use phase, like varenicline, r-bPiDI decreased nicotine SA, but not 

EtOH consumption. The decrease in nicotine self-administration was expected based on the 

findings of a previous report (Beckmann et al. 2015). These results, in combination with 

previous investigations of the neuropharmacology of r-bPiDI, suggest that α6β2* nAChRs 

play an important role in the maintenance of nicotine intake, but not EtOH intake. 

Additionally, the decrease in nicotine-evoked DA release produced by r-bPiDI is likely to 

contribute, at least in part, to the decrease in nicotine self-administration produced by r-

bPiDI (Beckmann et al. 2015). While other less selective nAChR antagonists, such as 

mecamylamine, decrease nicotine self-administration, cue-induced reinstatement, and 

nicotine-seeking behavior in animals (DeNoble and Mele 2006; Glick et al. 1996) and in 

humans when combined with a transdermal nicotine patch (Rose 2006; Rose 2008; Rose et 

al. 1994), they can also produce aversive peripheral side effects, which limits their success in 

clinical trials (Bevins and Caggiula 2009; Shytle et al. 2002). The selectivity of r-bPiDI for 

central α6β2* nAChRs may eliminate problems with peripheral side effects seen with 

previously tested nAChR antagonists, but further research is needed.

The failure of r-bPiDI to decrease EtOH consumption in the current study is inconsistent 

with a study by Srisontiyakul et al. (2016). Importantly, however, the study by Srisontiyakul 

et al. used the quaternary ammonium bPiDI (N,N-decane-1,10-diyl-bis-3-picolinium 

diiodide), whereas the current study used the neutral chemically reduced, tertiary amino 

derivative of bPiDI (i.e., r-bPiDI) which presumably allows for greater bioavailability and 

blood-brain barrier penetration. These findings suggest that while α6β2* nAChRs may be 

involved in both nicotine and EtOH maintenance, it is possible that there are important 

pharmacokinetic and/or pharmacodynamic differences between the actions of bPiDI and r-

bPiDI affecting these behaviors. Unfortunately, beyond the current study, there are no other 

studies on the effects of these compounds on EtOH and nicotine co-use.

Further, when tested in the co-use phase, like varenicline and r-bPiDI, RMOD decreased 

nicotine self-administration, but not EtOH consumption. This finding is consistent with 

previous research showing that RMOD decreases nicotine self-administration using P rats 

(Wang et al. 2015). These effects are likely due, at least in part, to RMOD binding to DAT 

and thereby preventing nicotine-induced dopamine release in Acb (Wang et al. 2015), an 
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action that also is seen with r-bPiDI (Beckmann et al. 2015). Further examination of RMOD 

using electrophysiology has shown slowed dopamine neuron firing in a dopamine D2 

receptor-dependent manner, which may also relate to its nicotine self-administration 

decreasing effects (Avelar et al. 2017). Taken together, these results suggest that nicotine-

induced dopamine release plays an important role in the maintenance of nicotine self-

administration and that blocking this dopamine release is an effective method for reducing 

nicotine reinforcement. Clearly, pharmacotherapeutic agents that act to block nicotine-

induced dopamine release merit further exploration as potential smoking cessation 

treatments.

To our knowledge, there have been no other investigations of the effects of RMOD on EtOH 

intake. We hypothesized that the atypical DAT blocker RMOD would decrease EtOH intake 

based on previous findings demonstrating that EtOH potentiates DAT function and increases 

DAT expression in cell-based models (Mayfield et al. 2001; Methner and Mayfield 2010; 

Riherd et al. 2008). Additionally, work with rats selectively bred for high EtOH 

consumption has revealed that chronic EtOH intake increases dopamine reuptake in Acb of 

both P (Sahr et al. 2004) and high alcohol-drinking HAD1 rats (Carroll et al. 2006). 

Consistent with our hypothesis, RMOD decreased EtOH intake during Phase 1 when 

nicotine access was not available, however, RMOD failed to decrease EtOH consumption 

when both EtOH and nicotine were available concurrently. This suggests that this DAT 

modulator may not be a viable pharmacotherapy to treat co-use of EtOH and nicotine, but it 

may be a viable option for treatment EtOH use in individuals who are not smokers. 

Alternatively, results from the triple monoamine uptake inhibitor, amitifadine, show robust 

decreases in both nicotine self-administration (Levin et al. 2015) and EtOH self-

administration or drinking (O’Tousa et al. 2015; Warnock et al. 2012) when tested 

separately. It remains to be determined if blockade of multiple monoamine transporters 

would be effective in an EtOH and nicotine co-use model.

Given that concurrent access makes it difficult to disentangle the time-course that each 

reinforcer is self-administered, it may be that EtOH consumption was initiated before 

nicotine self-administration, which would be consistent with previous research and 

descriptions of EtOH “loading” at the beginning of EtOH self-administration sessions 

(Williams and Broadbridge 2009). Subsequently, the rats may have focused on the more 

salient interoceptive cues of intravenous nicotine relative to EtOH consumption. Conversely, 

it may be that EtOH consumption and/or its cues enhanced nicotine self-administration. This 

latter hypothesis has some support from the literature, such that co-administration of EtOH 

and nicotine produces an additive effect on their reinforcing effects and associated dopamine 

release in nucleus accumbens (Acb) (Ericson et al. 2009; Sajja et al. 2010; Sajja and 

Rahman 2012; Tizabi et al. 2007). Furthermore, results from within-session interval data in 

the current study show that following pretreatment with vehicle, lever pressing for nicotine 

is highest during the first 10-min interval, and decreases to a steady level for the rest of the 

1-hr session. Interestingly, lever pressing for nicotine was significantly decreased during the 

first 10-min interval following pretreatment with varenicline (3 mg/kg) and RMOD (30, 56, 

and 100 mg/kg), with suppression of responding for nicotine continuing into the 20-min 

interval for only the highest dose of RMOD. These results show that overall decreases in 
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nicotine intake are primarily due to the decreases in responding during the first 10-min 

interval of the session.

In summary, toward the development of a preclinical model for screening potential 

pharmacotherapies for EtOH and nicotine co-use, the novel model used here offers the 

advantage of including control for nonspecific suppression of behavior (i.e., water 

consumption and non-reinforced lever pressing). However, relatively low levels of EtOH 

consumption were obtained during the EtOH and nicotine co-use phase. With the drugs 

tested in this model, varenicline, r-bPiDI, and RMOD all reduced nicotine self-

administration, but not EtOH consumption during the co-use phase, while producing no 

significant suppressant effect within the dose ranges tested. Interestingly, although RMOD 

did not decrease EtOH consumption during concurrent access, EtOH consumption was 

significantly decreased when EtOH was available alone. These results indicate that 

therapeutics which may be useful for smoking cessation via selective inhibition of α4β2 or 

α6β2* nAChRs, or DAT inhibition as afforded by the atypical inhibitor RMOD, may not be 

sufficient to treat EtOH and nicotine co-use. Further optimization of the current co-use 

model will be beneficial for assessing novel medications that may be effective in treating 

tobacco smokers who are heavy drinkers.
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Fig. 1. 
Chemical structures of A) varenicline (6,7,8,9-tetrahydro-6,10-methano-6H pyrazino[2,3-h]

[3]benzazepine), B) r-bPiDI (1,10-bis(3-methyl-5,6-dihydropyridin-1(2H)-yl)decane), and 

C) RMOD, (R)-modafinil (2-[(R)-(diphenylmethyl)sulfinyl]acetamide)
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Fig. 2. 
Experiment 1 acquisition across sessions for A) EtOH consumption in Phase 1 (EtOH 

alone), B) EtOH consumption in Phase 3, C) water consumption in Phase 1 (EtOH alone), 

D) water consumption in Phase 3 (nicotine and EtOH), E) number of active and inactive 

lever presses for nicotine in Phase 2 and F) number of active vs. inactive lever presses for 

nicotine in Phase 3. Values represent mean±SEM
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Fig. 3. 
Experiment 1 total intake across the access phases. Graphs depict average intake differences 

for A) EtOH consumption in Phase 1 (EtOH alone) vs Phase 3 (EtOH and nicotine), B) 

water consumption in Phase 1 vs Phase 3, and C) number of infusions of nicotine in Phase 2 

(nicotine alone) vs Phase 3. Values represent mean±SEM. *p < 0.05 vs Phase 1 or 2
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Fig. 4. 
Experiment 1 scatter plot of individual rats showing a significant negative correlation 

between EtOH consumption and number of nicotine infusions during Phase 3 (EtOH and 

nicotine); r = −0.58, p < 0.05
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Fig. 5. 
Experiment 1 blood EtOH concentration (BEC) in Phases 1 (EtOH alone) and 3 (EtOH and 

nicotine). Values represent mean±SEM BEC in mg/dL of tail blood. *p < 0.05 vs Phase 1
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Fig. 6. 
Experiment 1 pretreatment with varenicline (0 and 3 mg/kg) in Phase 3 (EtOH and nicotine) 

(n = 5). Graphs depict the effects of varenicline on A) EtOH consumption, B) water 

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

presses. Values represent mean±SEM. *p < 0.05 vs vehicle (0)
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Fig. 7. 
Experiment 1 pretreatment with r-bPiDI (0, 10, and 20 mg/kg) in Phase 3 (EtOH and 

nicotine) (n = 17). Graphs depict the effects of r-bPiDI on A) EtOH consumption, B) water 

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

presses. Values represent mean±SEM. *p < 0.05 vs vehicle (0)
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Fig. 8. 
Experiment 1 pretreatment with RMOD (0, 30, and 56 mg/kg) in Phase 3 (EtOH and 

nicotine) (n = 5). Graphs depict the effects of RMOD on A) EtOH consumption, B) water 

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

presses. Values represent mean±SEM. *p < 0.05 vs vehicle (0)
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Fig. 9. 
Experiment 1 within-session nicotine self-administration as active lever presses per 10-min 

interval following pretreatments with A) varenicline (0 and 3 mg/kg), B) r-bPiDI (0, 10, and 

20 mg/kg), and C) RMOD (0, 30, 56, and 100 mg/kg). Values represent mean±SEM. *p < 

0.05 vs vehicle (0)
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Fig. 10. 
Experiment 2 pretreatment with varenicline (0 and 3 mg/kg), r-bPiDI (0, 10, and 20 mg/kg), 

and RMOD (0, 30, and 56 mg/kg) (n = 8). Graphs depict the effects of varenicline on A) 

EtOH consumption and B) water consumption, the effects of r-bPiDI on C) EtOH 

consumption and D) water consumption, and the effects of RMOD on E) EtOH consumption 

and F) water consumption. Values represent mean±SEM. *p < 0.05 vs vehicle (0)
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