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Abstract

A quantitative trait locus (QTL) on proximal chromosome (Chr) 10 accounts for >50% of the 

genetic variance in methamphetamine (MA) intake in mice selectively bred for high (MAHDR) 

and low (MALDR) voluntary MA drinking. The μ-opioid receptor (MOP-r) gene, Oprm1, resides 

at the proximal end of Chr 10, and buprenorphine reduces MA intake in MAHDR mice. However, 

this drug has only partial agonist effects at MOP-r. We investigated the impact of a full MOP-r 

agonist, morphine, on MA intake and saccharin intake, measured MOP-r density and affinity in 

several brain regions of the MA drinking lines and their C57BL/6J (B6) and DBA/2J (D2) 

progenitor strains, and measured MA intake in two congenic strains of mice to verify the QTL and 

reduce the QTL interval. Morphine reduced MA intake in the MAHDR line, but also reduced 

saccharin and total fluid intake. MOP-r density was lower in the medial prefrontal cortex of 

MAHDR, compared to MALDR, mice, but not in the nucleus accumbens or ventral midbrain; 

there were no MOP-r affinity differences. No significant differences in MOP-r density or affinity 

were found between the progenitor strains. Finally, Chr 10 congenic results were consistent with 

previous data suggesting that Oprm1 is not a quantitative trait gene, but is impacted by the gene 

network underlying MA intake. Stimulation of opioid pathways by a full agonist can reduce MA 

intake, but may also non-specifically affect consummatory behavior; thus, a partial agonist may be 

a better pharmacotherapeutic.
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INTRODUCTION

Excessive, chronic methamphetamine (MA) use has debilitating consequences, and existing 

findings support a genetic component to risk for chronic use (Aoyama et al. 2006; Iamjan et 

al. 2015). The MA high drinking (MAHDR) and MA low drinking (MALDR) lines of mice 

were selectively bred based on level of voluntary MA intake and provide a relevant animal 

model of differential genetic risk for MA use, as recently reviewed (Phillips and Shabani 

2015; Shabani et al. 2016). Critical features of the model include binge-level MA intake in 

the MAHDR line (Shabani et al. 2016); no difference between the lines in quinine, saccharin 

(SAC), potassium chloride or sodium chloride preference or consumption (Shabani et al. 

2011; Wheeler et al. 2009); equivalent patterns of learning to operantly self-administer 

natural rewards (Shabani et al. 2012a); operant intracranial and oral MA self-administration 

in the MAHDR line that is absent in the MALDR line (Shabani et al. 2012a); evidence of 

MA-conditioned reward in MAHDR mice that is absent in the MALDR line (Shabani et al. 

2011; Wheeler et al. 2009); high sensitivity to aversive effects of MA in MALDR mice that 

is drastically reduced in the MAHDR line (Shabani et al. 2011; 2012b; Wheeler et al. 2009); 

and equivalent sensitivity to cocaine effects (Gubner et al. 2013). Results for male and 

female mice have been largely comparable across all of these traits, and when found have 

never been genotype-dependent. Gene mapping using genetic samples from the MAHDR 

and MALDR lines, identified a quantitative trait locus (QTL) on proximal chromosome 

(Chr) 10 that accounts for >50% of the genetic variance in MA intake (Belknap et al. 2013), 

and existing evidence indicates that the trace amine-associated receptor 1 (Taar1) gene at 

23.9 Mb on mouse Chr 10 influences MA intake (Harkness et al. 2015). However, there 

could be more than one influential gene on Chr 10 and Oprm1, the mu-opioid receptor 

(MOP-r) gene at 6.75 Mb, attracted our attention as a potential candidate for several reasons. 

Human OPRM1 is associated with MA-induced psychosis and dependence (Ide et al. 2004), 

and MOP-r drugs attenuate MA intake and other MA-related traits in humans and rodents 

(Dlugos et al. 2011; Eastwood and Phillips 2014b; Ide et al. 2004; Jayaram-Lindstrom et al. 

2008a; 2008b; 2017), although there are mixed results for agonists vs. antagonists. 

Microarray gene expression analysis in MA-naïve MA drinking (MADR) mice, using tissue 

from several reward pathway brain regions, including the medial prefrontal cortex (mPFC), 

nucleus accumbens (NAc), and ventral midbrain (Vmb), identified Oprm1 as a differentially 

expressed gene, with MAHDR mice having lower Oprm1 expression only in the mPFC, 

compared to MALDR mice (Belknap et al. 2013). This suggested that reduced MOP-r-

regulated function in the mPFC might lead to greater risk for MA intake.

MALDR mice exhibit greater MOP-r agonist-stimulated locomotor activity and voluntary 

morphine (MOR) intake, compared to MAHDR mice (Eastwood and Phillips 2014a). The 

MOP-r antagonist, naltrexone, had no effect on MA intake in MAHDR mice, and slightly 

enhanced MA intake in MALDR mice, whereas low doses of buprenorphine (BUP), a MOP-

r partial agonist, reduced MA consumption in MAHDR mice (Eastwood and Phillips 
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2014b), without effects on general fluid intake. BUP binds to receptors other than the MOP-r 

(Wang et al. 2015) and the effects of BUP on MA intake were characterized by a U-shaped 

dose-response curve, possibly due to MOP-r agonist effects at lower doses and MOP-r 

antagonist effects at higher doses (Sadée et al. 1982; Pick et al. 1997). In the current studies, 

MOR, which has full agonist and no antagonist effects on the MOP-r, was examined for its 

effects on MA intake. In addition, MOR effects on SAC and total fluid intake were assessed 

to address whether effects of MOR were specific to MA intake, as opposed to other 

consummatory behaviors. The founding population for the MADR lines was the F2 cross of 

the C57BL/6J (B6) and DBA/2J (D2) inbred mouse strains. To determine whether selective 

breeding had effects on MOP-r that were different than those pre-existing in the progenitor 

strains, and confirm that gene expression differences in the MADR mice are accompanied 

by differences in protein level, MOP-r density was assessed in the MADR lines and B6 and 

D2 strains; we also examined affinity. Finally, MA intake was examined in two Chr 10 

congenic strains to confirm the MA drinking QTL on an isogenic background, and 

potentially reduce the size of the QTL interval. Each congenic possessed a different length 

Chr 10 segment from the B6 strain introgressed onto the D2 strain background.

MATERIALS AND METHODS

Animals and Husbandry

The MADR mouse lines were created in replicate, using short-term, mass selection (Belknap 

et al. 1997; Shabani et al. 2011; Wheeler et al. 2009). MADR mice used here were second or 

later litter MA-naïve offspring of the fifth selection generation of replicate 2. Congenic 

strain breeders were received from the University of Pennsylvania and have been previously 

described (Doyle et al. 2014). The congenic strains possess a Chr 10 B6 segment of 7.72 

(D2.B6 0–7.72 Mb) or 20.4 (Chr 10 D2.B6 0–20.4 Mb) Mb in size. Within each congenic, 

mice heterozygous for the Chr 10 introgressed B6 segment were mated to produce the 

homozygous D2 and homozygous D2.B6 littermate mice used here. PCR genotyping of 

polymorphic markers was used to determine where the transition from B6 to D2 markers 

occurred. Mice were weaned at 21–23 days of age and same-sex housed (2–5 mice per 

shoebox cage; 28.5 × 17.5 × 12 cm with wire cagetops) on Bed-O-Cob™ bedding (The 

Anderson Inc., Maumee, OH). Room temperature was 21±1°C and mice were maintained on 

a 12:12 h light:dark cycle. B6 and D2 mice were obtained from The Jackson Laboratory 

(Bar Harbor, ME) at 10 weeks of age and housed for 2 weeks in our animal facility before 

use, under the same conditions as all others. All procedures were performed in accordance 

with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory 

Animals, and were approved by the Institutional Animal Care and Use Committee of the VA 

Portland Health Care System. Measures were taken to minimize pain and discomfort.

Drugs

(+) MA hydrochloride (HCl), SAC sodium salt, and [D-Ala2, NMe-Phe4, Gly-ol5]-

enkephalin (DAMGO), were purchased from Sigma (St. Louis, MO); morphine sulfate and 

[3H]DAMGO (46 ci/mmol) were obtained from the NIDA drug supply program (Bethesda, 

MD). For drinking, MA and SAC were dissolved in tap water. For injections, MOR was 
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dissolved in saline (0.9% NaCl, Baxter Healthcare Corporation, Deerfield, IL). All injections 

were intraperitoneal (IP; 10 ml/kg).

Effect of MOR on MA two-bottle choice drinking

Male and female mice were placed on a reverse 12:12h light:dark cycle (lights off at 0700h 

and on at 1900 h) at least 2 weeks before the study began, to allow drinking behavior to be 

monitored during the dark phase, the natural period of consummatory behavior in mice. A 6-

h monitoring period was chosen to allow for detection of potentially short-lasting MOR 

effects, since MOR has an approximately 75-minute half-life in brain after reaching 

systemic circulation (Kalvass et al. 2007). The procedure matched that used to examine the 

effect of BUP on the acquisition of MA drinking (Eastwood and Phillips 2014b). Mice were 

isolate housed on day 1 and offered two, 25-ml, water-filled graduated cylinders with 

stoppers and ball-bearing sipper tubes for 2 days. One tube was removed at 1300 h on day 2. 

On days 3 and 4, mice were injected with saline 30 min prior to dark-phase onset, the water 

tube was replaced at 0700h, and drinking tube volumes were measured every 2h for 6h; 

these procedures familiarized the mice with handling, injection and the tube-reading process, 

which occurred under red light conditions. On days 5–12, the same procedures were 

followed, except that saline or MOR (5, 10, or 15 mg/kg) was administered 30 min before 

dark onset and an MA tube was placed on the cage at dark onset for 6 h. The MA 

concentration was 20 mg/l on days 5–8 and 40 mg/l on days 9–12. The doses of MOR were 

based on previous experiments in which 20 and 30 mg/kg MOR significantly increased 

locomotor activity in MALDR, but had no effect in MAHDR mice (Eastwood and Phillips 

2014a); thus, an impact of these doses on MA intake in MAHDR mice would not be 

associated with effects on general locomotor behavior. The positions of the water and MA 

tubes were alternated every 2 days, consistent with selection trait testing (Shabani et al. 

2011). At the end of each 6-h period, the MA tube was removed and the water tube was left 

in place for the remaining 18-h. Mice were 71–97 days old at study initiation, and data were 

collected in 4 cohorts (N=2–3/sex/line/dose/cohort; for MAHDR: 9 female and 7 male, 9 

female and 7 male, 7 female and 8 male, and 9 female and 7 male for MOR doses 0, 5, 10 

and 15 mg/kg, respectively; for MALDR: 8 female and 8 male, 9 female and 9 male, 9 

female and 8 male, and 7 female and 8 male for MOR doses 0, 5, 10 and 15 mg/kg, 

respectively).

Effect of MOR on SAC two-bottle choice drinking

The effect of MOR on SAC drinking in MADR mice was examined using the same 

procedures and 0.033 and 0.066% SAC solutions that are equivalently preferred by the 

MADR lines (Shabani et al. 2011). Due to limited availability of the mice, only two doses of 

MOR (7.5 and 15 mg/kg) were used, which were chosen based on the results of the MOR-

MA study. Data were collected in 2 cohorts (N=4–7/line/dose/cohort; for MAHDR: 8, 11 

and 11 female mice for MOR doses 0, 7.5 and 15 mg/kg, respectively; for MALDR: 11, 10 

and 10 female mice for MOR doses 0, 7.5 and 15 mg/kg, respectively) and mice were 73–

115 days old at study initiation. Only female mice were used for this study, as no significant 

sex × line interaction effects have been found for the MADR mice in previous studies of MA 

or SAC intake (Shabani et al. 2011; Wheeler et al. 2009), and the sexes did not differ with 
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regard to MOR dose effects in the current MOR-MA study or our previous BUP-MA study 

(Eastwood and Phillips 2014b).

Brain tissue preparation

The mPFC and NAc were collected from a 1–1.3 mm slice, 0.5 mm anterior to the anterior 

commissure, using a micropunch (16 gauge blunt cut needle). The Vmb included the ventral 

tegmental area and was collected from the distal 1.0 mm slice of the hypothalamic region. 

Because regions and protein content were small, tissue from 5 animals was pooled to 

comprise a sample for each region. Samples were placed in assay buffer (50 mM ice-cold 

Tris buffer, pH 7.5) and homogenized for 30 seconds. Homogenates were microfuged at 

14,000 rpm for 20 min at 4° C. The resulting pellet was washed with assay buffer and 

microfuged at 14,000 rpm for 20 min at 4° C. The pellet was re-suspended in ice-cold assay 

buffer, and homogenized. Protein concentration was assayed using a BCA protein assay kit 

(Thermo Scientific, Rockford, IL) with bovine serum albumin as the standard. Thirty drug-

naïve female mice per line or strain were dissected for a final N=6 samples/line or strain. 

Male mice were in short supply and we have not found sex × genotype interaction effects for 

the MA drinking trait (Shabani et al. 2011; Wheeler et al. 2009). MADR mice were 95–121 

days old at the time of dissection; B6 and D2 mice were 84–94 days old.

Ligand binding assay

For saturation binding, membranes were incubated (2–20 μg protein) in assay buffer in a 

water bath at 25°C for 60 min with 5 concentrations of [3H]DAMGO (0.145–4.85 nM), a 

MOP-r agonist. Non-specific binding was measured in the presence of 1 μM unlabeled 

DAMGO. The incubation was terminated by rapid filtration through PerkinElmer (Waltham, 

MA) Filtermat A filters presoaked in 0.05% polyethylenimine on a Tomtec (Hamden, CT) 

cell harvester. Filters were dried and spotted with scintillation cocktail and the amount of 

radioactivity retained on the filters was determined using a PerkinElmer microBeta plate 

1405.

Two-bottle choice MA drinking in congenics

D2.B6 congenic strain mice were tested for MA intake using the 2-bottle choice procedure 

utilized to create the MADR lines. Thus, 20 and then 40 mg/l MA was offered vs. water for 

18 h each day on 8 consecutive days (Shabani et al. 2011). The 18-h period extended from 3 

h prior to the beginning of the dark phase until 3 h after the dark phased ended. Mice were 

80–140 days of age and data were collected in 7 cohorts (N=13–48/cohort). The number of 

mice tested was 78 Chr 10 D2.B6 0–7.72 Mb congenic and background strain mice (N=16–

25/sex/strain; 19 female and 25 male Chr 10 D2.B6 0–7.72 Mb controls, and 16 female and 

18 male Chr 10 D2.B6 0–7.72 Mb congenics) and 45 Chr 10 D2.B6 0–20.4 Mb congenic 

and background strain mice (N=2–18/sex/strain; 14 female and 18 male Chr 10 D2.B6 0–

20.4 Mb controls, and 2 female and 11 male Chr 10 D2.B6 0–20.4 Mb congenics). Fewer 

animals were produced by the longer segment het × het breeders and only 2 congenic 

females out of 8 litters were produced. Therefore, the effect of sex was not examined within 

this congenic, but it was for their background strain littermates.
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Statistical analysis

Behavioral data were analyzed by repeated measures Analysis of Variance (ANOVA; 

Statsoft Version 9, Tulsa, OK) with MA concentration and time as possible repeated 

measures. Independent variables, depending on the study, were line or strain, sex, MOR 

dose, MA concentration and time. Dependent variables are described with experimental 

results. Significant multifactor interactions were deconstructed by identifying significant 

two-way interactions within particular levels of a factor and then further resolved by simple 

main effects analysis and the Newman Keuls post-hoc test for mean comparisons. Binding 

data were analyzed using Prism GraphPad software (version 6.04; San Diego, CA, USA). 

For saturation isotherms, the total binding capacity (Bmax) and equilibrium constant (KD) 

were determined using a one-site model for MOP-r binding sites and Scatchard analyses 

were performed. Specific binding was determined by subtracting nonspecific binding from 

total binding. Genotype effects for Bmax and KD were determined by Student’s t-test. The 

criterion for significance was p<0.05. Illustrations were created with Powerpoint version 

14.0.7184.5000 (2010 Microsoft Corporation, Redmond, WA) or SigmaPlot version 12.5 

(Systat Software, Inc., San Jose, CA).

RESULTS

Effects of MOR on MA two-bottle choice drinking

MOR had dose-, line- and time-dependent effects on MA intake, measured in mg/kg using 

body weight data collected every 2 days. Initial analysis identified significant line × MOR 

dose × MA concentration [F(3,121)=2.7; p<0.05], time × line × MOR dose [F(6,242)=2.7; 

p<0.05], and time × line × MA concentration [F(2,242)= 14.0; p<0.001] interactions. There 

were no significant sex effects. For 20 mg/l MA, there was a significant time × line × MOR 

dose interaction [F(6,242)=3.5; p<0.01]. MOR dose effects were line-dependent during the 

first 2h [F(3,121)=3.9; p<0.05], with the 10 and 15 mg/kg doses eliminating the selected line 

difference in MA consumption (Fig. 1a). There was a significant effect of MOR dose within 

the MAHDR, but not MALDR, mice [F(3,121)=5.5; p<.01). During the second 2h, there 

was a trend for a line × MOR dose interaction (p=0.06) and a significant main effect of line 

[F(1,121)=9.6; p<0.01], reflecting greater MA intake in MAHDR mice (Fig. 1b). During the 

final 2h (Fig. 1c), only a significant line difference in MA intake was found [F(1,121)=18.3; 

p<0.001]. For the 40 mg/l MA concentration, there was a significant time × line interaction 

[F(2,242)=16.0; p<0.001], but no significant effects of MOR (Fig. 1d–f). For each 2-h 

period, MAHDR mice consumed more MA than MALDR mice [F(1,121)=6.6; p<0.05; 

F(1,121)=113.8; p<0.001; F(1,121)=29.7; p<0.001, for each 2h, respectively].

Total volume consumed from the water and MA tubes during the 6-h access periods, 

corrected for body weight (ml/kg), are shown in Table 1. There were significant MOR dose 

× MA concentration × sex [(F(3,113)=2.9; p<0.05], time × MOR dose × sex [F(6,226)=2.2; 

p<0.05], and line × MA concentration [F(1,113)= 12.3; p<0.001] interactions, but no 

significant interactions for MOR dose that involved line. For the 20 mg/l MA access period, 

significant time × MOR dose, and time × sex [F(6,226)= 2.2; p<0.05 and F(2,226)=3.2; 

p<0.05] interactions were detected. There was a significant effect of MOR dose during the 

first 2h [F(3,113)=7.4; p<0.001]; 10 and 15 mg/kg MOR reduced total volume consumed 
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compared to saline. For the second 2-h period, there was a significant effect of MOR dose 

[F(3,113)=4.5; p<.01], as well as a significant effect of sex [F(1,113)=13.7; p<.001]. Total 

volume was lower for the 15 mg/kg MOR-treated mice compared only to the 5 mg/kg MOR-

treated mice, and females consumed more total volume per body weight than males. For the 

third 2-h period, there was only a significant main effect of sex [F(1,113)= 10.4; p<0.01]; 

female mice consumed more total volume per body weight, compared to male mice. For the 

40 mg/l MA access period, significant time × MOR dose [F(6,226)=2.5; p<0.05] and time × 

sex [F(2,226= 7.7; p<0.001] interactions were found. Again, there were no significant 

interactions with MOR dose that involved line. There was a significant effect of MOR dose 

during the first 2h [F(3,113)=5.1; p<0.01]; the 15 mg/kg dose reduced total volume intake 

compared to all other dose groups. During the next two, 2-h periods there was a significant 

effect of sex [F(1,113)=9.4; p<0.01 and F(1,113)=6.2; p<0.05, respectively]; female mice 

consumed more in total volume per body weight, compared to male mice.

Effects of MOR on SAC two-bottle choice drinking

MOR dose-dependently reduced intake (mg/kg) of the lower SAC concentration, an effect 

that was not dependent upon time of measurement. Initial analyses identified a significant 

time × line × MOR dose × SAC concentration interaction [F(4,110)=2.9; p<0.05]; however, 

subsequent analyses did not detect any significant effects of line. For 0.033% SAC (Fig. 2a–

c), there was a significant main effect of MOR dose [F(2,55)=4.3; p<.05] and of time 

[F(2,110)=10.0; p<0.001]. Less SAC was consumed after treatment with the 15 mg/kg MOR 

dose, compared to saline (ps<.05), and more SAC was consumed during the final 2h, 

compared to the first and second 2h periods (p<0.01). For 0.066% SAC (Fig. 2d–f), there 

was a significant main effect of time [F(2,110)=4.4; p<0.05], with more SAC consumed 

during the second 2h period than during the third. There was no significant effect of MOR 

dose.

Data for total volume consumed (ml/kg) during the SAC study are summarized in Table 2. 

Initial analyses identified significant line × SAC concentration [F(1,55)=6.7; p<0.05], time × 

SAC concentration [F(2,110)=42.4; p<0.001], and time × MOR dose [F(4,110)=4.4; p<0.01] 

interactions. Subsequent analyses did not detect any significant effects of line. For total 

volume during the 0.033% SAC access period, a significant time × MOR dose interaction 

was detected [F(4,110)=4.2; p<0.01]. For the first 2-h period, there was a significant effect 

of MOR dose [F(2,55)=5.8; p<0.01]; the 15 mg/kg dose reduced total volume consumed 

compared to saline. There was no significant effect of MOR dose for the other 2-h periods. 

For total volume during the 0.066% SAC access period, a significant effect of MOR dose 

[F(2,55)= 3.2; p<0.05] was detected; post-hoc tests indicated a strong statistical trend 

(p=0.06) toward lower total volume in the 15 mg/kg MOR dose group, compared to the 

saline group. There was a significant effect of time [F(2,110)= 6.0; p<0.01] associated with 

more total volume consumed during the second 2h, compared to the first and last 2h periods.

[3H]DAMGO binding

Binding data are summarized in Table 3. MOP-r density (Bmax) did not significantly differ 

between the MADR lines for the NAc or Vmb, but was more than 2-fold higher in mPFC 

tissue from MALDR compared to MAHDR mice [t(12)=3.98; p<0.001]. There were no 
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differences between the MADR lines in affinity (KD) for [3H]DAMGO in any of these brain 

regions, with affinity ranging from 1.5–4.7 nM. There were no differences in receptor 

density or affinity for [3H]DAMGO between the B6 and D2 mice.

MA Drinking in Chr 10 D2.B6 (0–7.72) and Chr 10 D2.B6 (0–20.4) congenic and background 
strain mice

Markers used for genotyping of the congenic mice are listed in Fig. 3a, along with genotype 

information. For MA intake (mg/kg) in the Chr 10 D2.B6 (0–7.72) congenic and background 

strain littermates, there was a significant main effect of sex [F(1,74)=4.3, p<0.05], due to 

higher intake in females (3.5 ± 0.2 mg/kg vs. 3.0± 0.2 mg/kg in females vs. males, 

respectively), regardless of genotype. More MA was consumed when the 40 mg/l 

concentration was available, compared to the 20 mg/l concentration [F(1,74)=83.3, 

p<0.001], but there were no significant effects of genotype on MA intake (Fig. 3b). For total 

volume consumed (ml/kg) during the MA access period, the only significant result was a 

significant main effect of MA concentration [F(1,74)=31.1; p<0.001], with more total 

volume consumed when the higher MA concentration was offered (Fig. 3c). For the Chr 10 

0–20.4 Mb congenic and background strain littermates, there was a significant strain × MA 

concentration interaction [F(1,43)=7.5; p<0.01] for MA consumption (Fig. 3d). The 

congenic strain with the introgressed B6 segment consumed significantly less MA from both 

concentrations, compared to their D2 background strain littermates, confirming the MA 

intake QTL on Chr 10 and reducing the interval to a 12.82 Mb segment. Sex could only be 

included as a factor in the analysis of the background strain data, due to an inadequate 

number of female congenic mice to analyze this factor. There were no significant effects of 

sex. For total volume consumed, there was only a main effect of concentration [F(1,43)=7.6; 

p<0.01], with greater total volume consumed when the higher MA concentration was offered 

(Fig.3e). Female non-congenic mice consumed more total volume than males (267.5 ± 11.6 

vs. 233 ± 10.3 ml/kg in females vs. males, respectively).

DISCUSSION

As hypothesized, MOR reduced MA consumption, specifically in MAHDR mice. Although 

doses were chosen that did not have locomotor depressant effects, because MOR also 

reduced total volume consumed and SAC intake, non-specific effects that impacted 

consummatory behavior cannot be ruled out. A drug with partial agonist effects at MOR-r, 

such as buprenorphine that did not have non-specific effects (Eastwood and Phillips, 2014b), 

remains a better option for treatment. Consistent with previously published Oprm1 

expression data indicating higher expression specifically in the mPFC of MALDR compared 

to MAHDR mice (Belknap et al., 2013), MOP-r density was also significantly higher 

specifically in mPFC tissue from MALDR than from MAHDR mice. Differences were not 

found in the NAc or Vmb, and there were no differences in MOP-r density between B6 and 

D2 mice, indicating that MOP-r density in the mPFC is a trait genetically correlated with 

MA intake in the selected lines. However, congenic strain analysis confirmed a QTL on Chr 

10 for MA intake and reduced the relevant interval to a 12.82 Mb region that excluded 

Oprm1. These findings are consistent with the results of expression analyses indicating that 
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Oprm1 is regulated by a significant MA intake risk network (Belknap et al., 2013), but that 

polymorphisms in Oprm1 do not play a role in risk for MA intake in the MADR lines.

There were significant effects of MOR on MA intake in MAHDR mice that were dose-

dependent and also dependent on the concentration of the MA drinking solution. Thus, 

MOR effects on MA intake were larger for the 20 than 40 mg/l MA solution. This may have 

been due to tolerance development to MOR effects on MA intake or competing behaviors 

with repeated exposure, since a consecutive testing procedure was used. For example, in a 

study of antinociceptive potency in mice, 3 MOR treatments were sufficient for tolerance to 

develop (Duttaroy and Yoburn 1995). Results for the current SAC study are also consistent 

with the tolerance hypothesis, since MOR only had an impact on consumption of the lower 

SAC concentration,. An alternative explanation is that the mice have greater drive to 

consume the higher MA and SAC concentrations.

Although it is possible that MOR had an impact on the desire to consume both MA and SAC 

via interactions with reward mechanisms, because total volume intake was also reduced, it 

seems more likely that general behavioral effects of MOR interfered with drinking behavior. 

However, we chose doses of MOR that do not impact locomotor behavior in MAHDR mice 

(Eastwood and Phillips 2014a); thus, it is unlikely that an effect on general mobility explains 

these results. We previously examined the effects of BUP on MA intake, based on treatment 

efficacy in human psychostimulant users (Foltin and Fischman 1996; Salehi et al. 2015; 

Schottenfeld et al. 1993), and as a potentially more acceptable treatment drug than MOR. 

MA intake was reduced by BUP in the absence of significant reductions in total fluid 

consumption (Eastwood and Phillips 2014b).

We focused on MOP-r in the current work, based on evidence for regulation of Oprm1 by a 

gene network associated with differential risk for MA intake (Belknap et al. 2013). MOR 

has high affinity for both the μ- and к-opioid receptor subtypes (Raynor et al. 1994); 

however, the ĸ- and μ-opioid receptors have opposing actions on mesolimbic dopamine 

release, decreasing and increasing dopamine in the NAc, respectively (Di Chiara and 

Imperato 1988). Following acute subcutaneous MOR, drug levels were detectable in mouse 

brain within 5 min and had a 75 min half-life (Kalvass et al. 2007). MOR effects during the 

first 2 h of our 6-h limited access sessions are consistent with a relatively short half-life. A 

potential advantage of BUP as a treatment for MA addiction, in addition to potentially fewer 

non-specific behavioral effects, is that BUP takes longer to disassociate from the MOP-r 

(166 min for BUP vs 7 min for MOR) (Boas and Villiger 1985). BUP also binds to δ- and ĸ-

opioid receptors, but has 10-fold lower affinity for δ compared to μ and ĸ (Lutfy and Cowan 

2004). In addition, BUP activates the opioid receptor like 1 (ORL-1), which compromised 

the MOP-r-mediated antinociceptive effect of BUP (Lutfy et al. 2003). Activation of ORL-1 

receptors by BUP could at least partially counteract some of its MOP-r-mediated effects on 

MA intake as well.

Amphetamines promote the release of endogenous opioids, and intra-mPFC DAMGO 

attenuated glutamate-induced mPFC neuron firing, an effect reversed by naloxone (Schad et 

al. 2002). The PFC is a major source of glutamate projections to the NAc and Vmb (Carr 

and Sesack 2000; Taber and Fibiger 1995). In the presence of MA, more mPFC MOP-r in 
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MALDR mice could lead to a reduction in the activity of mPFC glutamate projections onto 

GABA-containing neurons in the NAc, and ultimately reduce dopamine levels. This would 

be predicted to reduce sensitivity to rewarding and reinforcing effects of MA in the MALDR 

line, as has been reported (Shabani et al. 2011; 2012a; Wheeler et al. 2009). However, in a 

microdialysis study, the dopamine response to MA was larger in the mPFC in MAHDR 

mice, but equivalent in the NAc in the 2 lines (Lominac et al. 2014). For extracellular 

glutamate, MAHDR mice exhibited an MA-induced reduction in in the mPFC and an 

increase in the NAc that was not seen in MALDR mice (Lominac et al. 2016; Szumlinski et 

al. 2017). The possibility that MA-stimulated dopamine in the mPFC results in reduced 

mPFC glutamate in MAHDR mice is consistent with other reports demonstrating 

antagonistic dopamine-glutamate interactions within the PFC (Abekawa et al. 2000). Such 

an inverse relationship has also been observed with excessive cocaine-taking (Ben-Shahar et 

al. 2012) and repeated MA exposure (Althobaiti et al. 2016). Determination of how the 

difference in mPFC MOP-r density interacts with the existing neurochemical findings in the 

MADR lines will require more direct investigation.

B6 and MALDR mice have similar low MA intake profiles, whereas D2 and MAHDR mice 

have higher MA intake profiles (Eastwood and Phillips 2014a). We predicted that the inbred 

strain results would mirror those for the selected lines, so that the B6 strain would have 

greater MOP-r density in the mPFC, but not NAc or Vmb, compared to D2 mice. In fact, we 

examined the fourth selection generation breeders of 3 replicate sets of the MADR lines and 

found that a large percentage of the MAHDR line breeders were homozygous for the D2-

Oprm1 allele (72%), whereas a large percentage of the MALDR line breeders were 

homozygous for the B6-Oprm1 allele (68%). However, no difference in mPFC MOP-r 

density between D2 and B6 mice was found. Thus, the differences in Oprm1 expression and 

MOP-r density in the mPFC of the MADR lines are genetically correlated traits with 

selective breeding for MA intake. The current results confirm a brain region-specific pattern 

for MOP-r protein levels in the MADR lines that is similar to their Oprm1 gene expression 

profile (Belknap et al. 2013). The expression difference was originally identified in the first 

replicate set of MADR lines and the protein difference was confirmed here in the second 

replicate set of lines, indicating consistency across replicate selections. Our studies using 

systemically administered opioid-receptor agonists indicate that increased opioid activity 

results in reduced MA intake (data herein and Eastwood and Phillips 2014b). However, to 

identify a brain region-specific role of MOP-r on MA intake, studies are needed in which a 

MOP-r-specific agonist is delivered directly into the mPFC and other regions in which 

MOP-r are found.

Previous expression network analyses and current congenic data are consistent with the 

conclusion that Oprm1 is not a QTG contributing to genetic risk for MA intake. Within the 

reduced 12.82 Mb region on Chr 10 associated with MA intake, there are 60 protein coding 

genes. Finer mapping of the QTL would make investigation of specific genes more feasible. 

We have considerable evidence that the Taar1 gene, at 23.9 Mb, just outside of the congenic 

interval, impacts MA intake (Harkness et al. 2015). The location of Taar1 outside of the 

congenic interval would appear to indicate that more than one gene on mouse Chr 10 

influences MA intake. However, recent sequencing of the Chr 10 D2.B6 0-20.4 Mb congenic 

has revealed that some of those mice possess the B6-Taar1 allele that is associated with 
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reduced MA intake, when it was expected that all would possess the D2-Taar1 allele. 

Genotyping of the 45 mice used in the current study, revealed a frequency of 0.94 for the 

D2-Taar1 allele, which is associated with higher MA intake, in the non-congenic mice and a 

frequency of only 0.15 for the D2-Taar1 allele in the congenic mice (those with an 

introgressed B6 segment). There is dominance of the B6-Taar1 allele for low MA intake 

(Harkness et al. 2015), and the only congenic mice possessing a D2-Taar1 allele were 3 

Taar1 heterozygotes. The correlation between Taar1 allele frequency and MA intake using 

data from both strains, was r=0.77, p<.00001; when dominance was taken into consideration 

by grouping the heterozygous mice with the homozygous B6-Taar1 mice, the correlation 

was 0.80, p<.0001. All of the shorter segment congenic and D2 background strain mice 

possessed only the D2-Taar1 allele, as expected, and both exhibited high MA intake, 

consistent with previous data for the impact of Taar1 (Harkness et al. 2015). There was no 

error made in the way in which the congenics were created. Standard methods were applied; 

however, the single nucleotide polymorphism that differentiates the B6 and D2 alleles is not 

detectable with the standard PCR marker genotyping methods that are used to develop 

congenic strains or to verify their genotype. The problem that relevant genetic information 

may be missed using marker-based PCR genotyping has been previously discussed (Shi et 

al. 2016; Shifman et al. 2006). It is possible, and in fact likely, that the B6-Taar1 allele is 

responsible for the low MA intake of the Chr 10 D2.B6 0–20.4 Mb congenic, as it is in the 

MALDR mice. This relationship has been more intensively investigated in multiple models 

and is the topic of another paper, which provides strong evidence supporting the conclusion 

that Taar1 plays a significant role in level of MA intake.

In summary, opioid systems appear to have a role in MA consumption; however, partial 

MOP-r agonists may have greater promise than full agonists as pharmacotherapeutics for 

MA use disorders. MOP-r activity in the mPFC may be particularly important, as greater 

MOP-r density in this region is found in mice that exhibit low MA intake, reduced MA 

reward, increased MA aversion and increased sensitivity to some physiological effects of 

MA, such as MA-induced hypothermia. Additional study is needed to determine which of 

these traits are impacted by opioid pathway activity in the mPFC. Data in congenics 

eliminated a segment of Chr 10 from further consideration and also supported previous data 

indicating that Taar1 impacts MA consumption.
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Fig. 1. Effect of MOR treatment on MA intake
Means ± SEM for MA consumed from the 20 mg MA/l (a–c) and 40 mg MA/l (d–f) 

solutions for the three, 2-h periods of the 6-h MA vs. water limited access study. Each data 

point is a 2-day average for days 2 and 4 of the 4-day period for each MA concentration. 

*p<0.05, ***p<0.001 for the line difference at the indicated MOR dose. #p<0.01 for the 

main effect of MOR dose within the MAHDR line. +p<0.05, ++p<0.01, +++p<0.001 for the 

main effect of line. N=15–18/line/dose
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Fig. 2. Effect of MOR treatment on SAC intake
Means ± SEM for SAC consumed from the 0.033% (a–c) and 0.066% (d–f) solutions for the 

three, 2-h periods of the 6-h SAC vs. water limited access study. Each data point is a 2-day 

average for days 2 and 4 of the 4-day period for each SAC concentration. N=8–11/line/dose

Eastwood et al. Page 16

Mamm Genome. Author manuscript; available in PMC 2019 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. Marker and genotype information and MA drinking data for the congenic and D2 
background strain mice
(a) Each congenic strain had a DBA2/J (D2) background genotype (grey) on all 

chromosomes, with a C57BL/6J (B6) segment (black) inserted on mouse Chr 10. White 

segments represent boundaries between confirmed B6 and D2 genome and are of unknown 

genotype. Above the diagram are the names of DNA microsatellite markers used to identify 

genotype, and the numbers correspond to genetic map positions in Megabases (Mb). (b and 

c) Mean ± SEM for MA consumed in mg/kg for the 20 and 40 mg MA/l solutions. Each data 

point is a 2-day average for days 2 and 4 of the 4-day period for each MA concentration. (d 
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and e) Mean ± SEM total volume consumed in ml/kg during the same MA access periods 

shown in b and c. ***p<0.001 for the effect of strain at the indicated concentration. N=34–

44/strain for the D2:B6 Chr 10 0–7.72 Mb and D2 mice, and N=13–32/strain for the Chr 10 

D2.B6 0–20.4 Mb and D2 mice
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Table 3

MOP-r density and affinity in 3 brain regions for MADR, B6 and D2 mice.

Region Line/Strain Bmax (fmol bound/mg protein) KD (nM)

mPFC MALDR 152.7 ± 54.8 2.8 ± 2.0

mPFC MAHDR 65.7 ± 18.3*** 1.5 ± 1.0

mPFC B6 48.6 ± 11.1 1.3 ± 0.8

mPFC D2 53.1 ± 9.5 1.6 ± 0.7

NAc MALDR 366.0 ± 108.5 2.6 ± 1.6

NAc MAHDR 337.5 ± 119.0 3.0 ± 2.1

NAc B6 176.2 ± 29.8 1.2 ± 0.5

NAc D2 254.4 ± 52.3 4.1 ± 1.5

Vmb MALDR 345.0 ± 109.4 4.7 ± 2.5

Vmb MAHDR 262.9 ± 51.1 2.5 ± 1.0

Vmb B6 374.4 ± 133.9 3.1 ± 2.1

Vmb D2 541.3 ± 107.4 3.8 ± 1.4

Values were determined using concentration of [3H]DAMGO from 0.145–4.85 nM as described in the methods section. Each value represents the 
mean ± SEM of tissues from 6 samples (5 animals pooled for each), all performed in duplicate.

***
p<0.001, for the comparison between MAHDR and MALDR for the mPFC. All saturation curves were best fit using a one-site model.
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