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Abstract

Numerous selective breeding experiments have been performed with rodents, in an attempt to 

understand the genetic basis for innate differences in preference for alcohol consumption. QTL 

analysis has been used to determine regions of the genome that are associated with the behavioral 

difference in alcohol preference/consumption. Recent work suggests that differences in gene 

expression represent a major genetic basis for complex traits. Therefore, the QTLs are likely to 

harbor regulatory regions (eQTLs) for the differentially expressed genes that are associated with 

the trait. In the present study, we examined brain gene expression differences over generations of 

selection of the third replicate lines of High and Low Alcohol Preferring (HAP3 and LAP3) mice, 

and determined regions of the genome that control the expression of these differentially expressed 

genes (deeQTLs). We also determined eQTL regions (rveQTLs) for genes that showed a decrease 

in variance of expression levels over the course of selection. We postulated that deeQTLs that 

overlap with rveQTLs, and also with phenotypic QTLs, represent genomic regions that are affected 

by the process of selection. These overlapping regions controlled the expression of candidate 

genes (that displayed differential expression and reduced variance of expression) for the 

predisposition to differences in alcohol consumption by the HAP3/LAP3 mice.
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Introduction

Selective breeding of rodents has been widely used in alcohol research as a means to 

understand the genetic basis for complex alcohol-related traits (Erwin & Deitrich, 1996, 

Erwin et al., 1976, Grahame et al., 1999, Li et al., 1993, Lumeng et al., 1995, Oberlin et al., 

2011, Phillips & Crabbe, 1991). The effect of selective breeding is to change the phenotype 

of the selected trait in the offspring, as a result of a change in the frequency of genes 

(alleles) that are associated with the phenotype.

Quantitative trait locus (QTL) mapping is a means to identify the regions of the genome that 

are associated with the selected trait (Bice et al., 2011, Lander & Botstein, 1989). The 

assumption is that these regions of the genome harbor “candidate genes” that influence the 

selected trait. These genes may have coding polymorphisms that affect the function of the 

gene product. However, recent evidence indicates that differences in gene expression levels 

often represent the genetic basis for complex traits (e.g., Emilsson et al., 2008, Li & 

Burmeister, 2005, Schadt et al., 2003), and in this case, the regions of the genome associated 

with the trait may be regions that regulate the expression levels of the candidate genes 

(expression (e)QTLs). Therefore, genes whose expression levels diverge as selection for the 

behavioral phenotype proceeds may be considered as endophenotypes, and determination of 

the QTLs for expression of these genes provides a method to identify regions of the genome 

affected by selection. This approach has the advantage of also identifying potential 

candidate (differentially expressed) genes that contribute to the phenotype.

Furthermore, selective breeding not only affects the population mean of the selected 

phenotypic trait (and of endophenotypes such as gene expression levels), but also reduces 

the variance of the selected trait (Falconer & Mackay, 1996). Identification of eQTLs for 

genes that show a significant decrease in expression variance during selection is therefore 

another means to identify regions of the genome affected by the selective breeding process.

In the current study, we have used these approaches to identify genomic regions that may be 

affected during the third replicate selective breeding experiment for high alcohol-preferring 

(HAP3) and low alcohol-preferring (LAP3) mice (Oberlin et al., 2011). These selectively 

bred lines (Grahame et al., 1999, Oberlin et al., 2011) are derived from heterogeneous stock 

(HS) mice, which were originally generated from an eight-way cross of inbred mouse strains 

(Mcclearn et al., 1970). In the current study, we obtained brain tissue from several 

generations of naïve (no alcohol exposure) HAP3 and LAP3 mice as selection proceeded, as 

well as from the progenitor HS mice. We used microarray analysis to track changes in brain 

gene expression levels and changes in the amount of variation of gene expression levels at 

each generation of selection. These data allowed us to take a novel approach to assessing the 

effect of selective breeding, where eQTL analyses identified candidate regions of the 

genome, and potential candidate genes associated with the predisposition to drink differing 

amounts of alcohol.
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Materials and Methods

Animals

HS/Ibg mice generated by an 8-way cross of inbred stains (Mcclearn et al., 1970) were 

selectively bred for alcohol preference based on 24-hr two-bottle choice consumption of a 

10% alcohol solution (Grahame et al., 1999, Oberlin et al., 2011). All experiments were 

performed under a protocol approved by the IUPUI Institutional Animal Care and Use 

Committee.

Brain Gene Expression Analysis

Alcohol-naïve high alcohol-preferring (HAP3) and low alcohol-preferring (LAP3) male 

mice (10–12 weeks old) from generations 6, 8, 9, 10, 12 and 13 of selection, in addition to 

male HS mice (generation 0), were used for whole brain gene expression analysis, as 

previously described (Hu et al., 2008, Saba et al., 2006, Tabakoff et al., 2008). Mice were 

sacrificed and brains were removed and stored in RNALater at −80°C until RNA extraction. 

RNA from each individual mouse brain was hybridized to a separate Affymetrix Mouse 

Genome 430 v.2.0 Array. To control for batch effects, samples were processed in batches 

that included four samples per line from a single generation (e.g., generation 8) and one 

sample per line from the previously analyzed generation (e.g., generation 6). Brains were 

obtained from 5 HAP3 and 5 LAP3 mice from generations 6, 8, 9, 10 and 12; 4 HAP3 and 4 

LAP3 mice from generation 13; and 4 HS mice, for a total of 62 samples. RNA was 

extracted, processed, and hybridized to arrays as previously described (Hu et al., 2008, Saba 

et al., 2006, Tabakoff et al., 2008). All experiments were performed under a protocol 

approved by the University of Colorado Denver Institutional Animal Care and Use 

Committee. All microarray data are available at http://phenogen.ucdenver.edu.

Microarray Data Analysis

Quality control measures were assessed using the PhenoGen informatics website (http://

phenogen.ucdenver.edu, Bhave et al., 2007). A detailed description of the methods for 

quality control are available in Saba et al. (2006). No arrays that were used for these studies 

deviated substantially in any of the quality control measures.

Prior to normalization and quality control assessment, probes were removed if their 

sequence did not uniquely map to the mouse genome (NCBIM37) or if their target region 

included a known SNP (see Hoffman et al., 2011). The probe mask was based on SNPs 

between any of the 8 founding strains of the heterogeneous stock used for phenotypic 

selection. SNPs were identified from the whole genome sequence data generated by the 

Sanger Institute for 6 of the 8 founding strains (Keane et al., 2011) and from the Imputed 

Genotype Resource from the Jackson Laboratory, http://csbio.unc.edu/imputation/, for the 

remaining two strains. Entire probesets were eliminated if less than 4 associated probes 

remained after filtering (124,731 probes/4,002 probesets removed). Data were normalized 

using robust multi-array average (rma package, Irizarry et al., 2003) and adjusted for batch 

effects using the ComBat method (Johnson et al., 2007) in R. Present/absent calls for each 

probeset were extracted using the MAS 5.0 algorithm (Affymetrix, 2001), and the rma 

expression data were filtered to include only those probesets “present” in all 62 samples.
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Determination of Maintained Differential Expression

We assumed that transcripts that are differentially expressed due to selection in a particular 

generation would remain differentially expressed in the same direction (e.g., always higher 

in HAP3) in the subsequent generations. For each probeset, we assessed differential 

expression between HAP3 and LAP3 mice within each generation using a moderated t-test 

(Smyth, 2004). We then evaluated each transcript for differential expression in six different 

scenarios based on the generation at which differential expression began (Table S1). For 

example, in scenario 1, we declared a transcript to be differentially expressed due to 

selection at generation 6 if it was differentially expressed at generation 6 and in ALL 

subsequent generations. Because transcripts that are differentially expressed early in the 

selection process have to surpass a threshold of significance in more generations 

(comparisons) than transcripts that become differentially expressed at a later generation, we 

developed separate significance thresholds for differential expression for each scenario. 

These thresholds were applied to all generations relevant to that scenario and were 

dependent on the number of generations that the transcript had to maintain the statistically 

significant difference. We set a more conservative significance threshold when a transcript 

had to maintain differential expression in only a few generations and we allowed for a more 

liberal significance threshold when the transcript had to surpass the threshold in many 

generations. The goal was to maintain a p-value of 3.28×10−6 (0.05/15,259 probesets; 

Bonferroni adjustment due to testing of multiple probesets) for each transcript regardless of 

the number of generations examined. Assuming the null distribution is that the transcript is 

not differentially expressed at ANY generation, the combined p-value is equal to the product 

of the p-values for each individual generation. For example, a transcript is declared 

differentially expressed beginning at generation 6, and differential expression is maintained 

in subsequent generations, if the individual p-values for each generation are below 0.122, 

i.e., 3.28×10−6 ≅ (0.122)6. If a transcript did not show differential expression until 

generation 12, the transcript had to reach a more stringent p-value of 0.0018 for generation 

12 and generation 13, i.e., 3.28×10−6 = (0.0018)2. Because the tests for differential 

expression of a transcript across generations may not be independent, we also calculated 

meta-analysis p-values post hoc for each transcript and each scenario that did account for 

dependence (Stouffer-Liptak Test; (Kechris et al., 2010)) and applied a false discovery rate 

correction for multiple testing (Benjamini & Hochberg, 1995) to verify the significance of 

differential expression of “priority genes” as defined below.

Determination of Maintained Differential Variance

Each probeset was assessed for a significant reduction in expression variance at each 

generation, compared to the HS mice (generation 0), using a one-sided F-test. Probesets 

were interrogated for reduced variance between the HAP3 mice and HS mice and between 

the LAP3 and HS mice. Similar to maintained differential expression described above, 

probesets with reduced expression variance were categorized by the initial generation where 

reduced variance was detected and then maintained. Significance thresholds were also 

determined in the same manner as for differential expression.
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Quantitative Trait Locus (QTL) Analyses

Phenotype QTLs (QTLs)—Quantitative trait loci (QTLs) for alcohol consumption/

preference were obtained from studies of Bice et al. (2011), based on an F2 generation 

derived from HAP1 and LAP1 mice; Belknap and Atkins (2001), based on a meta-analysis 

of studies using mapping populations derived from C57BL/6 and DBA/2 strains; and 

Rodriguez et al. (1995), based on BXD recombinant inbred (RI) strains. Bice et al (2006) 

also reported QTLs for HAP2 and LAP2 mice, but in their study, only chromosomal regions 

that had already been demonstrated to harbor significant QTLs for alcohol preference, as 

reported by Belknap and Atkins (2001), were investigated. Since we also used the data 

reported by Belknap and Atkins (2001) to identify QTLs, there were no QTLs found for 

HAP2 and LAP2 mice that differed from those used in the present study.

The QTL data in the analysis by Bice et al. (2011) were converted from cM to Mb using the 

Mouse Map Converter from the Center for Genome Dynamics at the Jackson Laboratory 

(http://cgd.jax.org/mousemapconverter) with sex-averaged cM. The QTL data in the meta-

analysis by Belknap and Atkins (2001) were also reported as cM values, and the QTL range 

in the paper represents the range of peak LOD scores. Assuming a symmetric confidence 

interval, the results from each study in the meta-analysis were translated into a cM region, 

which was converted to Mb as described. For the current analysis, the intervals from the 

Belknap and Atkins (2001) analysis are defined as the minimum lower confidence limit, and 

the maximum upper confidence limit, across studies within the meta-analysis. We chose to 

use these broad ranges in order to be inclusive, given that QTL location is only one of the 

filters used for our identification of priority QTLs and genes. When multiple peaks were 

reported, the average of the cM locations was used as the center of the confidence region. 

QTLs were recalculated from the data of Rodriguez et al. (1995) using the Wellcome Trust-

CTC Mouse Strain SNP Genotype Set (http://mus.well.ox.ac.uk/mouse/INBREDS/) with 

mm37 locations. Markers with LOD>2.0 were identified as QTLs, and confidence intervals 

were defined as 10 Mb upstream and downstream from the peak LOD marker. All QTLs 

used for this study are reported in Table S2.

Expression QTLs (eQTLs)—We used gene expression data generated by our laboratory 

(Colorado) from whole brain tissue of the BXD recombinant inbred (RI) panel (Tabakoff et 

al., 2008, http://phenogen.ucdenver.edu) for eQTL calculations. For these expression data, 

we generated a separate probe mask that took advantage of the full genome sequence of the 

panel’s parental strains (Keane et al., 2011). This mask eliminated 82,292 probes and 3,456 

probesets. Expression data were normalized and summarized into probesets using rma and 

present/absent calls were determined using the MAS 5.0 algorithm (Affymetrix, 2001). A 

new method for removing batch effects, while retaining confounded strain effects, was used 

(personal communication, Evan Johnson, Boston University). This method is similar to the 

empirical Bayes method, ComBat (Johnson et al., 2007) that was used for the HAP3/LAP3 

microarray analysis. eQTLs were calculated as described previously (Tabakoff et al., 2008), 

using genotype information from the Wellcome Trust-CTC Mouse Strain SNP Genotype Set 

(http://mus.well.ox.ac.uk/mouse/INBREDS/) and a weighted marker regression.
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Expression QTLs for Differentially Expressed Genes and Genes that show 
Reduced Variance (deeQTLs and rveQTLs)—We identified shared eQTLs for a group 

of probesets that displayed differential expression or reduced expression variance using a 

meta-analysis approach, with eQTLs derived from the BXD recombinant inbred strains. 

First, a locus-specific empirical p-value (10,000 permutations) was calculated for each SNP 

(representing a unique strain distribution pattern) and probeset combination. To identify 

shared eQTLs, we calculated a meta-analysis p-value at each SNP across the group of 

probesets in which we were interested by combining p-values using a Z-score method 

(Hedges & Olkin, 1985), with equal weight given to each transcript. To ensure that the 

shared eQTLs are specific to the group of transcripts, we calculated a permutation p-value 

by randomly selecting the same number of transcripts from the pool of expressed transcripts 

and calculating the meta-analysis p-value for each SNP. We repeated this random 

permutation 10,000 times to generate a locus-specific null distribution. Empirical p-values 

based on the null distribution were corrected for multiple testing across loci using a false 

discovery rate (FDR, Benjamini & Hochberg, 1995). For differential expression QTLs 

(deeQTLs), shared eQTLs were identified separately for each generation to determine which 

areas of the genome were being fixed due to selection and when these areas became fixed. 

Likewise for the reduced variance QTLs (rveQTLs), shared eQTLs were identified by 

generation, separately for decreased variance in LAP3 mice and decreased variance in HAP3 

mice. Loci with an FDR less than 0.05, and the genomic region 10 Mb on either side, are 

reported as eQTLs.

To determine if multiple eQTLs were contributing independently or even synergistically to 

the differential expression of a transcript, we identified the most parsimonious multi-locus 

model for each differentially expressed transcript using the eQTLs identified in the same 

generation as initial differential expression. This model was determined using a backward 

selection process that began with a model including all eQTLs and eliminated one locus at a 

time until all remaining loci were significant (p-value <0.05).

Identification of High Priority Genes

Initially we identified “high priority” regions of the mouse genome by focusing on eQTLs 

for differentially expressed transcripts that overlapped a QTL for alcohol preference and 

also overlapped an eQTL for transcripts with reduced variance (either HAP3 or LAP3). We 

then identified genes that were differentially expressed between HAP3 and LAP3 mice, and 

had a significant reduction in variance of expression levels in either the HAP3 or LAP3 line. 

Genes with these expression properties, and whose expression was significantly controlled 

by at least one of the “high priority” genomic regions, were considered to be “high priority” 

candidate genes.

Validation of Endogenous Gnb1 Differential Expression: Quantitative Reverse 
Transcriptase Real-Time PCR (qRT-PCR)

RNA was isolated from brains of HAP3 and LAP3 mice (generation 12 of selection) using 

the RNAeasy Midi Kit (Qiagen, Gathersburg, MD) and RNAeasy Mini kit (Qiagen) for 

cleanup. RNA quality was assessed using a Bioanalyzer (Agilent Technologies, Santa Clara, 

CA). Quantitative RT-PCR was performed with the Roche LightCycler 480II (Roche 
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Applied Science, Indianapolis, IN). Sequence-specific TaqMan probes and primer sets (Mm 

00515002 for Gnb1) were obtained from ABI (Applied Biosystems, Foster City, CA) and 

qRT-PCR was performed according to the manufacturer’s protocol (ABI Master Mix, 15 μl/

sample, 20 ng cDNA/sample). Samples from three mice per line were assayed in triplicate 

on a single plate. Following correction for two endogenous controls (Gapdh and Pkg1), 

relative quantities of the transcripts were calculated using the LightCycler 480 Software 

release 1.5.0 SP4.

Functional Validation of Gnb1 Effect on Alcohol Consumption

All experiments were performed under a protocol approved by the University of Colorado 

Denver Institutional Animal Care and Use Committee.

Production of adenovirus expressing Gnb1 or scrambled shRNA—Small 

interfering RNAs targeting Gnb1 were designed by Dr. Amy Lasek (University of Illinois, 

Chicago) using the siDesign Center at Thermo Fisher Scientific (http://

www.dharmacon.com/DesignCenter/DesignCenterPage.aspx). These 19 nt sequences were 

incorporated into DNA oligonucleotides encoding short hairpin RNAs (shRNAs) and cloned 

into the lentiviral-vector pLL3.7 (Lasek et al., 2007), which includes a U6 promoter for 

shRNA expression and a CMV promoter for eGFP expression. The targeting sequence used 

for the Gnb1 shRNA is: GGAAGAATCCAAATGCGGA. The viral plasmids containing the 

shRNAs were tested in Neuro2A cells for ability to reduce expression (mRNA) levels of 

Gnb1 (Lasek et al., 2007, Lasek et al., 2010). The shRNA constructs (Gnb1 and scrambled 

[Scr]) provided by Dr. Lasek were used to produce adenoviral vectors. The pLL3.7 vector 

was digested with EcoRI, blunted and digested with XbaI for cloning into the pSHUTTLE 

vector (He et al., 1998), which was modified by insertion of a chromosomal insulator (P2) to 

reduce inflammation caused by the vector, and a polyadenylation site (pA). The constructs 

were verified by sequencing to contain the cloned shRNAs and eGFP. The plasmids were 

then linearized with PmeI and contransformed by electroporation into E. Coli BJ5183 cells 

with an adenoviral backbone vector, pAdEasy (He et al., 1998). Recombinants were selected 

for kanamycin resistance. The recombinant plasmids were digested with PacI to release the 

viral chromosome, and the DNA was used to transfect an adenovirus packaging cell line, 

HEK293A (Life Technologies), using Lipofectamine 2000, to produce virus. Cells were 

harvested after 21 days, when most showed a cytopathic effect, freeze-thawed to release 

virus, and centrifuged to remove cell debris. The supernatant was stored at −80°C. 

HEK293A cells were infected with the crude lysate to increase the virus titer, and virus was 

collected as described. Virus was titered by measuring absorbance at 260 nm (virus 

particles/ml) or by using the Adeno-X Rapid Titer Kit (Clontech, Mountain View, CA), 

which provides a measure of infectious units (ifu). To assay the Gnb1 shRNA effect, 

Neuro2A cells were infected in suspension with the adenoviral stock (MOI 50) and plated 

on 12-well plates. Protein lysates were prepared at various times after plating and assayed 

for Gβ1 by immunoblotting (Figure S1).

Stereotactic Injections

A. Effect of Gnb1 shRNA on G protein β1 subunit (Gβ1) protein levels: Male DBA/2 

mice (~25g) were anesthetized with pentobarbital and placed in a stereotaxic frame. Holes 
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were drilled in the skull above the target area (nucleus accumbens). Infusions of the 

adenoviral vectors (1.75 μl/side) were made with a Hamilton syringe, connected to an 

infusion pump. Virus (Gnb1 shRNA, 1.46 × 106 virus particles/μl or Scr shRNA, 1.46 × 106 

virus particles/μl) was injected bilaterally into the nucleus accumbens (coordinates are in 

reference to bregma: AP, +1.25 mm; ML, ± 0.9 mm; DV, −3.75 mm). Virus was allowed to 

diffuse for 5 min before the needle was removed. Mice were singly housed and levels of 

Gβ1 protein were assessed by immunohistochemistry at 26 days after virus injection.

B. Effect of Gnb1 shRNA on alcohol consumption: A different set of male DBA/2 mice 

(~25 g) were anesthetized with pentobarbital and placed in a stereotaxic frame, and injected 

as described above. Virus (Gnb1 shRNA, 1.2410e11 ifu or Scr shRNA, 1.410e11 ifu) was 

injected bilaterally into the nucleus accumbens (AP, +1.25 mm; ML, ±0.9 mm; DV, −3.75 

mm, relative to bregma). Mice were allowed to recover for one week prior to initiating 

alcohol consumption experiments.

Alcohol Consumption—Mice were singly-housed and given 24-hr free choice access to 

water or alcohol solutions (3% w/v for 5 days, 6% w/v for seven days), as previously 

described (Blednov et al., 2001, Yoneyama et al., 2008). The experiments were carried out 

in standard cages. Drinking tubes were placed through holes in the cage top and two tubes 

were continuously available to each mouse. Tubes were weighed daily, and food was 

available ad libitum. Mice were sacrificed after the last day of access to 6% ethanol, 

approximately 3 weeks after virus injection.

Immunohistochemistry—Mice were anesthetized with pentobarbital, and subjected to 

intracardiac perfusion with 0.9% cold heparinized saline and 4% paraformaldehyde in 

phosphate buffer. The brain was removed and allowed to remain in 4% paraformaldehyde 

for one day before being cryoprotected in 30% sucrose for an additional day. Brains were 

sectioned in the coronal plane on a freezing sliding microtome at 30 um thickness and 

sections were stored in a cryoprotectant solution. To determine the number of Gβ1-stained 

cells in hippocampus, sections containing nucleus accumbens were processed 

immunohistochemically using antigen retrieval and double fluorescence labeling for GFP 

(mouse monoclonal antibody, 1:1000, Millipore Corp.) and for Gβ1 (rabbit polyclonal 

antibody, 1:1000, Santa Cruz Biotechnology). Secondary antibodies were Dylight 594-

conjugated AffiniPure Donkey anti-rabbit IgG (1:500, Jackson ImmunoResearch 

Laboratories) for Gβ1, and for GFP, AlexaFluor 488-conjugated AffiniPure Donkey anti-

mouse IgG (1:200, Jackson ImmunoResearch Laboratories). Sections were mounted on 

slides and coverslipped with an antifade fluorescent mounting medium. Examination of the 

stained sections was done with a spinning disc confocal system (Intelligent Imaging 

Innovations (3i) Marianas SDC) mounted on a Zeiss LSM510 microscope. The system is 

equipped with lasers having 488 nm (for excitation of green-emitting fluorophores) and 561 

nm (for excitation of red-emitting fluorophores) excitation wavelengths. Images were 

obtained with Slidebook 5.5 software (3i), and images from the sections containing the 

nucleus accumbens (range, Bregma +0.86 to Bregma +1.54) were imported into ImageJ to 

separate the channels, and then imported into Adobe Photoshop where equally sized areas 

Hoffman et al. Page 8

Genes Brain Behav. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



from the nucleus accumbens on each section were outlined, and all Gβ1-stained cells and 

GFP-stained cells within this outline were counted.

Brains from DBA2 mice that had been treated with virus expressing Gnb1 shRNA or Scr 

shRNA and had consumed alcohol were obtained and sectioned as described above, and, to 

evaluate targeting of the injected vectors, GFP fluorescence was directly visualized in 

sections containing nucleus accumbens (range, Bregma +0.26 to Bregma +2.96) on an 

Olympus AX70 microscope.

Results

Selective Breeding of HAP3 and LAP3 Mice for Alcohol Preference

Figure 1 shows the alcohol consumption of male HAP3 and LAP3 mice over generations of 

selection. The relatively slow response to selection reflects the heritability of the selected 

trait of alcohol preference/consumption, which was estimated at 0.3 for the first 10 

generations of HAP3/LAP3 mice (Falconer & Mackay, 1996, Oberlin et al., 2011). Alcohol 

consumption by the LAP3 mice appears to reach a “floor” by generation 4. The level of 

alcohol intake reached by the HAP3 mice at generation 13 is less than that reached by male 

HAP1 or HAP2 mice at generation 13 (Oberlin et al., 2011). However, there is a substantial 

difference in alcohol intake between HAP3 and LAP3 mice by this generation, which 

continues to increase through generation 19 (Figure 1).

It has been shown that HAP3 mice achieve blood alcohol levels high enough to have 

pharmacological effects when measured at the highest point of alcohol intake (Matson & 

Grahame, 2011). It must be emphasized, however, that the gene expression measurements in 

this study were performed on HAP3 and LAP3 mice that never consumed alcohol. Our 

experiments are designed to determine genomic regions (deeQTLs, rveQTLs) that affect gene 

expression levels during the course of a selective breeding experiment, and to identify 

potential candidate genes that may predispose to differences in alcohol consumption, not to 

identify changes in gene expression levels that occur as a result of alcohol consumption.

Transcript Expression Differences Measured During Selection of HAP3 and LAP3 Mice

After filtering for sequences that contained known SNPs, normalization and filtering for 

present calls (i.e., present in all 62 samples), 15,259 probesets (37% of original probesets on 

the arrays) remained for analysis. The batch adjustment was applied to this set of 15,259 

probesets. We examined the effect of batch on the expression data before and after 

adjustment using hierarchial clustering (Figure S3) and a principal component analysis. 

Prior to adjustment, the first principal component accounted for 98% of the variation in 

expression. This principal component had a strong association with batch (p<1.0 × 10−7) 

even after accounting for the line (HAP vs. LAP) and for generation. After adjustment, the 

first principal component (99% of variation) was no longer associated with batch (p=0.56).

As shown in Figure 2, using the significance threshold described in Methods, at generation 

6, 22 probesets (19 genes) were differentially expressed and maintained that difference in 

expression thereafter (up to generation 13). The number of differentially expressed probesets 
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at each measured generation then remained relatively constant as selection proceeded 

(Figure 2). All of these differentially expressed transcripts are listed in Table S3.

Reduction in Variance of Transcript Expression Levels Measured During Selection of 
HAP3 and LAP3 Mice

Using the significance threshold described in Methods, there were 46 probesets (40 

annotated genes) that showed reduced variance in expression levels in HAP3 mice, and 21 

probesets (18 annotated genes) in LAP3 mice, between generation 0 (HS mice) and 

generation 6 of selection, and that maintained that reduced variance until generation 13 

(Figure 2). Three transcripts showed reduced variance of expression levels at generation 8, 

and 12 at generation 9, in HAP3 mice. In LAP3 mice, the largest number of probesets with 

reduced variance of expression was observed between generation 0 and 6, with only one 

probeset showing reduced variance of expression at the later generations of selection (Figure 

2). All of these probesets with reduced expression variance are listed in Table S4.

eQTLs for Differentially Expressed Transcripts (deeQTLs) and Transcripts with Reduced 
Variance of Expression (rveQTLs)

At each generation of selection where transcript expression levels were measured, common 

eQTLs were identified for transcripts that displayed significant differential expression 

between the lines, or reduced variance of expression in each line, and maintained the 

differential expression or reduced variance of expression through generation 13. As shown 

in Table S5, there were five significant (FDR<0.05) deeQTLs at generation 6, one 

significant deeQTL each at generations 8, 9, and 10, and two at generation 13. rveQTLs were 

identified separately for the HAP3 and LAP3 lines. For LAP3 mice, all 6 significant 

(FDR<0.05) rveQTLs were identified in generation 6, while in the HAP3 mice, 1 rveQTL 

was identified in generation 6, 11 rveQTLs were identified in generation 8, and 13 rveQTLs 

were identified in generation 9 (Table S5). If the deeQTLs and rveQTLs are important for the 

selected trait of alcohol consumption/preference, then one might expect that the deeQTLs 

and rveQTLs would occur in common regions of the genome, and would also occur in 

regions of the genome that have previously been associated with alcohol consumption 

(QTLs) (Table S2). Table 1 shows the deeQTLs that overlap with rveQTLs and QTLs. It is of 

particular interest that all but two (5/7) of the deeQTLs that overlap with a rveQTL also 

overlap with a QTL previously identified for alcohol consumption/preference (Table 1 and 

Table S5).

Candidate Gene Identification

The genomic regions defined by the deeQTLs and rveQTLs control the expression levels of a 

higher proportion of differentially expressed transcripts, or of transcripts with reduced 

expression variance, than would be expected by chance. However, these genomic regions do 

not control the expression of all of the differentially expressed transcripts or transcripts with 

reduced variance of expression. In order to prioritize particular transcripts as potential 

candidates that contribute to differences in the selected trait of alcohol consumption, we 

used multi-locus models to identify transcripts that were differentially expressed and that 

were significantly associated with (strongly controlled by) a deeQTL that overlapped 

an rveQTL and a phenotypic QTL (the deeQTL was identified in the generation where the 
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transcript first displayed differential expression). The “candidate genes” identified in this 

manner are shown in Table 2, and their patterns of expression over generations are shown in 

Figure 3. We verified the significance of differential expression of these “candidate genes” 

by accounting post hoc for dependence across generations and multiple testing (FDR<1%). 

These genes were further prioritized based on whether they also displayed reduced variance 

of expression levels. Five transcripts (Gnb1, Peg3, Fam168a, Usp53 and Acer3) met these 

criteria, and represent the highest priority candidate genes. The other genes shown in Table 

2 were differentially expressed and associated with the deeQTL/rveQTL/QTL regions, but 

did not show a significant reduction in variance of expression. Some of the highest priority 

genes had a major (strongly associated, usually cis) eQTL that was in the same location as 

the deeQTL (e.g., Gnb1, Usp53, Acer3), while for the others, the major eQTL was located 

outside of the deeQTL. When the major eQTL was in the same location as the deeQTL, the 

multivariate model explained a relatively large proportion of the variance in transcript 

expression (Table 2).

Gnb1, the G protein beta 1 subunit (Gβ1), and Usp53, ubiquitin specific peptidase 53, are 

expressed at higher levels in brains of LAP mice. Gnb1 was identified and validated in our 

previous analyses as a candidate gene associated with differences in predisposition to 

consume alcohol (Mulligan et al., 2006, Saba et al., 2006, 2011, Tabakoff et al., 2008), and 

its differential expression between HAP3 and LAP3 mice was verified by qRT-PCR analysis 

(Figure 4). Acer3, alkaline ceramidase 3, Peg3, paternally expressed 3 (also known as Pw1, 

Zfp102 and Gcap4), and Fam168a, family with sequence similarity 168, member A (also 

known as TCRP1), are expressed at higher levels in brains of HAP3 mice.

Functional Validation: Effect of Gβ1 on Alcohol Consumption

To evaluate the effect of Gβ1 on alcohol consumption, we targeted the viral vector to 

nucleus accumbens, a brain area that is crucial for the rewarding effects of ethanol, as well 

as other drugs (Koob & Volkow, 2010). We previously reported that whole brain expression 

levels of Gnb1 significantly negatively correlate with alcohol consumption levels in BXD 

recombinant inbred (RI) mice (Tabakoff et al., 2008). Using gene expression data available 

from Gene Network (www.genenetwork.org), we also found that Gnb1 expression in the 

nucleus accumbens (GN accession # GN156) significantly negatively correlated with 

alcohol consumption in the BXD RI panel (p=0.015). Because Gnb1 levels are higher in 

brains of mice that drink low amounts of alcohol (Saba et al., 2011), we elected to lower 

Gβ1 levels in a strain of low-drinking mice (DBA/2), hypothesizing that this manipulation 

would increase alcohol consumption. In one group of DBA/2 mice, we determined that 

treatment with adenoviral vector expressing Gnb1 shRNA lowered the number of cells 

expressing Gβ1 in nucleus accumbens by about 40% (Figure S2). In a separate group of 

DBA/2 mice, which were used to assess alcohol consumption, we verified the targeting of 

the adenoviral vector injection by visualization of GFP fluorescence (Figure 5B). When GFP 

was observed in the nucleus accumbens on both sides of brain, injections were classified as 

“on target”. Otherwise, injections were classified as “off target” (regardless of whether GFP 

was observed outside of the nucleus accumbens). Groups of DBA/2 mice injected with 

adenovirus expressing scrambled (Scr) shRNA, whether the injection was “on target” or “off 

target”, as well as mice injected “off target” with the adenovirus expressing Gnb1 shRNA, 

Hoffman et al. Page 11

Genes Brain Behav. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



consumed amounts of 6% alcohol, averaged over a period of 7 days, that were not 

significantly different (Figure 5A), and these amounts were comparable to previously 

reported levels of alcohol consumption by DBA/2 mice in a 24 hour, 2-bottle choice 

paradigm (Belknap et al., 1993, Wahlsten et al., 2006). However, mice that were injected 

“on target” into the nucleus accumbens with the adenovirus expressing Gnb1 shRNA 

(Figure 5B) showed a significant increase in alcohol intake, compared to all other groups 

(Figure 5A) (ANOVA corrected for heterogeneous variance indicated a significant effect of 

treatment on alcohol consumption, F(3,10) = 8.16, P = 0.0048; Gnb1 shRNA “on target” 

group significantly different from all other groups, see Figure 5A). Similar results were 

found for preference for 6% alcohol (ml alcohol/ml total fluid × 100): Gnb1 shRNA “on 

target”, 10.2 ± 1.5% preference (mean ± SD); Scr shRNA “on target”, 5.0 ± 4.5% 

preference; Scr shRNA “off target”, 5.0 ± 1.6% preference; Gnb1 shRNA “off target”, 4.5 ± 

2.4% preference (ANOVA corrected for heterogeneous variance, F(3,19) = 8.45, P = 

0.0043; Gnb1 shRNA “off target” group, P = 0.005, Scr shRNA “off target” group, P = 

0.001, Scr shRNA “on target” group, P = 0.054, compared to Gnb1 shRNA “on target” 

group, Fisher’s LSD test).

Discussion

Previous work by us and others has used the “genetical genomic/phenomic” approach for 

identification of candidate genes that affect complex traits through variation in their 

expression levels. This method involves determining the correlation of gene expression 

levels with the complex trait across a panel of inbred or recombinant inbred animals, or 

another segregating population, and using the overlap of phenotypic and expression QTLs 

(QTLs and eQTLs) as a filter to identify candidate genes among the correlated genes. In our 

studies, we chose to examine whole brain gene expression data because the predisposition to 

alcohol use involves numerous brain regions (see Crabbe et al., 2006, Koob & Volkow, 

2010). Furthermore, we have reported that gene expression and eQTL data from whole brain 

captures the majority of transcripts that are associated with alcohol consumption in relevant 

brain areas (Vanderlinden et al., 2013). Using this method with mice and rats, we have 

previously identified candidate genes and signaling pathways in brain that are proposed to 

influence the predisposition of the animals to consume varying amounts of alcohol (Saba et 

al., 2006, Tabakoff et al., 2008, 2009).

During the independent selective breeding experiment to generate the HAP3 and LAP3 lines 

from HS mice, we had the unique opportunity to track the development not only of 

differential gene expression levels, but also changes in the variance of gene expression 

levels, as selection proceeded. To our knowledge, this is one of the only studies of this type 

to be performed using a rodent model for a complex behavioral trait, and these data allowed 

us to identify common eQTL regions (deeQTLs and rveQTLs) that are postulated to reflect 

regions of the genome affected by selective breeding. We considered that genomic regions 

associated with both differential gene expression and reduced variance of gene expression 

(overlapping deeQTL and rveQTL) would be the most likely to be associated with the 

process of selection for the phenotypic trait. The utility of the filter is supported by the 

finding that 5/7 of the overlapping deeQTL/rveQTL genomic regions also overlap with 
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previously identified QTL regions associated with alcohol preference, based on 2-bottle 

choice procedures (Belknap & Atkins, 2001, Bice et al., 2011, Rodriguez et al., 1995).

A limitation of this analysis is that the alcohol consumption QTLs are derived from studies 

of HAP1/LAP1 mice and from mapping populations derived from C57BL/6 and DBA/2 

mice, not from the progeny of the selected lines of HAP3 and LAP3 mice. The eQTLs are 

also derived from BXD recombinant inbred mice. However, C57BL/6 and DBA/2 mouse 

strains were included in the cross that produced the HS mice from which the HAP and LAP 

mice are derived (Mcclearn et al., 1970) and, of the eight inbred strains in the cross, 

C57BL/6 show the highest alcohol preference, and DBA/2 are among the strains showing 

the lowest alcohol preference. Therefore, it is likely that alleles from these strains are major 

determinants of genetically-mediated differences in alcohol consumption/preference, and it 

is notable that phenotypic QTLs derived from progeny of HAP1/LAP1 and HAP2/LAP2 

mice are in the same genomic regions as those found for mice derived from C57BL/6 and 

DBA/2 strains (Bice et al., 2009, 2006, 2011). The finding that most of the 

overlapping deeQTL/rveQTL regions also overlap with QTLs for alcohol consumption/

preference serves as a proof of concept for the approach used in this study, but it must be 

acknowledged that QTLs derived from other strains included in the HS cross cannot be 

detected in this analysis.

The differentially expressed genes listed in Table 2 highlight the fact that the expression 

levels of many transcripts in brain are controlled by multiple genetic loci (also see Table 

S3). Three of the transcripts in Table 2 (Usp53, Map3k7, Xaf1) had more than one deeQTL 

contributing independently to their expression level. The influence of multiple QTL regions 

on gene expression levels may also be evident from the expression patterns of the transcripts 

as selection proceeds (Figure 3). Most of the differentially expressed transcripts, including 

the candidate transcripts that show differential expression beginning at generation 6 (Gnb1, 

Usp53), maintain the same magnitude of differential expression through generation 13. This 

pattern suggests that transcript expression levels are regulated from a small number of 

eQTLs that have strong effects. However, some transcripts, notably Mphosph9 (Figure 3b), 

show continual increases in the magnitude of differential expression that parallel the 

changes in the phenotype of alcohol consumption over generations of selection. Transcripts 

such as this are likely to be regulated by numerous eQTLs, each of which has a relatively 

small effect on expression levels, i.e., at each generation, more eQTLs with small effects on 

expression become evident. By determining deeQTLs for transcripts such as this only at the 

first generation where differential expression occurs, we may miss other loci that become 

fixed at later generations.

Numerous studies have identified candidate genes for alcohol consumption as genes with 

expression levels that correlate with phenotypic values (Edenberg et al., 2005, Hu et al., 

2008, Kimpel et al., 2007, Mcbride et al., 2013, Mulligan et al., 2008, Mulligan et al., 2006, 

Saba et al., 2006, Tabakoff et al., 2008, Tabakoff et al., 2009), including differences in 

expression levels between lines of animals selected for high and low alcohol preference. 

Fewer studies have investigated reduced variance of gene expression as an indicator of a 

genomic locus affected by selection. Hughes and Buitenhuis (2010) found reduced variance 

of transcript expression in a line of chickens selected for high feather picking, compared to 
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controls, but did not find differences in mean expression values between these groups. Ho et 

al. (2008), studying variability of gene expression in populations with and without disease, 

also noted that a number of genes that appeared to be relevant to a particular disease 

displayed differential variability of expression in the absence of mean differences in 

expression levels. As suggested by Hughes and Buitenhuis (2010), genes with reduced 

variance of expression in a selected line may reflect the influence of selective breeding, but 

it is not clear that such genes (if they are not differentially expressed) contribute to the 

selected behavior. We propose that our “high priority” transcripts, which display both 

differential expression between the selected lines and reduced expression variance, are the 

most likely to represent genes that are influenced by selection, and are valid candidate genes 

for predisposition to differences in alcohol preference.

The highest priority candidate genes that we identified have been implicated in cell signaling 

and cell survival/proliferation/apoptosis. The Gβ1 protein (product of Gnb1) plays a key role 

in cell signaling, including modulation of activity of adenylyl cyclases, potassium channels, 

phospholipase C and N-type calcium channels, and has also been implicated in epigenetic 

regulation of gene expression, synaptic function (e.g., receptor trafficking, neurotransmitter 

release), and regulation of Map kinase activity (Dupre et al., 2009). The protein product of 

Usp53 is a member of a protease family (ubiquitin-specific proteases) of deubquitylating 

enzymes (Quesada et al., 2004). In general, these proteases remove ubiquitin and ubiquitin-

like domains from ubiquitin-conjugated proteins. Ubiquitylation of proteins plays a role in 

many cellular processes, including cell cycle progression, DNA repair, vesicular trafficking, 

signal transduction, etc. (Glickman & Ciechanover, 2002, Hochstrasser, 2000, Weissman, 

2001). However, the human USP53 showed no catalytic activity in a deubiquitylating assay 

(Quesada et al., 2004). It was suggested that this non-protease member of the USP family 

could function as a regulatory or inhibitory (“dominant negative”) factor (Quesada et al., 

2004). On the other hand, a study of the proteins that interact with deubquitylating enzymes 

suggested that Usp53 may be involved in mitotic processes (Sowa et al., 2009). The protein 

product of Acer3 is an alkaline ceramidase. Ceramidases hydrolyze ceramides to form 

sphingosine. Ceramide, sphingosine and sphingosine phosphates are bioactive lipids that 

mediate cell proliferation, differentiation, and apoptosis, as well as cell migration and cell 

adhesion (Hu et al., 2010, Mao & Obeid, 2008). Ceramidase has been reported to regulate 

synaptic vesicle exocytosis and trafficking (Rohrbough et al., 2004). The protein product of 

Peg3 is a maternally imprinted transcription factor, which is expressed only from the 

paternally inherited allele (Thiaville et al., 2013). Knocking out this gene results in 

increased apoptosis in numerous brain regions important for reproductive behavior, 

olfactory processing and reward (Broad et al., 2009). Adult knockout mice show a complex 

olfactory deficit that affects estrous odor preferences (Swaney et al., 2008). Little is known 

about the function of the protein product of Fam168a in rodents. In humans this protein is 

called “tongue cancer resistance-associated protein”, TCRP, and it has been found to 

promote resistance to radiation and the chemotherapeutic agent cisplatin by activating the 

PI-3 kinase/Akt/NF- B cell survival pathway (Gu et al., 2011, Peng et al., 2012).

The identification of a gene product that plays an important role in olfactory processing 

(Peg3), in combination with gene products involved in cell proliferation and survival (e.g., 
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Gnb1, Acer3, Usp53, Fam168a), suggests the possibility of differences between HAP3 and 

LAP3 mice in the olfactory system, including neurogenesis and neuroplasticity in this 

system that occurs in the adult (Whitman & Greer, 2009). This conclusion is compatible 

with our previous work, in which both the function and brain regional localization of 

candidate genes led us to propose that olfactory cues, as well as learning processes, may 

regulate voluntary alcohol intake by mice in the two-bottle choice paradigm (Tabakoff et al., 

2008). The role of flavor perception, which involves taste, olfactory and chemosensory 

information, has often been discussed with regard to its influence on initial alcohol 

consumption (Bachmanov et al., 2003, Kampov-Polevoy et al., 1990). Using a “lickometer” 

apparatus, we have found that HAP mice prefer the taste of alcohol, while LAP mice do not 

(Hoffman et al., 2010), and recent studies have shown similar results with an alcohol-

preferring rat line (Brasser et al., 2012). The increase in alcohol consumption/preference that 

resulted from lowering levels of Gβ1 in brains of DBA/2 mice is also consistent with a role 

for orosensory perception in alcohol consumption by these mice. The amount of alcohol 

consumed by the DBA/2 mice, even after lowering Gβ1 levels, is unlikely to result in 

pharmacological (“rewarding”) effects. The observed increase in consumption is more likely 

to reflect a decrease in taste or smell aversion, given the intimate connections between 

central taste and olfactory pathways and the reward system, including the nucleus 

accumbens (Wesson & Wilson, 2011, Yamamoto, 2006). In future studies, it would be of 

interest to determine whether changes in Gβ1 levels would alter preference or avoidance of 

tastants such as sucrose or quinine. Since only one differentially expressed candidate 

transcript (Gnb1) was found in common in all three of the HAP and LAP selection 

experiments, as well as between C57BL/6 vs DBA/2 mice (Saba et al., 2011), we conclude 

that the same behavioral phenotype can be achieved through varying combinations of 

differentially expressed genes that arise during the processes of selective breeding or 

inbreeding.

The current study suggests an approach to the identification of genomic regions that are 

affected during a selective breeding experiment. This approach, which is based on the 

genetics of gene expression (eQTL analysis), has the added advantage of identifying specific 

candidate genes associated with the selected phenotype, in this case, the predisposition to 

variation in alcohol consumption. It can be envisioned that analysis of the genetics of gene 

expression in relevant tissues could be used to design and/or track the progress of selective 

breeding for other phenotypes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Alcohol Consumption during Selective Breeding of HAP3 and LAP3 Mice
Selective breeding was based on consumption of a 10% alcohol solution in a 24 hr access, 2-

bottle choice paradigm, as reported previously (Grahame et al., 1999, Oberlin et al., 2011). 

Values represent mean ± SEM (n=32–43 mice per line in each of generations 6–18). Mice 

used for gene expression analysis did not consume alcohol, but were from second litters in 

each generation. Consumption was significantly different between HAP3 and LAP3 mice in 

generation 6–18 (p<6.8 × 10−5 at each generation, t-test).
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Figure 2. Differentially Expressed Probesets, and Probesets Displaying Reduced Variance of 
Expression During Selection for HAP3 and LAP3 Mice
Brain gene expression was determined using Affymetrix MOE430 v2 arrays from 4–5 mice 

at each generation. Following normalization and filtering for expression above background, 

differences in expression at each generation, that were maintained throughout selection 

(until generation 13), were determined using a moderated t-test (Panel A). Similarly, 

probesets that displayed reduced variance of expression, compared to generation 0 (HS 

mice), and that maintained that reduced variance throughout selection, were determined 

(Panels B and C). The cumulative number of probesets that displayed these characteristics at 

each generation of selection is indicated. Colors indicate the generation of which differential 

expression or reduced variance began.
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Figure 3. Candidate Transcripts for Alcohol Consumption in HAP3 and LAP3 Mice
Brain expression patterns over generations of selection for the transcripts listed in Table 2 

are shown (log base 2 expression level, mean ± SEM). Each of these transcripts, indicated 

by the gene symbol, displayed significantly different expression levels between HAP3 (red) 

and LAP3 (blue) mice beginning at the indicated generation (Table 2), and maintained 

differential expression until the last measurement, at generation 13. A. Gnb1, Usp53, Peg3, 

Fam168a and Acer3 also showed reduced variance of expression, compared to HS mice 

(generation 0) in at least one of the lines. B. The other differentially expressed transcripts 

did not show significantly reduced variance of expression.
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Figure 4. Verification of Differential Expression of Gnb1 in HAP3 vs LAP3 Mice by qRT-PCR
RNA was isolated from brains of three individual HAP3 and LAP3 mice (generation 12). 

qRT-PCR was performed on the Roche LightCycler 480 using primers and probes from 

ABI. Samples from all mice were assayed in triplicate in the same assay. Data were 

corrected for two endogenous controls (Gapdh and Pkg1), and relative quantities (ratio of 

target to standard, mean ± SEM) were calculated using the LightCycler 480 software. 

*P<0.006 (Student’s t-test).
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Figure 5. Functional Validation of the Role of Gnb1 in alcohol Consumption
DBA/2 mice were injected with an adenoviral vector expressing Gnb1 shRNA or scrambled 

(Scr) shRNA targeted bilaterally into the nucleus accumbens. One week later, mice were 

given access to alcohol in a 24-hr, 2-bottle choice paradigm. A. Mice treated with the Gnb1 

shRNA (n=3) that was targeted correctly (bilaterally to the nucleus accumbens;” on target”) 

showed increased consumption of 6% ethanol (g/kg/24 hr) compared to mice treated with 

scrambled (Scr) shRNA (“on target”, n=4, “off target”, n=4) or to mice treated with Gnb1 

shRNA that was not correctly targeted (“off target”, n = 3). Results are the average 

consumption of alcohol over a 7-day period of access to 6% alcohol. ANOVA corrected for 

heterogeneous variance showed a significant effect of treatment (F (3, 10) = 8.16, P = 

0.0048). Post-hoc analysis (Fisher’s LSD test) showed that the “ on target” Gnb1 shRNA 

group was significantly different from all other groups (P values shown in Figure). B. GFP 

fluorescence, indicating infection by the adenovirus, is visible in the nucleus accumbens 

(indicated by white dotted lines outlining shell and core regions) of a mouse treated with 

Gnb1 shRNA, which showed increased alcohol consumption. This representative section is 

located at approximately Bregma +1.78 mm. Similar results were found in various sections 

throughout the nucleus accumbens, and for other mice that showed an increase in alcohol 

consumption.
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