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Abstract

Rationale: Genetic and non-genetic factors influence substance use disorders. Our previous work 

in genetic mouse models focused on genetic factors that influence methamphetamine (MA) intake. 

The current research examined several non-genetic factors for their potential influence on this trait.

Objectives: We examined the impact on MA intake of several non-genetic factors, including MA 

access schedule, prior forced MA exposure, concomitant ethanol (EtOH) access, and gamma-

aminobutyric acid type B (GABAB) receptor activation. Selectively bred MA high drinking 

(MAHDR) and low drinking (MALDR) mice participated in this research.

Results: MAHDR, but not MALDR, mice increased MA intake when given intermittent access, 

compared to continuous access, with a water choice under both schedules. MA intake was not 

altered by previous exposure to forced MA consumption. Male MAHDR mice given simultaneous 

access to MA, EtOH, and an EtOH+MA mixture exhibited a strong preference for MA over EtOH 

and EtOH+MA; MA intake was not affected by EtOH in female MAHDR mice. When 

independent MAHDR groups were given access to MA, EtOH, or EtOH+MA vs. water in each 

case, MA intake was reduced in the water vs. EtOH+MA group, compared to the water vs. MA 

group. The GABAB receptor agonist R(+)-baclofen (BAC) reduced MA intake, but also reduced 

water intake and locomotor activity in MAHDR mice. There was a residual effect of BAC, such 

that MA intake was increased after termination of BAC treatment.

Conclusions: These findings demonstrate that voluntary MA intake is influenced by non-genetic 

factors related to MA access schedule and co-morbid EtOH exposure.
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1. INTRODUCTION

Genetic and non-genetic factors and their interactions influence substance use disorders 

(SUDs). Data from adult twin studies have demonstrated that SUDs are heritable (Goldman 

et al. 2005; Kendler et al. 1999, 2000; Tsuang et al. 1996; van den Bree et al. 1998), and that 

large numbers of genes contribute to psychiatric disorders like SUDs (Dick et al. 2010; 

Manolio et al. 2009). Non-genetic factors that contribute can be intrinsic (age, sex, co-

morbid SUD or other mental illness), extrinsic (drug availability, peer and parental 

influences), or related to characteristics of the drug (pharmacokinetics, route of 

administration) (Ahmed et al. 2020; Ducci and Goldman 2012; Egervari et al. 2018; Vink 

2016). It is important to understand both genetic and non-genetic contributors to SUDs to 

discover better treatment options.

One strategy for identifying genetic contributions to drug-related phenotypes is through the 

use of selectively bred rodent lines. We developed a model of differential genetic risk for 

methamphetamine (MA) consumption using bidirectional selective breeding to create MA 

high drinking (MAHDR) and MA low drinking (MALDR) lines of mice, collectively known 

as the MA drinking (MADR) lines (Hitzemann et al. 2019; Shabani et al. 2011; Wheeler et 

al. 2009). Quantitative trait locus (QTL) mapping (Belknap et al. 2013), along with 

assessment of MA intake in multiple genetic mouse models (Harkness et al. 2015; Reed et 

al. 2018; Stafford et al. 2019), established a causal role for the trace amine-associated 

receptor 1 (Taar1) gene in variation in MA intake. A spontaneous mutation (Taar1m1J) that 

codes for a non-functional receptor (TAAR1) and is associated with higher levels of MA 

intake arose in the DBA/2J (D2) inbred strain progenitor of the MADR lines between 2001 

and 2003 (Harkness et al. 2015; Reed et al. 2015; Stafford et al. 2019). The other progenitor 

is the C57BL/6J (B6) inbred strain that possesses the reference allele also found in the 27 

other strains (including 4 wild-derived) that have been genotyped (Shi et al. 2016). It is clear 

from multiple sets of MADR lines in which Taar1 has been confirmed as a quantitative trait 

gene that accounts for 60% of the genetic variance (Belknap et al. 2013) that there is a 

strong genetic influence on level of MA intake.

However, even after strong directional selection resulting in complete fixation of the 

Taar1m1J allele, residual variation in MA intake remains high within the MAHDR line and 

also exists within the inbred D2 strain (Reed et al. 2018). Although some of the variation in 

MA intake in the MAHDR line is likely due to remaining variation among individuals in 

frequency of causal alleles or background genetic differences interacting with causal alleles, 

variation in MA intake among individuals of the inbred D2 strain suggests that non-genetic 

factors play some role. Furthermore, trait heritability is ~.36 in the MADR lines, indicating 

that only 36% of the variance in MA intake between the selected lines can be attributed to 

genetic differences. Therefore, non-genetic factors contribute to variation in MA intake and 

are the focus of the current studies.
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Human and animal studies indicate that intermittent drug access, interspersed with cycles of 

abstinence, can affect drug intake and development of SUDs (Allain et al. 2015; Becker 

2012; Cohen et al. 2012; Carnicella et al. 2014). Our standard two-bottle choice MA 

drinking procedure for measuring voluntary MA intake levels provides mice with 

intermittent access to MA, so that water and MA are offered for 18h/day, followed by 6h of 

forced abstinence (water only). For selective breeding, this access cycle is repeated over the 

course of 8 days (Hitzemann et al. 2019; Shabani et al. 2011; Wheeler et al. 2009), although 

we have performed studies in which access was provided for up to 28 days (Shabani et al. 

2016, 2019). Using this intermittent access procedure, we have repeatedly observed 

escalation of voluntary MA intake in coordination with increasing MA concentration in 

MAHDR mice, and steady low levels of intake in MALDR mice, regardless of MA 

concentration (Harkness et al. 2015; Hitzemann et al. 2019; Shabani et al. 2011; 2016; 

Wheeler et al. 2009). Furthermore, when the forced abstinence period was extended to 30h 

or 78h, MAHDR mice maintained high levels of MA intake (Shabani et al. 2016). Unknown 

is how voluntary MA intake under an intermittent access schedule compares to intake under 

a continuous access schedule in our model of high vs. low genetic risk for MA intake. Thus, 

in the first study reported here, we compared MA intake in the MADR lines under these two 

conditions to determine whether the intermittent schedule elevates intake in this model.

Psychostimulant exposure history contributes to subsequent drug intake in rodent and non-

human primate models. In animals, passive injections of amphetamines, cocaine, or nicotine 

result in an enhancement in subsequent self-administration of these drugs (Vezina 2004; 

Vezina and Leyton 2009). Further, voluntary ethanol (EtOH) intake was increased in EtOH-

preferring B6 mice, as well as EtOH-avoiding D2 mice, that were given prior passive EtOH 

exposure by injection or intragastric infusion (Camarini and Hodge 2004; Fidler et al. 2012). 

We examined the impact of prior MA exposure on levels of voluntary MA intake in the 

MADR mice using a no-choice, followed by two-bottle choice, MA drinking procedure.

Finally, co-morbid MA and alcohol use are prevalent (UN Office of Drugs and Crime 2015), 

but few preclinical studies have studied their combined use. Human data indicate that MA 

users also consume large amounts of alcohol, a prior history of alcohol use disorder is a 

major risk factor for MA addiction, alcohol drinking increases the chance of same-day MA 

use, and MA-dependent individuals who also use alcohol are at higher risk for treatment 

discontinuation and non-compliance (Brecht et al. 2005, 2007, 2008; Bujarski et al. 2014; 

Furr et al. 2000; Herbeck et al. 2013; O’Grady et al. 2008). In the current studies, we used 

MAHDR mice to examine EtOH intake and its impact on MA intake. We then tested the 

effect of R(+)-baclofen (BAC) on MA intake in MAHDR mice. BAC is a gamma-

aminobutyric acid type B (GABAB) receptor agonist that has shown some promise in 

reducing EtOH use, although efficacy is likely subject to individual differences, and also the 

use of other drugs, including amphetamines (for reviews, see Agabio and Colombo 2014; 

Phillips and Reed 2014). Based on studies showing that operant responding for d-

amphetamine and MA was reduced in response to BAC in rats (Brebner et al. 2005; Ranaldi 

and Poeggel 2002), we hypothesized that BAC would reduce MA intake in MAHDR mice.
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2. MATERIALS AND METHODS

2.1 Animals

Male and female MAHDR and MALDR mice bred within the Veterans Affairs Portland 

Health Care System animal facility (Portland, OR) participated in these experiments. The 

MADR lines were derived from the F2 cross of the B6 and D2 strains that were tested in a 

two-bottle choice MA drinking procedure, as detailed in our published papers (Hitzemann et 

al. 2019; Shabani et al. 2011; Wheeler et al. 2009). Briefly, singly housed mice were offered 

two graduated volumetric drinking tubes that contained water on the first 2 days, then water 

vs. 20 mg/l MA for 4 days, and then water vs. 40 mg/l MA for 4 days. Mice had access to 

water for 24h/day, and to MA for 18h/day. The mice that consumed the highest and lowest 

average amounts of 40 mg/l MA were chosen to produce offspring that established the 

MAHDR and MALDR lines, respectively. Bidirectional selective breeding continued for 5 

selection generations each, and we have repeated this selection 5 times at a 2-year interval, 

with virtually identical outcomes (see Hitzemann et al. 2019; Shabani et al. 2011; Wheeler 

et al. 2009). MAHDR and MALDR mice used in the current experiments were second or 

later litter offspring of the fifth selection generation from replicates 2, 4, or 5.

After weaning, all mice used in these studies were initially group-housed (2-5 per cage) in a 

common colony room in polycarbonate shoebox cages (28.5 x 17.5 x 12 cm) lined with Bed-

o’Cobs bedding (The Andersons, Inc., Maumee, OH) and fitted with wire tops. Temperature 

in the colony room was 22±1 °C with a 12-h light:dark schedule and lights on at 0600 h. 

Mice were moved to an experiment room at least 2 weeks prior to study initiation to 

acclimate to the new room. Temperature in all experiment rooms was 22±1 °C, with a 12-h 

light:dark schedule. The time at which the lights turned on varied across experiments, 

occurring at 0400 to 0700 h, depending upon experimenter schedule. The one exception was 

for Experiment 5, during which mice were on a reverse 12-h light:dark schedule, with lights 

on at 2200 h. Upon initiation of each experiment, mice were individually housed in the same 

type of caging, and provided with a cotton fiber nestlet for enrichment. All mice had free 

access to laboratory rodent block food (PicoLab Laboratory Rodent Diet 5LOD, 4.5% fat 

content; Animal Specialties, Woodburn, OR) and tap water, except when specified.

2.2 Drugs and Reagents

(+)-MA hydrochloride (Sigma-Aldrich, St. Louis, MO, USA; Cat. No. M8750) was 

dissolved in tap water for oral consumption. R(+)-BAC hydrochloride was purchased from 

Sigma-Aldrich (Cat. No. G013) and dissolved in sterile .9% saline (Baxter Healthcare Corp., 

Deerfield, IL, USA) for intraperitoneal (IP) injection at a volume of 10 ml/kg body weight. 

We chose R(+)-BAC because it has been shown to be more potent than S(−)-BAC (Falch et 

al. 1986; Witczuk et al. 1980), and one lab demonstrated enantioselective effects of BAC, in 

which R(+)-BAC reduced EtOH intake, while S(−)-BAC increased EtOH intake (Kasten and 

Boehm 2014; Kasten et al. 2015).

2.3 Behavioral Procedures

Prior to drug access phases of each study, mice were singly housed and offered graduated 

volumetric drinking tubes that contained water to give them experience with drinking from 
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ball-bearing sippers. For most studies, drinking solutions were offered in 25 ml tubes, and 

volume consumed from each tube was measured in ml (accuracy = .2 ml). The exception 

was for Experiment 5, during which 10 ml drinking tubes (accuracy = .1 ml) were used, as 

appropriate for the shorter 6h drinking period. EtOH and MA consumption volumes were 

converted to g/kg and mg/kg intake, respectively, based on body weights measured every 

other day, except in Experiment 2, during which mice were weighed every day. When water 

and MA were available, the relative positions of the drinking tubes were alternated every 2 

days to account for side bias, unless specified.

2.3.1 Experiment 1: Impact of continuous vs. intermittent MA access on MA 
intake—Female MAHDR and MALDR mice were tested for MA consumption in a two-

bottle choice MA drinking procedure during 18h or 24h MA access periods to determine 

whether MA intake differs when MA access is intermittent vs. continuous (see Table 1). The 

12-h light:dark schedule was set for lights on at 0400 h. We have not found consistent sex 

differences in MA intake in our previous studies (Eastwood and Phillips 2014a; Harkness et 

al. 2015; Reed et al. 2018; Shabani et al. 2011, 2016; Stafford et al. 2019; Wheeler et al. 

2009); females were used for this study because they were available. Mice were divided into 

2 groups. Half of the mice had access to a water tube and an MA tube for 24h/day 

(continuous) and the other half had access to water for 24h/day and a MA tube for 18h/day 

(intermittent). For the intermittent access group, the MA tube was present beginning 3h 

before dark onset through 3h after dark offset. MA concentration was 20 mg/l for 4 days, 

and then 40 mg/l for 4 days; concentrations and number of days were consistent with 

procedures used during selective breeding. For the continuous access group, water and MA 

intake were measured every 24h, as well as for the 18h period during which the intermittent 

group had access to MA, in order to collect comparable total volume data in both groups. 

Data from the second and fourth day of access to each MA concentration were averaged to 

provide indices of MA intake (mg/kg) and volume (ml) consumed. These are the days after a 

tube position switch, when mice should be most familiar with the relative location of the 

water and MA tubes. These measures, MA concentrations, and the 18h/day access period 

were used for selective breeding of the MADR lines (Hitzemann et al., 2019; Shabani et al., 

2011; Wheeler et al., 2009). Mice were from the second replicate set of MADR lines. Final 

group sizes were: MAHDR-18h group, n=11; MAHDR-24h group, n=11; MALDR-18h 

group, n=10 (after exclusion of data from 1 mouse due to outlier status of >2.5 SD from the 

mean for MA intake from the 40 mg/l MA concentration); MALDR-24h group, n=12.

2.3.2 Experiment 2: Impact of forced MA consumption on subsequent 
voluntary MA intake—Male and female MAHDR and MALDR mice were tested for MA 

intake in a no-choice MA drinking procedure (Phase I) followed by a two-bottle choice MA 

drinking procedure (Phase II) to determine if forced MA consumption alters voluntary MA 

intake (see Table 2). The 12-h light:dark schedule was set for lights on at 0600 h for the 

entirety of this two-phase experiment. During Phase I, mice were given 24h access to 2 

water tubes (water control group) or 2 MA tubes for 12 days. Three independent groups of 

mice were offered different MA concentrations across days; group 1: 10 mg/l MA for 8 

days, then 20 mg/l MA for 4 days, group 2: 10 mg/l MA for 4 days, then 20 mg/l for 8 days, 

and group 3: 20 mg/l MA for all 12 days. This allowed us to examine the potential impact of 
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retaining the same MA concentration and phasing in higher concentrations of MA over time 

on MA intake under this forced condition, and on voluntary MA intake in Phase II. During 

Phase II, starting on Day 13, all groups of mice had 24h access to a water tube and a 20 mg/l 

MA tube for 8 days. The 24h access period was used to maintain daily tube reading and 

manipulation procedures from Phase I. The lower MA concentration was offered, because in 

two-bottle choice studies, the MALDR mice exhibit strong avoidance of MA solutions and 

we considered that a potential increase in MA intake in MALDR mice would be more likely 

to be detected for a weaker MA concentration. MA intake and total volume consumed were 

indexed for each 4-day period as described for Experiment 1. An exception, necessitated by 

data loss due to experimenter error, was for the day 5-8 period (time period 2; see Table 2). 

Instead of the average of days 6 and 8, intake and total volume consumed for this period 

were represented by day 6 data alone. This is further justified in Results. Mice were from 

MADR replicate sets 4 and 5, and tested in 3 cohorts of 24-44 mice/cohort. For the MAHDR 

line, final group sizes were: water group, n=6 female and 5 male; 10-10-20 MA group, n=6/

sex; 10-20-20 MA group, n=6 female and 7 male; 20-20-20 MA group, n=5 female and 6 

male. For the MALDR line, the final group sizes were: water group, n=7 female and 5 male; 

10-10-20 MA group, n=5/sex; 10-20-20 MA group, n=5/sex; 20-20-20 MA group, n=5/sex. 

Data were lost due to drinking tube leaks or incorrect measurements (i.e., the recorded 

measurement indicated an increase in volume, rather than a decrease) from 1 MAHDR 

10-20-20 MA group female and 2 MALDR females, 1 each from the 10-10-20 and 20-20-20 

MA groups. No data were included from these mice in the analyses and they are not 

included in the final group sizes.

2.3.3 Experiment 3: Three-bottle choice EtOH, MA, and EtOH+MA 
consumption and the impact on subsequent voluntary MA intake—Male and 

female MAHDR mice were tested in a 2-phase study (see Table 3). The 12-h light:dark 

schedule was set for lights on at 0700 h for the entirety of this two-phase experiment. In 

Phase I, half of the mice had access to 3 water tubes (water control), and the other half 

(EtOH/MA) had access to 3 drug-containing tubes: an EtOH tube, a MA tube, and an EtOH

+MA tube. Drug access was for 18h/day, and all mice had access to a single water tube for 

the remaining 6h of each day (beginning 3 hours after lights on). The concentration of EtOH 

was increased every 4 days, from 3 to 6 to 10%, a procedure commonly used to reduce 

initial aversion that is more likely with higher EtOH concentrations (Crabbe et al. 2011; 

Elmer et al. 1986). A constant concentration of 20 mg/l MA was offered. The relative 

positions of the EtOH, MA, and EtOH+MA tubes were counterbalanced across mice, but 

remained constant for each mouse for the duration of Phase I. During Phase II (days 13-24), 

all mice were tested for two- bottle choice MA intake, with an 18h/day MA access period 

and increasing concentrations of MA every 4 days, from 20 to 40 to 80 mg/l. These 

concentrations were previously used to examine the effect of MA concentration on intake in 

MAHDR mice (Shabani et al. 2016). EtOH and MA intake and total volume consumed were 

indexed for each 4-day period as described for Experiment 1. Mice were from the fifth 

replicate set of MADR lines. Final group sizes were: water group, n=8/sex; EtOH/MA 

group, n=7 male and 8 female. Data were lost due to a drinking tube leak for 1 male mouse 

from the EtOH/MA group. No data were included from this mouse in the analyses and it is 

not included in the final group size.
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2.3.4 Experiment 4: Two-bottle choice water vs. EtOH, MA, or EtOH+MA 
consumption and the impact on subsequent voluntary MA intake—This study 

examined the independent effects of prior voluntary EtOH, MA or EtOH+MA consumption 

on subsequent voluntary MA intake (see Table 4). The 12-h light:dark schedule was set for 

lights on at 0600 h for the entirety of this two-phase experiment. Independent groups of male 

and female MAHDR mice were tested in Phase I in a two-bottle choice drinking procedure, 

in which mice were offered 2 water tubes (group 1), water vs. EtOH (group 2), water vs. MA 

(group 3), or water vs. EtOH+MA (group 4). In Phase II, two-bottle choice MA drinking 

was measured in all mice. The intent was to 1) determine intake of the different types of 

drug solutions when offered vs. water, rather than vs. each other, and 2) determine the 

impact of the intake of each drug solution within the independent groups on subsequent MA 

intake. Mice were from the fifth replicate set of MADR lines. Final group sizes were: water 

group, n=6 female and 5 male; EtOH group, n=6/sex; MA group, n=6/sex; EtOH+MA 

group, n=6/sex. Data were lost due to drinking tube leaks from 2 male mice (1 each from the 

water and EtOH/MA groups). No data were included from these mice in the analyses and 

they are not included in the final group sizes.

2.3.5 Experiment 5: Effect of BAC on established voluntary MA intake and 
locomotor activity—The study timeline is summarized in Table 5. Mice were maintained 

on a reverse 12-h light:dark schedule with lights on at 2200 h. Voluntary MA consumption 

was established in male and female MAHDR mice using a modified two-bottle choice MA 

drinking procedure, and then mice were pretreated with saline or BAC to determine if 

GABAB receptor activation alters MA intake. Mice were offered a water tube and a MA tube 

for 6h/day, during the initial 6h of their dark phase. To assess MA intake in intervals, so that 

the time course of BAC effects could be evaluated, tube volumes were read every 2 hours 

during the 6h period on each day. Mice had access to a single water tube for the remaining 

18h of each day. The MA concentration was 20 mg/l for 4 days, and then 40 mg/l for 4 days, 

and then on the next 2 days, mice were pretreated with an IP injection of saline, immediately 

before 40 mg/l MA access. The first saline pretreatment day served to acclimate mice to 

handling and injection; the second day provided baseline MA intake data following saline 

injection, and intake data from this day were used for analysis of changes in MA intake. 

Mice were assigned to BAC dose groups based on MA intake after saline injection, so that 

baseline MA intake levels would be matched across groups. BAC doses given on the next 2 

days were 0, 2.5, 5, or 7.5 mg/kg. These doses were chosen based on the dose range 

effective at reducing self-administration of MA and d-amphetamine in rats (Brebner et al. 

2005; Ranaldi and Poeggel 2002), as well as studies showing that these doses had non-

significant or waning effects on locomotor activity in B6 or D2 mice (Bortolato et al. 2010; 

Broadbent and Harless 1999; Chester and Cunningham 1999; Korkosz et al. 2006). Finally, 

mice were given a final day of MA access in the absence of any pretreatment to test for 

potential residual effects of prior treatment. The absence of injection also allowed for 

determination of possible prior saline injection effects on MA intake. The relative positions 

of the water and MA tubes were counterbalanced across mice, but tube positions remained 

constant for individual mice for the duration of the experiment so that location would remain 

familiar. During the 6-h MA access period, MA intake (mg/kg) and total volume consumed 

(ml) were recorded every 2 hours. These methods are consistent with our prior studies of 
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drug pretreatment effects on MA intake (Eastwood and Phillips 2014a; Eastwood et al., 

2018). Mice were MAHDR mice from the fifth replicate set of MADR lines, and tested in 2 

cohorts of 47-48 mice/cohort. Final group sizes were: 0 mg/kg BAC group, n=11/sex; 2.5 

mg/kg BAC group, n=11/sex; 5 mg/kg BAC group, n=11 female and 13 male; 7.5 mg/kg 

BAC group, n=11/sex. Data were lost due to a drinking tube leak for 1 male mouse (dose 

group 0 mg/kg), misinjection for 2 males (1 each from dose groups 2.5 and 7.5 mg/kg), and 

for health reasons of undetermined origin for 2 males (1 from dose group 7.5 mg/kg, and 1 

before dose groups were assigned). No data were included from these mice in the analyses 

and they are not included in the final group sizes.

Observations of the mice during the drinking study suggested potential behavioral 

depressant effects of BAC that might have interfered with drinking. Therefore, 82% of the 

mice from the drinking study were provided free access to water for several days (3-9) to 

allow complete clearance of MA and BAC, and then were tested for locomotor effects of 

BAC using automated activity monitors (40 cm W x 40 cm L x 30 cm H; Omnitech 

Electronics, Columbus, OH). The remaining 18% (16 mice) were not tested due to an 

unexpected equipment scheduling conflict. Each monitor was enclosed in an Environmental 

Control Chamber (Accuscan, Columbus, OH) equipped with a fan to provide ventilation and 

shielding from external noise, and 3.3 Watt incandescent light bulb that was illuminated 

during testing. Activity was measured using photocell beams located 2 cm above the floor, 

and beam interruptions were converted into horizontal distance (cm) using Fusion software 

(Omnitech Electronics). A 2-day protocol was used, during which locomotor activity was 

tested for 6h, starting at the same time MA access was given during the drinking experiment. 

The 3-9 day range between the end of MA drinking and testing was necessary, because we 

were limited by the number of test chambers (16) and had to test mice in 5 cohorts (13-16 

mice/cohort). On activity test day 1, all mice received an IP injection of saline immediately 

prior to activity testing. On day 2, each mouse was treated with the same dose of BAC (0, 

2.5, 5, or 7.5 mg/kg) that it had received during MA drinking. Mice were MAHDR mice 

from the fifth replicate set of MADR lines, and final group sizes were: 0 mg/kg BAC group, 

n=9 female and 8 male; 2.5 mg/kg BAC group, n=9 female and 8 male; 5 mg/kg BAC group, 

n=9 female and 10 male; 7.5 mg/kg BAC group, n=8 female and 9 male, representing 78% 

of the mice tested in the drinking phase of the study. Data were lost due to misinjection for 2 

female mice (both from dose group 7.5 mg/kg) and for health reasons of undetermined 

origin for 2 male mice (1 from each of dose groups 2.5 and 5 mg/kg). No data were included 

from these mice in the analyses and they are not included in the final group sizes.

2.4 Statistical Analysis

Statistica 13.3 (TIBCO Software, Inc, Palo Alto, CA, USA) was used for statistical analyses. 

MA intake (mg/kg), EtOH intake (g/kg), preference ratio, and total volume consumed (ml) 

data were analyzed using repeated measures ANOVA, with drug concentration, day, and 

time as possible repeated measures, and line, sex, group, drug tube, and BAC dose as 

possible independent variables. Locomotor data were analyzed using repeated measures 

ANOVA, with day and time as repeated measures, and sex and BAC dose as independent 

variables. Significant main effects were interpreted using Newman-Keuls post hoc tests 

when appropriate. 3-way interactions were simplified by ANOVAs at the level of a particular 
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factor, and 2-way interactions were followed up with simple main effects analysis and 

Newman-Keuls post hoc tests when appropriate. In Experiment 2, a 2-tailed t-test was used 

for a priori mean comparisons. Effects were considered significant when p≤05. Sample sizes 

for these studies were based on previous MA drinking studies in the MADR lines of mice 

(e.g., Eastwood and Phillips 2014a; Reed et al. 2018; Shabani et al. 2016). To reduce animal 

usage, data were analyzed when an equal number of each sex had been tested, accumulating 

to a total group size adequate for detecting group differences (based on known error variance 

for these traits from past studies; i.e., a total group size of 10-12). When significant sex 

effects or statistical trends toward sex effects were found, additional mice were tested. With 

the exception of Experiment 3, there were no significant sex differences, nor statistical 

trends toward sex differences. Group size for each sex was increased for Experiment 3.

3 RESULTS

3.1 Experiment 1: Impact of continuous vs. intermittent MA access on MA intake

MA intake data for MAHDR and MALDR mice offered intermittent (18h/day) or 

continuous (24h/day) access to MA are presented in Fig. 1a. There was a significant MA 

concentration x line x MA access period interaction (F(1,40)=25.8, p<.001). The 3-way 

interaction was first examined for the effects of line and MA access period within each MA 

concentration. When 20 mg/l MA was offered, there was a significant main effect of line 

(F(1,40)=89.3, p<.001), with MAHDR mice consuming significantly more MA than 

MALDR mice, regardless of MA access period. When 40 mg/l MA was offered, there was a 

significant line x MA access period interaction (F(1,40)=20.9, p<.001), with MAHDR mice 

of both the intermittent and continuous MA access groups consuming significantly more 

MA than MALDR mice, and additionally, consuming more MA when it was offered 

intermittently vs. continuously. When the impacts of MA concentration and access period 

were examined within each of the MADR lines, there was a significant interaction 

(F(1,20)=27.9, p<.001) in the MAHDR line, with greater MA intake when the MA 

concentration was increased only in the intermittent access group. For the MALDR line, 

there was a main effect of MA concentration (F(1,20)=8.7, p=.008), with reduced MA intake 

when the 40 mg/l concentration was offered, compared to the 20 mg/l concentration.

Total fluid consumption was examined during the time that MA was available (Fig. 1b). For 

18h or 24h total fluid consumption (depending on group) from the water and MA tubes, 

there was a significant MA concentration x line x MA access period interaction 

(F(1,40)=4.4, p=.04). Follow up analyses identified a significant line x MA access period 

interaction (F(1,40)=5.8, p=.02) for the 20 mg/l MA concentration. MAHDR mice 

consumed significantly more total fluid than MALDR mice under both MA access 

conditions, but the mean difference was larger for intermittent than for continuous access 

(2.2 ml greater for MAHDR vs. MALDR vs. 1 ml greater for MAHDR vs. MALDR, 

respectively). For the 40 mg/l MA concentration, there was only a significant main effect of 

line (F(1,40)=34.4, p<.001), with MAHDR mice consuming significantly more total fluid 

than MALDR mice, independent of MA access period. When data were examined for the 

effects of MA concentration and access period within each of the MADR lines, there were 

no significant results for MAHDR mice. For MALDR mice, there were significant main 
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effects of MA access period (F(1,20)=4.9, p=.04) and MA concentration (F(1,20)=5.7, 

p=.03), with greater volume consumed at the higher MA concentration, and during 

continuous access. Similar results were obtained when data for the 18h access period for the 

continuous access group were compared to the 18h access period for the intermittent group 

(data not shown).

3.2 Experiment 2: Impact of forced MA consumption on subsequent voluntary MA intake

Due to the inclusion of the water drinking group in this study, which was critical for 

addressing the question of whether prior forced MA consumption vs. water consumption 

would impact subsequent MA intake, data from all 4 groups could not be included in an 

analysis across both phases of the study (i.e., all values for MA intake are 0 for the water 

group). Therefore, data were examined separately for each phase and then a comparison 

across phases was conducted that included only the MA groups. MA intake and total volume 

consumed for time period 2 are represented by day 6 data instead of the average of days 6 

and 8, due to lost data on day 8 in one cohort of mice (n=44). For the other two cohorts of 

mice (n=22 and n=23), day 8 data were averaged with day 6, as is our usual practice. To 

ascertain whether day 6 provided a strong estimate of the average of days 6 and 8, data from 

these 2 cohorts were collapsed and examined for correlation between the single day and 

averaged values. The correlation was r=.94 (p<.00001), indicating that MA intake based on 

the average of days 6 and 8 was well represented by MA intake on day 6.

3.2.1 Phase I – Forced MA Drinking—MA intake data for MAHDR and MALDR 

mice during the 12-day course of the no-choice (forced) phase of the study (periods 1-3) are 

presented in Fig. 2a,b (data to the left of the vertical dashed line). The water group is 

included in Fig. 2a,b for illustration only, since they did not consume MA during Phase I. 

Mice in the 3 MA groups had increasing MA concentrations in their drinking water or a 

constant 20 mg/l concentration during the 3 time periods, as described in Table 2. There was 

a significant time period x group x line interaction (F(4,108)=3.4, p=.01) for MA intake, but 

no significant effects of sex. When data were examined for the effects of time period and 

line within each group, there was a significant time period x line interaction for the 10-10-20 

(p<.001) and 10-20-20 (p=.02) groups, and only a main effect of line (p=.002) for the 

20-20-20 group. In all cases, MAHDR mice consumed more MA than MALDR mice (all 

ps<.02; compare data in Fig. 2a to Fig. 2b).

Next, data were examined within each line. For the MAHDR line (Fig. 2a), there was a 

significant time period x group interaction (F(4,66)=15.1, p<.001). The effect of group was 

significant for the first 2 time periods (ps<.001). During both periods, MA intake was 

significantly greater in mice offered 20 mg/l MA (20-20-20 group), compared to mice 

offered 10 mg/l MA (10-20 and 10-20-20 groups). There was also a significant effect of time 

period within each of the 10-10-20 and 10-20-20 (ps<.001) groups, with escalation of MA 

intake when MA concentration was increased from 10 to 20 mg/l.

Results for the MALDR line were similar (Fig. 2b). There was a significant time period x 

group interaction (F(4,54)=12.2, p<.001), and the effect of group was significant for the first 

2 time periods (ps<.05). During both time periods, MA intake was significantly greater in 
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mice offered 20 mg/l MA (20-20-20 group), compared to mice offered 10 mg/l MA 

(10-10-20 and 10-20-20 groups), with a strong statistical trend for greater intake in the 

20-20-20, compared to the 10-20-20 group for the first time period (p=.06). There was also a 

significant effect of time period within each of the 10-10-20 (p<.001), 10-20-20 (p<.001) 

and 20-20-20 (p=.01) groups. MA intake escalated when MA concentration was increased 

from 10 to 20 mg/l in the 10-10-20 and 10-20-20 groups. There was a smaller but significant 

increase in MA intake between the first and third time period in the 20-20-20 group.

Total fluid consumption data are shown in Fig. 2c,d (data to the left of the vertical dashed 

line). There were significant main effects of line (F(1,73)=58.8, p<.001) and time period 

(F(2,146)=5.5, p=.005), with greater volume consumed by MAHDR than MALDR mice 

(compare data in Fig. 2c to Fig. 2d), and more volume consumed overall during the third 

time period, compared to the first two, regardless of group or line.

3.2.2 Phase II – Two-bottle Choice MA Drinking—Voluntary MA intake was 

examined in Phase II, following the Phase I period of no-choice MA or water consumption. 

Data are presented in Fig. 2a,b (data to the right of the vertical dashed line). There was a 

significant time period x group x line interaction (F(3,73)=3.4, p=.02) for MA intake. First, 

data were examined for the effects of time period and line within each group. There was a 

main effect of line in each case (ps<.001), with MAHDR mice consuming more MA than 

MALDR mice (compare data in Fig. 2a to Fig. 2b). Data were next examined within each 

line. For MAHDR mice, there was a significant time period x group interaction 

(F(3,43)=3.1, p=.04), with greater MA intake during the final drinking period of Phase II 

than during the initial drinking period for the water and 10-20-20 groups. For MALDR mice, 

there were no significant statistical findings for Phase II.

For total fluid consumption (Fig. 2c-d; data to the right of the vertical dashed line), there was 

a significant time period x sex interaction (F(1,73)=9.3, p=.003). For male mice, total fluid 

consumption was greater during the final drinking period, compared to the initial period 

by .5 ml (p<.001), but there was no difference for female mice. Total fluid consumption was 

greater by .8 ml for males than females for the final (p=.04), but not initial period. Sex did 

not interact with line, and thus did not determine the pattern of fluid consumption across 

time for the MAHDR and MALDR mice, so the data presented are for the sexes combined. 

There was, however, a significant time period x line interaction (F(1,73)=12.7, p<.001), with 

MAHDR mice consuming more total fluid than MALDR mice during both periods of Phase 

II (ps<.001; compare data in Fig. 2c to Fig. 2d). In addition, total fluid consumption was 

greater during the final drinking period of Phase II, compared to the initial period, in 

MAHDR mice only.

3.2.3 Transition from forced MA drinking to two-bottle choice MA drinking—
To address whether prior no-choice MA intake impacted MA intake during two-bottle 

choice, we compared MA intake during the last no-choice drinking period (the third 

drinking period in Fig. 2a,b) to the first two-bottle choice drinking period (the fourth 

drinking period in Fig. 2a,b). Because there were no differences among the MA groups 

during either of these drinking periods, we performed a 2-tailed t-test for each line with data 

collapsed on group. As is apparent in Fig. 2a,b, for both MAHDR and MALDR mice, there 
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was a significant reduction in MA intake, corresponding with the transition from no-choice 

to two-bottle choice (MAHDR: t(35)=13.8, p<.001; MALDR: t(29)=17.6, p<.001).

3.3 Experiment 3: Three-bottle choice EtOH, MA, and EtOH+MA consumption and the 
impact on subsequent voluntary MA intake

Phase I and II data were examined in separate analyses, to address the question of whether 

prior consumption of MA, EtOH and EtOH+MA, resulted in differences among groups in 

subsequent MA intake.

3.3.1 Phase I – Three-bottle Choice Drinking—During Phase I, mice had 

simultaneous access to drinking tubes containing EtOH, MA, and EtOH+MA (see Table 3). 

For EtOH intake from each of the EtOH and EtOH+MA tubes (Fig. 3a), there was a 

significant EtOH concentration x sex interaction (F(2,52)=3.4, p=.04). There was a 

significant effect of EtOH concentration in females (p<.001), but not in males. For females, 

EtOH intake was significantly greater from the 6 and 10% EtOH solutions, compared to the 

3% solution. Further, female mice consumed significantly more EtOH at all concentrations 

compared to male mice. There were no significant main or interaction effects involving tube 

type (EtOH vs. EtOH+MA). Total EtOH intake from the 2 EtOH-containing tubes is shown 

in Fig. 3b. There were significant main effects of EtOH concentration (F(2,26)=11.1, 

p<.001) and sex (F(1,13)=7, p=.02). EtOH intake was greater for the 6% and 10% solutions, 

compared to the 3% solution, and females consumed more EtOH than males.

For MA intake from each of the MA and EtOH+MA tubes during Phase I (Fig. 3c), there 

was a significant EtOH concentration x sex x tube type interaction (F(2,52)=3.3, p=.047). 

Data were examined for the effects of concentration and tube type, within each sex. For male 

mice, there was a significant EtOH concentration x tube type interaction (F(2,24)=4.1, 

p=.03). There was a significant effect of EtOH concentration for MA intake from the MA 

tube (p<.001), but not from the EtOH+MA tube. Males consumed more MA from the MA 

tube when the EtOH concentration in the EtOH+MA tube was 6% or 10%, compared to 

when it was 3%. Further, MA intake was reduced when EtOH was present in the MA tube at 

all EtOH concentrations. For females (Fig. 3c), there was a significant main effect of EtOH 

concentration (F(2,28)=4.5, p=.02). Mean MA intake was greater when the EtOH 

concentration was 10%, compared to 3 and 6%, independent of tube. For total MA intake 

from the 2 MA-containing tubes (Fig. 3d), there were no significant outcomes involving sex, 

but there was a significant main effect of EtOH concentration (F(2,26)=13.3, p<.001), with 

more MA consumed when the EtOH concentration was 10%, compared to 3 and 6%.

To compare our results to the results of a previous study that found B6 mice preferred EtOH

+MA over EtOH or MA alone (Fultz et al. 2017), preference ratios were calculated (volume 

consumed from each tube divided by total volume consumed from all tubes). There was a 

significant tube type x sex interaction (F(2,39)=13.4, p<.001), but no significant effects 

involving EtOH concentration; therefore, data are presented collapsed on concentration (Fig. 

3e). There was no significant effect of tube type in female mice; however, male mice 

exhibited significantly greater preference for the MA tube, compared to the EtOH and EtOH

+MA tubes (p<.001). Compared to males, females had a significantly larger preference ratio 
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for the EtOH tube, with a strong statistical trend for a larger preference ratio for the EtOH

+MA tube (p=.06), and a significantly smaller preference ratio for the MA tube.

Total fluid consumption from the 3 tubes was examined, comparing mice that had access to 

tubes containing drugs vs. mice that had access only to water (Fig. 3f). There was a 

significant main effect of sex (F(1,27)=5.2, p=03), associated with less total fluid consumed 

by females, compared to males (mean differenc=.3 ml). Sex did not interact with time (i.e., 

EtOH concentration in the drug group) or group (drug vs. water) and thus, data are presented 

for the sexes combined. There was a significant time x group interaction (F(2,54)=4.1, 

p=.02) and a significant effect of time was found for both the water (p=.02) and the drug 

(p<.001) groups. Post-hoc mean comparisons indicated that total fluid consumption was 

greater during the third time period, whether the mice had access to drug or water, compared 

to the initial 2 periods, but there were no significant differences in total fluid consumed 

between the drug and water groups.

3.3.2 Phase II - Two-bottle Choice MA Drinking—MA was offered vs. water during 

two-bottle choice drinking Phase II, beginning the day after the completion of Phase I (see 

Table 3), to determine if prior access to EtOH/MA impacted voluntary MA intake, compared 

to access to water only. MA intake data are presented in Fig. 4a. There was a significant 

main effect of MA concentration (F(2,50)=114.1, p<.001), with increasing MA intake across 

increasing concentrations. However, intake was independent of Phase I exposure group and 

sex. There were no significant differences in total fluid consumption from the water and MA 

tubes during Phase II (Fig. 4b).

3.4 Experiment 4: Two-bottle choice water vs. EtOH, MA, or EtOH+MA drinking and the 
impact on subsequent voluntary MA intake

3.4.1 Phase I - Two-Bottle Choice EtOH/MA Drinking—Phase I of this study 

examined EtOH and MA intakes in MAHDR mice when each drug was independently 

offered vs. water and when EtOH+MA was offered vs. water (see Table 4). There were no 

significant effects of sex, therefore, data for Phase I are presented in Fig. 5 for the sexes 

combined. For EtOH intake (Fig. 5a), there was a significant main effect of EtOH 

concentration (F(2,40)=5.7, p=.007). Intake was greater when the 10% concentration was 

offered, compared to when 3% was offered, regardless of whether MA was present in the 

solution or not. For MA intake (Fig. 5b), there was a significant main effect of MA vs. EtOH

+MA group (F(1,20)=46.2, p<.001). Mice given access to MA alone consumed more MA 

compared to mice given access to EtOH+MA, independent of EtOH concentration. For total 

fluid consumed (Fig. 5c), the only significant effect was a main effect of time (F(2,78)=3.6, 

p=.03). Fluid consumption was greater by .3 ml during the second 4-day time period 

compared to the other 2 periods.

3.4.2 Phase II – Two-bottle Choice MA Drinking—MA was offered vs. water during 

Phase II of this study, beginning the day after the completion of Phase I (see Table 4), to 

determine if prior access to any of the drug solutions impacted voluntary MA intake, 

compared to access to water only. MA intake data are presented in Fig. 6a. There was a 

significant main effect of MA concentration (F(2,76)=166.6, p<.001), with increasing MA 
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intake across increasing concentrations, independent of Phase I exposure group. For total 

fluid consumption from the water and MA tubes (Fig. 6b), there was a significant main 

effect of time (F(2,78)=8.2, p<.001), with increased consumption when mice were 

transitioned to 40 mg/l MA, but no further increase at 80 mg/l.

3.5 Experiment 5: Effect of BAC on established voluntary MA consumption and 
locomotor activity

3.5.1 MA consumption prior to BAC treatment—MA intake data for each 2h 

interval during the 6h MA access periods and for the 6h period as a whole are summarized 

in Fig. 7a-d. No sex effects were detected in the initial MA concentration x sex x time x 

BAC dose ANOVA, and there were no differences among groups assigned to receive 

different doses of BAC in the next stage of the experiment. There was a significant MA 

concentration x time interaction (F(2,164)=8.2, p<.001), so data were examined for each 2h 

time interval. For each time interval, there was a significant effect of MA concentration (Fs 

(1,82)=27.6-42.6; all ps<.001), as indicated in Fig. 7a-d, which was also present in a 

separate analysis for the total 6h period (F1,82)=34.2, p<.001). In addition, there was a 

significant effect of time at both MA concentrations, in which MA intake during the first 2h 

period was lower compared to the second and third 2h periods (ps<.001; compare across Fig. 

7a-c).

3.5.2 MA consumption during the BAC pretreatment phase—MA intake data are 

shown in Fig. 7e-h after saline or BAC pretreatment, and on the day after BAC treatment 

was terminated, for each 2h time interval and the total 6h period (see Table 5). There were 

no significant effects involving sex. There was a significant day x time x BAC dose 

interaction (F(18, 492)=2.9, p<.001), so data were examined for each 2h time interval. For 

each interval, there was a significant day x BAC dose interaction (0-2h: F(9,258)=4.3, 

p<.001; 2-4h: F(9,258)=3.2, p=.001; 4-6h: F(9,258)=1.9, p=.05). During the first 2h interval 

(Fig. 7e), pretreatment with 5 and 7.5 mg/kg BAC resulted in significant reductions in MA 

intake on both BAC pretreatment days, compared to MA intake on the initial saline 

pretreatment day for the same animals. Prior treatment with these BAC doses appeared to 

have residual effects on MA intake, as there was significantly greater MA intake the next 

day, in the absence of pretreatment, compared to intake on the initial saline pretreatment day. 

There were no significant differences in MA intake across days for the saline or 2.5 mg/kg 

BAC pretreatment groups.

During the second 2h interval (Fig. 7f), there were again significant dose-dependent 

reductions in MA intake after the first 5 or 7.5 mg/kg BAC pretreatment and strong trends 

for reductions by these doses after the second BAC pretreatment (ps=.06), compared to MA 

intake for the same mice on the saline pretreatment day. Again, there were apparent residual 

effects of all BAC doses, as indicated by significantly greater MA intake the next day, in the 

absence of pretreatment, compared to the initial saline pretreatment day. There were no 

significant differences in MA intake across days for mice treated with saline. During the 

third 2h interval (Fig. 7g), there were no significant differences in MA intake across days for 

mice treated with saline or 5 mg/kg BAC, but MA intake remained elevated on the final day 

in mice that had been treated with 2.5 or 7.5 mg/kg BAC. Finally, when data for the entire 6h 
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period (Fig. 7h) were analyzed, the results supported the overall characterizations for the 2h 

intervals. There was a significant day x BAC dose interaction (F(9,258)=3.2, p=.001). The 

first 5 or 7.5 mg/kg BAC pretreatment produced significant reductions in MA intake 

compared to the saline pretreatment day, and there was a strong statistical trend for a 

reduction after the second pretreatment (p=.06) for the 5 mg/kg BAC group. There were 

elevations in MA intake on the no treatment day in the BAC pretreatment groups, but not in 

the saline pretreatment group.

For total fluid consumption (Fig. 7i-l), there was a significant day x time x BAC dose 

interaction (F(18, 492)=3.6, p<.001), so data were examined for each 2h time interval. For 

each 2h interval, there was a significant day x BAC dose interaction (0-2h: F(9,258)=9.1, 

p<.001; 2-4h: F(9,258)=7.8, p<.001; 4-6h: F(9,258)=1.9, p=.05). During the first and second 

2h intervals (Fig. 7i,j), pretreatment with 5 or 7.5 mg/kg BAC produced significant 

reductions in total fluid consumption, compared to consumption on the saline pretreatment 

day. An apparent residual effect on total intake was observed on the no treatment day in 

mice that had been previously treated with 7.5 mg/kg BAC. There were no significant 

differences in total fluid consumption across days in mice treated with saline or 2.5 mg/kg 

BAC. By the third 2h interval (Fig. 7k), pretreatment effects were waning, as only the mice 

pretreated with 7.5 mg/kg BAC consumed significantly less total fluid and only after the first 

BAC pretreatment. Results for total fluid consumption (Fig. 7l) were comparable. There was 

a significant day x BAC dose interaction (F(9,258)=9.2, p<.001), and pretreatment with 5 or 

7.5 mg/kg BAC produced significant reductions in fluid consumption. Total fluid 

consumption on the no treatment day was significantly increased only in the 7.5 mg/kg BAC 

group.

3.5.3 Locomotor activity—Based on existing literature demonstrating locomotor 

depressant effects of BAC that could have impacted drinking behavior, we tested the same 

mice for locomotor activity, measured as distance traveled (cm), 3-9 days after the MA 

drinking sessions concluded. Data are summarized in Fig. 8 after treatment with saline on 

locomotor test Day 1 (Fig. 8a), and BAC on locomotor test Day 2 (Fig. 8b). There was a 

significant day x time x BAC dose interaction (F(69,1426)=5, p<.001), so data were further 

examined for each day. On Day 1, there was a significant main effect of time 

(F(23,1518)=48, p<.001), but no effect of assigned Day 2 BAC treatment group on 

locomotor activity after saline treatment. Overall, activity declined at 30-75 min post-saline 

injection, compared to each previous time point, and then stabilized, with an increase in 

activity during the last 15-min period. On BAC treatment Day 2, there was a significant time 

x BAC dose interaction (F(69,1518)=5.8, p<.001). The effects of BAC on locomotor activity 

were dose-dependent (Fig. 8b), with reductions in activity, relative to the 0 mg/kg control 

group, lasting for 75 min post-treatment after 2.5 mg/kg BAC, 150 min after 5 mg/kg BAC, 

and 240 min after 7.5 mg/kg BAC.

4. DISCUSSION

The present studies assessed the influence of several non-genetic factors on MA intake in a 

mouse model of high and low susceptibility to MA consumption. Previously, we determined 

that progressive increases in MA concentration or increasing the ratio of MA-containing to 
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water-containing tubes to which the mice had access, increased MA intake in MAHDR, but 

not MALDR, mice (Shabani et al. 2016). Here, we demonstrate that intermittent MA access 

results in greater voluntary MA intake only in MAHDR mice, when compared to continuous 

access, whereas prior, forced consumption of MA had no effect on subsequent MA intake in 

MAHDR or MALDR mice. We also show that MAHDR mice decrease MA intake in the 

presence of EtOH in a sex-dependent and drinking procedure-dependent manner. Thus, 

EtOH reduced MA intake only in males when there was no water choice, but it reduced MA 

intake regardless of sex, when offered in the MA solution vs. water. Finally, BAC, which has 

been shown to reduce EtOH intake and MA operant self-administration, was examined for 

its effect on oral MA consumption, and the results indicated that BAC-associated reductions 

in MA intake were likely due to non-specific effects on behavior, but that prior BAC 

treatment had a residual increasing effect on MA intake. These results indicate that forced 

prior MA consumption does not impact MA intake, but continuous access to MA and the 

simultaneous presence of EtOH can reduce MA intake, in a mouse line with high genetic 

susceptibility to MA consumption.

We found that MAHDR mice consumed more MA under intermittent, compared to 

continuous, access conditions. This result is consistent with several EtOH studies in which 

temporal limitations on EtOH access increased voluntary EtOH intake in rodents (for review, 

see Crabbe et al. 2011; Spear 2020). The abstinence periods between EtOH access sessions 

in the published literature have typically been longer than the 6h abstinence period used in 

the current study. However, at least one study showed that a deprivation period as short as 12 

hours resulted in increases in EtOH intake upon renewed access in rats with a history of 

EtOH consumption in a continuous two-bottle choice procedure (Sinclair and Li 1989). 

Greater MA consumption with intermittent access could reflect development of craving 

during the forced abstinence periods. A phenomenon known as “incubation of craving” has 

been demonstrated in rodents and humans alike, in which drug seeking increases after a 

period of withdrawal for many drugs of abuse, including EtOH,MA, heroin, nicotine, and 

cocaine (for review, see Pickens et al. 2011; Wolf 2016). However, in such studies, craving 

typically has been assessed after longer periods of abstinence (i.e., 1 week to 6 months; 

Pickens et al. 2011). Another possibility is that the MAHDR mice given intermittent MA 

access experience negative withdrawal symptoms during the abstinence periods that 

motivate an increase in MA intake. We observed an increase in depression-like symptoms 

after 6h of forced abstinence from MA in MAHDR mice with a 28-day history of binge-

level MA intake (Shabani et al. 2019), but have not yet examined other potential symptoms 

in these mice, such as anxiety-like behaviors during periods of abstinence.

In MALDR mice, MA access schedule did not impact voluntary MA consumption. The 

finding that MA access schedule influences MA intake in MAHDR, but not MALDR mice 

demonstrates a genotype by environment interaction (Ducci and Goldman 2012). This is 

consistent with our previous studies in the MADR lines demonstrating gene by environment 

interactions, in which MAHDR mice increase MA intake when MA concentration or ratio of 

MA:water bottles is increased, whereas MALDR mice do not (Eastwood et al. 2014; 

Harkness et al. 2015; Reed et al. 2018; Shabani et al. 2011, 2016; Wheeler et al. 2009). 

Since a large difference between MAHDR and MALDR mice is trace amine-associated 

receptor 1 (TAAR1) functionality (Harkness et al. 2015; Shi et al. 2016), the Taar1 gene 
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could be a player in the gene by environment interaction. Our previous studies have shown 

that sensitivity to the aversive effects of MA is associated with Taar1 genotype, so that mice 

with the Taar1+ allele coding for functional TAAR1 (i.e., MALDR mice) display MA-

induced conditioned taste aversion (CTA) and place aversion, whereas mice with the 

Taar1m1J allele that codes for non-functional TAAR1 (i.e., MAHDR mice) are resistant 

(Reed et al., 2018; Shabani et al. 2011, 2012a; Wheeler et al. 2009). We have speculated that 

low MA intake in mice with functional TAAR1 results from their sensitivity to the aversive 

properties of MA. When TAAR1 function is absent, such aversive effects are not 

experienced, as also found in Taar1 knockout mice (Harkness et al., 2015). Thus, the 

difference in the effect of MA access schedule between MAHDR and MALDR mice is 

likely related to avoidance of MA by the MALDR line under all conditions, which may stem 

from their high sensitivity to aversive effects of MA. Whereas MAHDR mice may 

experience effects of MA abstinence that motivate MA intake under intermittent access, 

MALDR may not reach high enough levels of MA intake to experience any effect of 

abstinence.

In contrast to MA access schedule, prior forced exposure to MA does not appear to be a non-

genetic factor with potential to influence voluntary MA intake in either MAHDR or 

MALDR mice. Thus, MA intake was similar in MA-naiïve mice, compared to mice 

previously exposed to an MA solution as their sole source of fluid. Further, when mice were 

transitioned from forced drinking to two-bottle choice drinking, 20 mg/l MA intake was 

reduced to levels equivalent to MA-naiïve mice that are typical of our previous two-bottle 

choice studies (ï3 mg/kg/18h; Harkness et al. 2015; Hitzemann et al. 2019; Reed et al. 2018; 

Shabani et al. 2011; Wheeler et al. 2009). These results are also comparable to our previous 

findings for MA intake in MAHDR mice after prolonged periods of abstinence (1-2 weeks) 

following voluntary MA intake of about 20 mg/kg/day on average (Shabani et al. 2019). 

However, these results are inconsistent with studies finding that prior, passive exposure to 

psychostimulants via injection produces increases in subsequent self-administration of these 

drugs in rats (for review, see Vezina 2004; Vezina and Leyton 2009). This could be 

explained by species, procedural and genetic differences among studies. Not only did we use 

mice, rather than rats, and a different method of prior MA exposure (oral vs. injection), we 

also tested the effect of prior exposure on a different MA-related behavior (two-bottle choice 

intake vs. operant self-administration) and used mice genetically prone to consume MA. 

However, we have not explored the effect of prior exposure to MA via injection or of prior 

exposure on operant responding for MA in our mice, which may yield different outcomes.

We have observed that MALDR and MAHDR mice consume similar amounts of MA on the 

first day of MA access, after which MALDR mice drastically reduce their MA intake levels, 

while MAHDR mice consume the same amount or increase their intake (Eastwood et al. 

2014; Shabani et al. 2012b). These data, along with studies finding that the MAHDR and 

MALDR consume similar amounts of non-pharmacological tastants, including sweet, salty 

and bitter (Shabani et al. 2011; Wheeler et al. 2009), suggest that the lines have different 

interoceptive experiences during the first MA drinking experience. As discussed above, 

MALDR mice may reduce their MA intake after the first exposure because they are sensitive 

to the aversive effects of MA (Shabani et al. 2011, 2012a; Wheeler et al. 2009). In the forced 

exposure study, we reasoned that no-choice MA consumption might lead to increased 
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voluntary intake in MALDR mice due to tolerance development to the aversive effects of 

MA. However, after 12 days of MA consumption, during which MALDR consumed an 

average of 2 to 4 mg/kg MA per day, depending on MA concentration, voluntary intake 

levels were lower (< 1 mg/kg) and similar to those of MA-naive mice that were exposed to 

water during the no-choice drinking phase, both of which consumed amounts typical for 

MALDR mice (Harkness et al. 2015; Hitzemann et al. 2019; Reed et al. 2018; Shabani et al. 

2011; Wheeler et al. 2009). We have not directly tested the impact of forced MA exposure 

on sensitivity to aversive effects of MA, so cannot say whether tolerance was absent. 

However, the absence of an effect of forced consumption in either MAHDR or MALDR 

mice suggests that motivation for and/or interoceptive effects of MA were not altered.

These results for MA are different from findings for EtOH in a mouse strain genetically 

predisposed to consume low amounts of EtOH, the D2 strain (Belknap et al. 1993; 

Yoneyama et al. 2008). When D2 mice were pre-exposed to EtOH via passive injection or 

intragastic infusion, voluntary EtOH consumption was increased (Camarini and Hodge 

2004; Fidler et al. 2012). Across multiple mouse strains, a negative association of EtOH 

intake and sensitivity to aversive effects of EtOH has been found (Broadbent et al. 2002; 

Cunningham 2014; 2019), and D2 mice exhibit high sensitivity to conditioned aversive 

effects of EtOH (Broadbent et al. 2002; Cunningham 2019). It is possible that forced EtOH 

exposure resulted in tolerance to aversive effects, whereas forced MA exposure in our 

MALDR mice did not result in tolerance. In fact, while there was no impact on conditioned 

reward, pre-exposure to EtOH by injection reduced both EtOH-induced conditioned place 

aversion (Cunningham et al. 2002) and taste aversion (Risinger and Cunningham 1995) in 

D2 mice, consistent with both a tolerance interpretation and the interpretation that the 

injection/EtOH association during pre-exposure interfered with learning in the conditioning 

tasks. Pre-exposure studies have not been conducted in MALDR mice to explore their 

impact on conditioned aversive effects of MA.

The final 3 studies of this series included only MAHDR mice, because the goal was to 

examine the effect of EtOH or BAC on MA intake in mice that have some avidity for MA 

and consume amounts of MA that could be either reduced or increased. In the initial EtOH 

study, mice were simultaneously offered 3 bottles containing EtOH, MA, and EtOH+MA 

without a water choice. In the second EtOH study, independent groups of mice were offered 

2 bottles containing water vs. EtOH, water vs. MA, or water vs. EtOH+MA. A sex 

difference was found for both EtOH intake and preference ratio in the three-bottle choice 

procedure. Females consumed more EtOH than males and did not exhibit a preference for 

any 1 solution, whereas males exhibited a greater preference for the MA solution, compared 

to the EtOH-containing solutions.

In contrast to these results, a similar study found that B6 male mice showed the greatest 

preference for the EtOH+MA solution, and the lowest preference for the MA solution (Fultz 

et al. 2017). However, B6 mice are known to be both EtOH-preferring (Belknap et al. 1993; 

Yoneyama et al. 2008) and MA-avoiding (Eastwood and Phillips 2014b), and the difference 

in results may be associated with differences between MAHDR and B6 mice in proclivity to 

consume these drugs. We also note that there were differences in experimental procedure 

that could have contributed, as the Fultz et al (2017) study offered mice a choice between 
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20% EtOH, 10 mg/l MA, or a mixture for 2h/day for 3 days, whereas we offered mice a 

choice between escalating concentrations (3, 6, or 10%) of EtOH, 20 mg/l MA, or a mixture 

for 18h/day for 4 days at each concentration (12 days total).

In both the two- and three-bottle choice experiments, EtOH intake from the EtOH only and 

EtOH+MA tubes did not significantly differ. Therefore, regardless of whether mice were 

offered EtOH and EtOH+MA simultaneously, or one or the other in independent groups vs. 

water, EtOH intake was not altered by the presence of MA. In contrast, when EtOH and MA 

were mixed together, MA intake was reduced, with one exception, related to sex. When the 3 

drug solutions were offered simultaneously, male mice consumed almost all of their MA 

from the MA only tube, whereas female mice drank similar amounts of MA from the MA 

only and EtOH+MA tubes. However, in the three-bottle choice study, total MA intake from 

both MA- containing tubes significantly increased with increasing EtOH concentration, 

independent of sex, suggesting an effect of EtOH presence on MA consumption. Whether 

the EtOH effect was driven by male mice avoiding the EtOH-containing solutions or EtOH 

increasing their preference for the pure MA solution is not known. To address a potential sex 

difference in sensitivity to the aversive effects of EtOH, studies using a conditioned taste or 

place aversion task could be conducted. There was no sex difference for MA consumption in 

the two-bottle choice experiment, and mice of both sexes offered MA alone consumed more 

MA compared to mice offered the EtOH+MA solution. The absence of consistent sex 

differences in these 2 studies comparing EtOH+MA co-consumption to consumption of each 

drug alone suggests that the difference between male and female mice observed in the three-

bottle choice experiment is unlikely due to sex differences in factors such as gustatory 

function or stress response to the shift from group to single housing. We have found similar 

levels of MA intake and of the intake of sweet and bitter tasting substances in males and 

females in prior studies (Shabani et al. 2011; Wheeler et al. 2009).

Because GABAB receptor agonists have shown some efficacy in reducing operant 

(meth)amphetamine self-administration (Brebner et al. 2005; Ranaldi and Poeggel 2002), we 

investigated the effect of BAC on oral MA intake. Pretreatment with BAC reduced MA 

intake in MAHDR mice at the two highest administered doses (5 and 7.5 mg/kg), but these 

doses also robustly reduced total fluid consumption and locomotor activity. The BAC 

pretreatment doses that did not significantly impact MA intake did not reduce fluid 

consumption or locomotor activity. The BAC doses used for this study were chosen based on 

literature indicating that they had non-significant effects on locomotor activity or an effect 

only after the first administration in the D2 or B6 inbred strain progenitors of the MAHDR 

mice (Bortolato et al. 2010; Broadbent and Harless 1999; Chester and Cunningham 1999; 

Korkosz et al. 2006). The discrepancy between the previous studies and our current study, in 

which depressant effects of the higher doses of BAC were largely equivalent on both 

treatment days, could be due to a change in sensitivity to locomotor effects of BAC when the 

2 strains were combined to produce the MAHDR line. Another potential explanation is the 

use of R(+)-BAC in the current study vs. other forms of BAC in the studies cited above, 

which used (±)-BAC or did not specify the enantiomer.

The temporal pattern of responses to the higher BAC doses overlapped for MA 

consumption, total fluid consumption, and locomotor activity; thus, activity levels began to 
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recover around the same time that MA intake and total fluid consumption increased. 

Therefore, it seems likely that BAC-induced reductions in MA consumption were due to 

sedative effects, rather than to interference with a mechanism important for MA intake. It is 

possible that the EtOH consumed in the three-bottle choice study had behavioral effects that 

could have impacted MA intake. However, we found that MA intake increased with 

increasing EtOH concentration, suggesting that non-specific sedation is not a parsimonious 

explanation. On the other hand, EtOH has stimulatory effects at lower doses, which could 

have potentiated MA drinking behavior.

An apparent residual effect of previous BAC treatment was to elevate MA intake on the 

following day for all doses of BAC. It is possible that mice treated with the higher doses of 

BAC did not obtain a desired dose of MA during the 2 days of BAC treatment and 

compensated on the following day. However, this does not explain the effect in mice treated 

with the lower BAC dose for which MA intake was not significantly impacted by BAC 

pretreatment, compared to saline pretreatment. Therefore, it appears that BAC exposure 

during the time of MA intake had an impact resulting in increased MA intake on the 

following day. MA induces long-lasting depression of GABAB receptor signaling in the 

ventral tegmental area (Padgett et al. 2012; Munoz et al. 2016; Sharpe et al. 2014), and BAC 

is thought to inhibit reinforcing drug effects (Vlachou and Markou 2010), such as 

amphetamine-induced stimulation of dopamine in the striatum (Zhou et al. 2004). Thus, 

although the lower BAC dose did not significantly impact MA intake, perhaps the removal 

of GABAB stimulation during MA access resulted in MA being experienced as more 

reinforcing, resulting in increased intake. The effect of application of a GABAB receptor 

antagonist simultaneously with BAC could be examined and would be predicted to eliminate 

the post-BAC increase in MA intake.

We did not observe any effects of prior exposure to EtOH, MA, and/or EtOH+MA on 

subsequent voluntary MA consumption. These results are inconsistent with those from a 

study demonstrating that mice on a mixed B6 and 129 x 1/SvJ background with a prior 10-

day history of EtOH drinking showed reduced MA consumption under operant conditions, 

whereas B6 mice with a 7-day history of EtOH drinking showed increases in home-cage MA 

intake (Fultz et al. 2017). Also, as mentioned above, some studies have found that animals 

with a psychostimulant exposure history subsequently self-administered more of these drugs 

(for review, see Vezina 2004; Vezina and Leyton 2009). One unique aspect of our studies is 

the genetic mouse model possessing the Taar1m1J/m1J genotype that eliminates sensitivity to 

aversive effects of MA and results in significantly higher MA intake levels than seen in mice 

without the mutant genotype, including the mice tested in Fultz et al. (2017). Our current 

results may diverge from previous outcomes, due to genotype, route of MA preexposure, and 

a different measurement of subsequent intake (voluntary two-bottle choice consumption vs. 

operant self-administration).

Overall, we demonstrated that while voluntary MA intake in the MADR lines is heavily 

influenced by genetic factors, there are also influential non-genetic factors. Thus, 

intermittent MA access increased MA intake, co-morbid EtOH exposure increased or 

decreased MA intake in mice at high genetic risk for MA consumption, depending upon 

choices of drinking solutions available, and BAC treatment increased MA intake 24 hours 
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after cessation of treatment, potentially because MA was experienced as more reinforcing 

after attenuation of the reinforcing effects of MA during BAC treatment. On the other hand, 

prior forced exposure to MA had no effect on subsequent voluntary MA intake in MAHDR 

or MALDR mice. Future studies are needed to further explore mechanisms underlying these 

effects on MA intake.
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Fig. 1. 
Intermittent MA access results in an escalation of MA intake in MAHDR mice. (a) MA 

intake and (b) total volume consumed, when MA was offered vs. water for 18h/day 

(intermittent) or 24h/day (continuous). Data are means ± SEM. MAHDR-18h group, n=11; 

MAHDR-24h group, n=11; MALDR-18h group, n=10; MALDR-24h group, n=12. 

***p<.001 for the main effect of line; +p<.05, +++p<.001 vs. MALDR mice of the same MA 

access time at the indicated MA concentration; ###p<.001 vs. 24h within the MAHDR line; 

†p<.05, ††p<.01, †††p<.001 for the effect of concentration; @p<.05 for the main effect of 

MA access time within the MALDR line, regardless of MA concentration. MA, 

methamphetamine; MAHDR, MA high drinking mice; MALDR, MA low drinking mice
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Fig. 2. 
Forced MA consumption had no significant effect on voluntary MA intake in MAHDR or 

MALDR mice. MA intake data for (a) MAHDR and (b) MALDR mice under the no-choice 

condition are illustrated to the left of the vertical dashed line and for the two-bottle choice 

condition to the right of the vertical dashed line. Total volume consumed for (c) MAHDR 

and (d) MALDR mice under the no-choice condition (left of the vertical dashed line) and the 

two-bottle choice condition (right of the vertical dashed line). Data are shown as 5, 4-day 

periods, represented along the x-axis. Periods 1-3 represent specific MA concentrations (i.e., 

10, 10 and 20 mg/l in the 10-10-20 group; 10, 20 and 20 mg/l in the 10-20-20 group; and 20, 

20 and 20 mg/l in the 20-20-20 group); periods 4-5 represent two-bottle choice for water vs. 

20 mg/l MA in comparable 4-day periods. Data are means ± SEM for the sexes combined, as 

there were no sex differences. MAHDR water group, n=11; MAHDR 10-10-20 MA group, 

n=12; MAHDR 10-20-20 MA group, n=13; MAHDR 20-20-20 group, n=11; MALDR water 

group, n=12; MALDR 10-10-20 MA group, n=10; MALDR 10-20-20 MA group, n=10; 

MALDR 20-20-20 group, n=10. *p<.05, ***p<.001 for the difference from the other 2 MA 

groups at the indicated time period; +++p<.001 vs. time period 1 for group 10-20-20 MA; 

###p<.001 vs. time periods 1 and 2 for group 10-10-20 MA; †p<.05 vs. time period 4 for the 

water and 10-20-20 MA groups; †††p<.001 vs. time period 4 for the main effect of time; 

@p<.05 vs. time period 1 for group 20-20-20 MA. MA, methamphetamine; MAHDR, MA 

high drinking mice; MALDR, MA low drinking mice
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Fig. 3. 
The effect on MA intake and preference of simultaneous access to EtOH, MA, and EtOH

+MA in a three-bottle choice drinking procedure is sex-dependent in MAHDR mice. (a) 

EtOH intake from the EtOH and EtOH+MA tubes. **p<.01, ***p<.001 vs. 3% EtOH/20 

mg/l MA in females, collapsed on tube type; +p<.05, +++p<.001 vs. males at the indicated 

concentration, collapsed on tube type. (b) Total EtOH intake from the EtOH and EtOH+MA 

tubes. ***p<.001 vs. the other 2 EtOH concentrations, for the sexes combined; +p<.05 for 

the main effect of sex. (c) MA intake from the MA and EtOH+MA tubes. *p<.05 vs. 3 and 

6% EtOH, for females collapsed on tube type; **p<.01 vs. 3% EtOH in males for intake 

from the MA tube; +++p<.001 vs. EtOH+MA for males. (d) Total MA intake from the MA 

and EtOH+MA tubes. ***p<.001 vs. the other 2 EtOH concentrations, for the sexes 
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combined. (e) Preference ratio for the EtOH, MA, and EtOH+MA tubes. ***p<.001 vs. 

EtOH and EtOH+MA for males; +p<.05, +++p<.001 vs. males. (f) Total volume consumed 

by mice offered 3 drug tubes (EtOH, MA, and EtOH+MA) or 3 water tubes. *p<.05, 

**p<.01, ***p<.001 vs. 10% EtOH. Data are means ± SEM. Water group, n=8/sex; 

EtOH/MA group, n=7 male, 8 female. EtOH, ethanol; MA, methamphetamine
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Fig. 4. 
Prior consumption of EtOH and MA in a three-bottle choice procedure had no effect on 

subsequent voluntary MA intake in MAHDR mice. (a) MA intake and (b) total volume 

consumed, when MA was offered vs. water at concentrations of 20, 40, or 80 mg/l after 

previous three-bottle water or three-bottle EtOH, MA, and EtOH+MA consumption. Data 

are means ± SEM for the sexes combined, as there were no sex differences. Water group, 

n=16; EtOH/MA group, n=15. ***p<.001 vs. previous MA concentration, collapsed on 

group. EtOH, ethanol; MA, methamphetamine

Stafford et al. Page 30

Psychopharmacology (Berl). Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Voluntary two-bottle choice MA intake was reduced in MAHDR mice when EtOH was 

added to the MA solution. (a) EtOH intake when offered alone vs. water or mixed with MA 

(EtOH+MA) vs. water. (b) MA intake when offered alone vs. water or mixed with EtOH 

(EtOH+MA) vs. water. (c) Total volume consumed in mice offered 2 water tubes, or water 

vs. EtOH, MA, or EtOH+MA. Data are means ± SEM for the sexes combined, as there were 

no sex differences. Water group, n=11; EtOH group, n=12; MA group, n=12; EtOH+MA 

group, n=12. **p<.01 vs. 3% EtOH for data collapsed on group; +++p<.001 for the main 

effect of group; #p<.05 vs. consumption during the prior and latter time periods for data 

collapsed on group. EtOH, ethanol; MA, methamphetamine
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Fig. 6. 
Prior consumption of EtOH and/or MA in a two-bottle choice procedure had no effect on 

subsequent voluntary MA intake in MAHDR mice. (a) MA intake and (b) total volume 

consumed, when MA was offered vs. water at concentrations of 20, 40, or 80 mg/l after 

previous two-bottle water or water vs. EtOH, MA, or EtOH+MA. Data are means ± SEM for 

the sexes combined, as there were no sex differences. Water group, n=11; EtOH group, 

n=12; MA group, n=12; EtOH+MA group, n=12. **p<.01, ***p<.001 vs. previous MA 

concentration, collapsed on group. EtOH, ethanol; MA, methamphetamine
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Fig. 7. 
Baclofen dose-dependently reduced MA intake in MAHDR mice, but also reduced total 

volume consumed. (a-c) MA intake during the acquisition period in 2h time bins and (d) 

during the entire 6h drinking period; (e-g) MA intake during the treatment phase in 2h time 

bins and (h) during the entire 6h drinking period; and (i-k) total volume consumed during 

the treatment phase in 2h time bins and (l) during the entire 6h drinking period. Data are 

means ± SEM for the sexes combined, as there were no sex differences. 0 mg/kg BAC 

group, n=22; 2.5 mg/kg BAC group, n=22; 5 mg/kg BAC group, n=24; 7.5 mg/kg BAC 

group, n=22. ***p<.001 for the main effect of concentration; +p<.05, ++p<.01, +++p<.001 vs. 

saline treatment day. BAC, R(+)-baclofen; MA, methamphetamine
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Fig. 8. 
Baclofen dose-dependently reduced locomotor activity in MAHDR mice. Locomotor 

activity during 15-min time bins after (a) saline treatment and (b) 0, 2.5, 5, or 7.5 mg/kg 

BAC treatment. Data are means ± SEM for the sexes combined, as there were no sex 

differences. 0 mg/kg BAC group, n=17; 2.5 mg/kg BAC group, n=17; 5 mg/kg BAC group, 

n=19; 7.5 mg/kg BAC group, n=17. **p<.01, ***p<.001 vs. previous time point, collapsed 

on dose group; +p<.05, ++p<.01, +++p<.001 vs. 0 mg/kg
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Table 1

Experiment 1 timeline

Group Days 1-4 Days 5-8

Intermittent access water vs. 20 mg/l MA (18h/day) water vs. 40 mg/l MA (18h/day)

Continuous access water vs. 20 mg/l MA (24h/day) water vs. 40 mg/l MA (24h/day)

MA, methamphetamine
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Table 2

Experiment 2 timeline

Group Phase I: Day 1-4 Phase I: Day 5-8 Phase I: Day 9-12 Phase II: Day 13-20

Water water water water water vs. 20 mg/l MA

10-10-20 10 mg/l MA 10 mg/l MA 20 mg/l MA water vs. 20 mg/l MA

10-20-20 10 mg/l MA 20 mg/l MA 20 mg/l MA water vs. 20 mg/l MA

20-20-20 20 mg/l MA 20 mg/l MA 20 mg/l MA water vs. 20 mg/l MA

MA, methamphetamine
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Table 3

Experiment 3 timeline

Group Phase I:
Day 1-4

Phase I:
Day 5-8

Phase I:
Day 9-12

Phase II:
Day 13-16

Phase II:
Day 17-20

Phase II:
Day 21-24

Water 3 tubes of water 3 tubes of water 3 tubes of water water vs. 20 
mg/l MA

water vs. 40 
mg/l MA

water vs. 80 
mg/l MA

EtOH/M
A

3% EtOH vs. 20 
mg/l MA vs. 3% 

EtOH+ 20 mg/l MA

6% EtOH vs. 20 
mg/l MA vs. 6% 

EtOH+ 20 mg/l MA

10% EtOH vs. 20 
mg/l MA vs. 10% 

EtOH+ 20 mg/l MA

water vs. 20 
mg/l MA

water vs. 40 
mg/l MA

water vs. 80 
mg/l MA

EtOH, ethanol; MA, methamphetamine
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Table 4

Experiment 4 timeline

Group Phase I:
Day 1-4

Phase I:
Day 5-8

Phase I:
Day 9-12

Phase II:
Day 13-16

Phase II:
Day 17-20

Phase II:
Day 21-24

Water 2 tubes of water 2 tubes of water 2 tubes of water water vs. 20 mg/l 
MA

water vs. 40 mg/l 
MA

water vs. 80 mg/l 
MA

EtOH water vs. 3% 
EtOH

water vs. 6% 
EtOH

water vs. 10% 
EtOH

water vs. 20 mg/l 
MA

water vs. 40 mg/l 
MA

water vs. 80 mg/l 
MA

MA water vs. 20 mg/l 
MA

water vs. 20 mg/l 
MA

water vs. 20 mg/l 
MA

water vs. 20 mg/l 
MA

water vs. 40 mg/l 
MA

water vs. 80 mg/l 
MA

EtOH
+MA

water vs. 3% 
EtOH+ 20 mg/l 

MA

water vs. 6% 
EtOH+ 20 mg/l 

MA

water vs. 10% 
EtOH+ 20 mg/l 

MA

water vs. 20 mg/l 
MA

water vs. 40 mg/l 
MA

water vs. 80 mg/l 
MA

EtOH, ethanol; MA, methamphetamine
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Table 5

Experiment 5 timeline

Group
(BAC dose) Day 1-4 Day 5-8 Day 9-10 Day 11-12 Day 13

0 mg/kg water vs. 20 
mg/l MA

water vs. 40 
mg/l MA

Saline treatment then 
water vs. 40 mg/l MA

Saline treatment then water 
vs. 40 mg/l MA

No treatment water vs. 
40 mg/l MA

2.5 mg/kg water vs. 20 
mg/l MA

water vs. 40 
mg/l MA

Saline treatment then 
water vs. 40 mg/l MA

2.5 mg/kg BAC treatment 
then water vs. 40 mg/l MA

No treatment water vs. 
40 mg/l MA

5 mg/kg water vs. 20 
mg/l MA

water vs. 40 
mg/l MA

Saline treatment then 
water vs. 40 mg/l MA

5 mg/kg BAC treatment then 
water vs. 40 mg/l MA

No treatment water vs. 
40 mg/l MA

7.5 mg/kg water vs. 20 
mg/l MA

water vs. 40 
mg/l MA

Saline treatment then 
water vs. 40 mg/l MA

7.5 mg/kg BAC treatment 
then water vs. 40 mg/l MA

No treatment water vs. 
40 mg/l MA

BAC, R(+)-baclofen; MA, methamphetamine
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