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Abstract

Of the more than 100 studies that have examined relationships between excessive ethanol 

consumption and the brain transcriptome, few rodent studies have examined chronic consumption. 

Heterogeneous stock collaborative cross mice freely consumed ethanol vs. water for 3 months. 

Transcriptional differences were examined for the central nucleus of the amygdala, a brain region 

known to impact ethanol preference. Early preference was modestly predictive of final preference 

and there was significant escalation of preference in females only. Genes significantly correlated 

with female preference were enriched in annotations for the primary cilium and extracellular 

matrix. A single module in the gene co-expression network was enriched in genes with an 

astrocyte annotation. The key hub node was the master regulator, orthodenticle homeobox 2 

(Otx2). These data support an important role for the extracellular matrix, primary cilium and 
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astrocytes in ethanol preference and consumption differences among individual female mice of a 

genetically diverse population.
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1. Introduction

Using either microarrays or RNA-Seq, there are now more than 100 studies across multiple 

species that have examined some aspect of the relationships between excessive alcohol 

(ethanol) consumption and the brain transcriptome. The first meta-study was in mice [1] and 

illustrated the breadth of the transcriptional features associated with genetic predisposition 

for high ethanol intake or preference. Subsequent studies, in mice [2–7], rats [8–10], non-

human primates [11,12] and humans [13–15], have all confirmed the breadth of the 

transcriptional effects associated with genetic risk for ethanol use and consequent to its use. 

Further, all aspects of the addiction circuitry [16,17] appear to be affected (e.g. [5,18]). 

Some common transcriptional features across species have emerged; genes associated with 

synaptic plasticity and especially glutamate plasticity, genes associated with cell adhesion 

and genes associated with neuro-immune function have all been repeatedly detected [see 

[13] and references therein]. These studies have been important for identifying risk and 

consequence mechanisms that could lead to new risk markers and therapeutic developments.

Our research has emphasized the use of selective breeding in mice to detect genes and gene 

ensembles associated with risk for high ethanol preference and consumption [3–6,19]. The 

founding populations for all selectively bred lines are genetically heterogeneous to provide 

genetic diversity critical to successful selective breeding. However, the genetic diversity 

among the mouse selective breeding projects that have been performed for ethanol intake or 

preference has varied. For selective breeding, in addition to genetic variation, individual 

differences for the selection phenotype within the founding population are critical. During 

the course of our studies, we observed that 10 to 15% of Heterogeneous Stock-Collaborative 

Cross (HS-CC) [20] mice have a preference for consuming more of their fluid from the 

ethanol- than water-containing tube. In contrast, less than 5% of our heterogeneous stock-

Northport (HS/NPT) mice [21] have a similar ethanol preference (unpublished 

observations). The HS-CC were formed by crossing 8 inbred mouse strains, including three 

wild-derived strains (CAST, WSB and PWK). The HS/NPT were formed by crossing 8 

standard laboratory mouse strains. The HS-CC encompasses 89% of the genetic diversity 

available in Mus musculus, whereas the HS/NPT encompasses 36% of the available genetic 

diversity [22]. The Diversity Outbred population maintained by The Jackson Laboratory 

(Bar Harbor, ME) has a related genetic pedigree to the HS-CC and a similar percentage of 

mice exhibit ethanol preference (unpublished observations).

Colville et al. [4,5] used short-term selective breeding from HS-CC founders to rapidly 

produce High and Low preference selected lines. Across the prelimbic cortex, the nucleus 

accumbens (NAc) shell and the central nucleus of the amygdala (CeA), transcriptome 
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analyses established significant differences between the selected lines in the expression of 

cell adhesion genes (particularly cadherins and protocadherins) and genes associated with 

synaptic plasticity. Regarding the latter, Dlg2, which encodes for PSD-93, was found to be a 

key selection-relevant hub node. The current study uses a random population of HS-CC mice 

in a different context, one of chronic (3 month) ethanol consumption (24 h/7 d per week two 

bottle choice). Here, the focus is on 3 different but likely related parameters, addressed by 

the following questions: 1. Given that a moderate proportion of the mice would begin with 

an ethanol preference ≥ 0.5, would this higher preference be present at the end of the 3 

month trial? 2. What proportion of mice that begin the trial with a preference ratio < 0.5 

would escalate to a preference ratio ≥ 0.5? 3. At the end of the three month trial, is it 

possible to detect a transcriptional signature associated with high preference and is this 

signature different from the risk signature previously detected [5], when comparing the HS-

CC High and Low selected lines? The transcriptional analyses focused on the central 

nucleus of the amygdala (CeA) which is known to have a key role in the regulation of 

ethanol preference (e.g., [23]).

2. Materials and methods

2.1 . Animals and husbandry

The HS-CC mice used in the current study were obtained from the breeding colony at the 

VA Portland Health Care System, an AAALAC accredited facility. The HS-CC colony is 

maintained as 48 families using a rotational breeding design. All procedures were in 

accordance with the VA Institutional Animal Care and Use Committee and were performed 

according to NIH Guidelines for the Care and Use of Laboratory Animals. Mice within the 

breeding colony were maintained at 21±1°C on a 12-h light:dark schedule, with lights on at 

0600 h. They were housed in filtered acrylic plastic cages (19×31×13 cm) on Eco-Fresh 

bedding (Absorption Corp., Ferndale, WA) with tap water and Purina 5001 chow (PMI 

Nutrition International, Brentwood, MO, USA) freely available. Pups were weaned and 

housed with same-sex littermates at postnatal day 21±2 d. One male and one female were 

randomly chosen from each of the 48 families for testing. An additional 12 males and 12 

females were randomly chosen such that there were no more than 3 mice from any family. 

Thus, a total of 120 mice entered the phenotyping protocol; 114 finished (there was some 

loss due mostly to drinking tubes leaking). Median age for both males and females was 15 

weeks at the initiation of ethanol preference testing.

2.2. Three-month 2-bottle choice trial

Prior to beginning the trial, mice were individually housed for 1 week in cages of the same 

type as during rearing, under the same lighting and temperature conditions. At the end of the 

1 week period, filter tops were removed from the cages to allow placement of two water-

filled glass graduated cylinders fitted with rubber stoppers and stainless steel sipper tubes, 

introduced for a 4-day period. On day 5, one of the tubes was replaced with a 5% (v/v) 

ethanol solution, diluted with tap water from 100% ethanol (Fisher BioReagents, Waltham, 

MA). The side containing the ethanol solution was switched every 2 days across a 4-day 

period. On day 9, the ethanol concentration was increased to 10% for 4 days of acclimation 

to the 10% concentration. The 3-month ethanol trial then began, during which mice had 
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access to water and 10% ethanol. The amounts of ethanol and water consumed were 

measured daily, and mice were weighed weekly. At the end of the 3 month (week 13) trial, 

all mice were euthanized between 1000 and 1400 h; ethanol was available until the time of 

euthanasia. In preliminary studies using HS-CC mice that had access to ethanol in the 2-

bottle choice procedure, we found that between 1000 and 1400 h, blood ethanol 

concentrations are essentially 0, even for mice with a high preference. Four hours into the 

dark phase (2200 h), mice with a preference ≥ 0.5 have blood ethanol concentrations in the 

50 to 90 mg/dl range. The mice were euthanized in four passes; thus, the ethanol trial lasted 

for 90–93 days. The key behavioral outcome measure was ethanol preference calculated as 

ml consumed from the ethanol tube divided by total ml consumed from both tubes. The 

weekly preference averages for each individual animal are presented in Supplementary 

Material Table S1. Repeated measures ANOVA (Statistica, TIBCO software, Inc., Palo Alto, 

CA, version 13.3) was used to examine the data for sex and time (initial week 1 vs. final 

week 13) effects on ethanol preference and consumption. Pearson correlations (Statistica) 

were used to follow individual animal week to week relationships and the initial (week 1) vs. 

final (week 13) week relationship. To determine if the correlations were significantly 

different, we followed Steiger [24] as implemented in Lee and Preacher [25].

2.3. Dissection of tissue and extraction of RNA

Brains were removed from euthanized mice and immediately frozen on dry ice. Ninety-six 

samples balanced for sex, family and preference quartile were chosen for dissection. Our 

previous studies [4,5] empirically established that in order to construct co-expression 

networks of high quality (see below), sample sizes of ~ 30 to 40 are required; given our 

previous observation of sex-specific transcriptional effects associated with excessive ethanol 

consumption [6] and the long-established observation that female mice have a higher 

preference than male mice, sufficient animals were funneled through dissection, RNA 

extraction and RNA-Seq to analyze the male and female data separately.

Frozen brains were sliced in 25 micron coronal sections on a cryostat (Leica Biosystems 

CM1800, Buffalo Grove, IL) at −13°C; slices containing the amygdala were mounted on 

PEN slides (Thermo Fisher Scientific, Waltham, MA). Mounted slices were lightly thionin 

stained under RNAse free conditions and dehydrated in increasing concentrations of ethanol 

diluted in RNAse free water (50%, 70%, 95%, & 100%) for 30 seconds each and then air-

dried. The CeA was dissected bilaterally on a Leica LMD-6000 using known anatomical 

landmarks [26]. Dissected tissue was processed with the Arcturus Picopure kit (Thermo 

Fisher Scientific) yielding on average 200ng of total RNA. RNA quality was assessed using 

the 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) and RNA Quality Scores. 

Only samples with RNA Quality Scores of > 7 and > 100 ng of total RNA were used for 

library formation.

2.4. RNA-Seq

Library formation (polyA+, stranded) and sequencing were all performed according to 

Illumina’s specifications at the OHSU Massively Parallel Sequencing Shared Resource. 

Briefly, libraries with strand orientation were prepared using the TruSeq RNA Sample 

Preparation Kit (Illumina, San Diego CA, USA). Libraries were sequenced on a HiSeq 2500 
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(Illumina). Eighty-six samples were sequenced. Libraries were multiplexed 6 per lane, 

balanced for sex, family and preference quartile, yielding approximately 25 to 30 million 

total reads per sample. In some lanes, there were only 5 samples. Data were aligned to the 

mouse genome (mm10, build 38). FastQC was used for quality checks on the raw sequence 

data. Two samples failed the Q/C and were not carried forward. Sequence data were aligned 

using STAR (Spliced Transcripts Alignment to a Reference [27]), allowing for a maximum 

of three mismatches per 100bp read. For all samples, > 85% of the reads uniquely aligned. 

Using the featureCounts suite [28], reads were aligned to known genomic features to 

generate counts at both exon and gene levels. Gene expression data were imported into the R 

application environment; upper-quartile normalization was performed using the DESeq2 

Bioconductor package [29]. The gene read density threshold for inclusion in all analyses 

was an average of ≥ 1 CPM across samples. These data have been deposited into NCBI’s 

Gene Expression Omnibus (RNA180116RH).

2.5. Correlations between gene expression and ethanol preference

Pearson correlations (uncorrected p < 0.05) were used to detect relationships between 

ethanol preference and individual gene expression. Data were analyzed by pooling data for 

males and females and also by examining each sex separately, based on our a priori interest 

in sex-specific outcomes; 14,447 genes met the threshold (see above) for inclusion in the 

analysis across both sexes. Principal components analysis was used to detect data clustering.

2.6. Co-Expression network construction

Gene co-expression networks were constructed using the Weighted Gene Co-expression 

Network Analysis (WGCNA) algorithm [30] as described in detail elsewhere [4,5,31]. 

Briefly, all genes meeting the threshold for inclusion (see above) were entered into the 

WGCNA. The number of modules is kept at 25 to 30, with no module having < 100 genes. 

Empirically, we have found that these conditions and keeping sample sizes at ~40 results in 

modules of high quality. Next, genes contributing the bottom 10% of network connectivity 

were culled from the networks [5]; these culled genes are generally denoted as “leaf” nodes 

within the networks. The culling step reduces the number of genes by 30 to 40% and reduces 

the subsequent computational burden. The next steps vary depending on the experimental 

design, but the focus is similar – which network module(s) contain the genes correlated with 

the phenotype under investigation. In the current study, this step was simplified by the 

observation that essentially all of those genes were found in a single module (brown). Once 

the module or modules are identified, the hub nodes are interrogated.

2.7. Gene ontology (GO) annotation

The GOrilla algorithm [32] was used to provide a representation of GO annotation 

enrichment against a background set of genes. Given that the correlations for the genes 

associated with preference or consumption were uncorrected, 1000 permutations of the data 

were used to set the minimum threshold for significance. No annotations with a FDR < 

0.001 were detected. Thus, the threshold for a significant annotation was set at a FDR < 

0.001. Cell-type enrichment analysis used the procedure outlined in Cahoy et al. [33].
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3. Results

3.1. Three-month 2-bottle choice trial

One hundred and fourteen HS-CC mice (58 females and 56 males) completed the trial. 

Weekly preference averages are found in Supplementary Material Table S1. Figures 1A and 

1B illustrate the week 1 compared to week 13 ethanol preference relationships for females 

and males, respectively. The correlation for the entire group of 114 mice was 0.47 (p < 

0.0001). The correlation for each of the sexes is shown in Figure 1 and was statistically 

significant for both sexes (ps < 0.001). However, week 1 preference explained somewhat 

more of the variance in week 13 for female mice (26%), compared to male mice (19%). 

When the preference data for weeks 1 and 13 (Figure 2) were analyzed by repeated 

measures ANOVA, a significant sex x week interaction was found (F[1,112] = 3.8, p = 0.05). 

In females, there was a significant increase in preference from week 1 to week 13 (0.20week1 

vs 0.31week13, F[1,112] = 17.8; p < 0.0001), whereas there was no significant change in the 

males (0.19week1 vs 0.23 week13, p = 0.16). Among the females, 7 mice began the trial with a 

preference ratio of ≥ 0.5 and 6 of these 7 females (86%) had an average preference ratio of ≥ 

0.5 in week 13 (Figure 3A). Among the males, 5 mice began the trial with a preference ratio 

in week 1 ≥ 0.5 and 3 of these males (60%) had an average preference ratio of ≥ 0.5 in week 

13 (Figure 3B). Note: preference values of > 0.45 have been rounded up to 0.5.

With regard to more profound increases in preference over time, among the females, 9 mice 

began the trial with a preference ratio < 0.5 in week 1 and had a preference ratio of ≥ 0.5 in 

week 13 (Figure 4A). For 4 of these animals, the total 13 week average preference ratio was 

≥ 0.5, as the result of escalation. Overall, 15/58 females (26%) ended the trial with a 

preference ratio in Week 13 of ≥ 0.5. Among the males, 8 mice began the trial with a 

preference ratio < 0.5 in week 1 and had a preference ratio of ≥ 0.5 in week 13 (Figure 4B). 

For only 1 of these animals was the escalation sufficient such that the average preference 

ratio across the 13-week trial was ≥ 0.5. Overall, 11/56 males (20%) ended the trial with a 

preference ratio in Week 13 of ≥ 0.5.

The data on consumption are found in Supplementary Material Table S2. The overall 

correlations between preference and consumption for weeks 1, 13 and across all weeks were 

0.90, 0.90 and 0.93 (N =114; ps < 0.00001). For females, the correlations for these time 

periods were 0.91, 0.93 and 0.95 (N = 58; ps < 0.00001). For males the correlations were 

0.92, 0.88 and 0.94 (N = 56; ps < 0.00001). Frequency distributions illustrating total amount 

of ethanol consumed are presented in Figure 5 to provide information about cumulative 

intake. Mean ± SEM total consumption was 427 ± 29 g/kg for the sexes combined for the 

13-week period. ANOVA identified a significant effect of sex (F[1,112] = 16.9, p < 0.0001), 

with females consuming an average of 537 ± 45 g/kg (range = 63 – 1508 g/kg) and males 

consuming 313 ± 30 g/kg (range = 41 – 1104 g/kg). Six females consumed ≥ 9 g/kg in week 

1 and this level of consumption was found in week 13 for 4 mice. Twelve females escalated 

consumption from < 9 g/kg in week 1 to ≥ 9 g/kg at the end of the trial. Four males 

consumed ≥ 9 g/kg in week 1 and 2 of these mice had this level of consumption at the end of 

the trial. Six males escalated consumption from < 9 g/kg in week 1 to ≥ 9 g/kg over the 

course of the trial.
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3.2. RNA-Seq analysis - central nucleus of the amygdala (CeA)

Ninety-six samples were chosen for RNA-Seq analysis, balanced for sex and quartile of 

ethanol preference. Data are provided in Supplementary Material Table S3 for 84 samples. 

Samples were lost for several reasons: failed dissection, low RNA yield, poor RNA quality, 

failed library preparation and poor sequencing. The final group included 12 high preference 

(≥ 0.5) females and 8 high preference males; the remaining 64 were distributed across the 

preference range from < 0.5 to 0. Results for principal components analysis of the data are 

illustrated in Figure 6. The data clustered into two components. Component 1 (the larger) 

was formed from 33 female and 31 male samples. Component 2 (the smaller) was formed 

from 10 female and 10 male samples. The differences between clusters 1 and 2 were largely 

driven by the higher expression in cluster 2 of a group of pseudogenes that included 

Gm13341 (p< 6 × 10−35), Gm11407 (p< 6 × 10−27), Gm13339 (p< 7 × 10−23), Gm29216 
(p< 1 × 10−19), Gm13340 (p< 5 × 1015), Gm4076 (p< 1 × 10−14) and Gm28438 (p< 4 × 

10−5) (see far right of Supplementary Material Table S3). These pseudogenes were of small 

to intermediate transcript length (345 to 1545 bp; see “Transcript Length” in Table S3). 

Removing these genes from the analysis had no effect on the results described below; 

further, if just the samples in cluster 1 are used, the results are essentially similar to those 

obtained by using all samples.

The analysis of the RNA-Seq data focused on preference phenotype x expression 

correlations, beginning with the data for all 84 mice, then moving to the 43 females and 41 

males in separate analyses. Correlations were calculated for week 1 average, week 13 

average and the average across all weeks. For all comparisons, it was always the week 13 

data that provided the strongest annotation structure and it is these results that are discussed 

here and provided in Supplementary Material Tables S3–S5; however, using the data in 

Supplementary Material Tables S1 and S3, the annotation structure for the other intervals 

can be easily calculated. Annotations are provided for the positive and negative correlations; 

in no case was combining the positive and negative correlations more informative than 

examining them separately. Given the differences in the number of high preference females 

and males (see above), a sample matching approach was used so that the female and male 

samples had equal preference; this increased average male preference from 0.21 to 0.28 and 

decreased average female preference from 0.32 to 0.28. The mice included in the match are 

noted in Supplementary Material Table S3. Qualitatively, the results were no different from 

those described below for the entire male and female samples.

Gene-preference correlations are listed in Supplementary Material Table S4, and the GO 

annotations for the genes significantly correlated with preference (average week 13) are 

found in Supplementary Material Table S5. The positive annotations for all 84 samples 

included, motile cilium (FDR < 3 × 10−9) and ciliary part (FDR < 4 × 10−8). [Note: there is 

no GO annotation for primary cilium; the genes with an annotation for motile cilium would 

also be found in primary cilium. In brain, motile cilia are only found in the linings of the 

third and fourth ventricles [34]]. There were no significant (FDR < 0.001) GO annotations 

for the genes negatively correlated with preference.

For females, the ethanol preference cilia-related annotations improved in significance and 

included cilium movement (FDR < 2 × 10−8) and cilium organization (FDR < 1 × 10−7). 
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Annotations associated with the extracellular matrix emerged and included extracellular 

region (FDR < 5 × 10−10) and collagen-containing extracellular matrix (FDR < 1 × 10−6). 

The latter category included 10 collagens: Col4a1, Col4a3, Col4a4, Col4a5, Col5a1, Col5a3, 
Col8a1, Col8a3, Col9a3 & Col18a1. There were no significant annotations in females for the 

negatively correlated genes. In males, there were no significant annotations for the positive 

or negatively correlated genes.

Annotation data were also extracted for consumption (average week 13) and can be found in 

Supplementary Material Table S6; gene-consumption correlations are in Supplementary 

Material Table S4. For females and the positive correlations with ethanol consumption, in 

addition to the cilium and extracellular matrix annotations seen for preference, there was an 

enrichment in annotations associated with biological adhesion (FDR < 9 × 10−7 and cell 

adhesion (FDR < 6 × 10−7). For the negative correlations, there was no significant 

annotation enrichment.

3.3. Network analysis – females

Given the data above, the network analysis focused on the female sample for ethanol 

preference. The female gene co-expression network was formed as described elsewhere [5]. 

The network modules were color coded. The network was culled by removing those genes 

that contribute the bottom 10% of network connectivity; these genes are leaf nodes that in 

many applications of the Weighted Gene Co-expression Network Analysis (WGCNA) are 

found in the grey module. Beginning with 14,447 genes, culling reduced the number of 

genes in the female network to 8,492 (see Supplementary Material Table S7). The 

correlation and network data were integrated with a focus on aligning the hub nodes with 

preference. After integration, 461 of the remaining genes (86%) positively correlated with 

female preference (i.e., were found in the culled network; Table S7) and 403 (87%) were 

found in a single network module (brown). The brown module represented by the network 

shown in Figure 7 was enriched (p < 0.0001) in genes with an astrocyte annotation; 

Supplementary Material Table S7 lists the probabilities that the genes in each module are 

expressed in neurons, astrocytes or oligodendrocytes as per Cahoy et al. [33]. Results for 

ethanol consumption are also presented in Supplementary Material Table S7, for which 416 

of the genes positively correlated with female consumption were in the culled network, and 

376 (90%) were in the brown network module. All of the genes positively correlated with 

consumption are also in the preference gene list.

Annotation of the female brown module (Supplementary Material Table S7) was consistent 

with the results above and included extracellular matrix (FDR < 1 × 10−8), cilium 

organization (FDR < 3 × 10−10), and cilium (FDR < 2 × 10−23). Among the positively 

correlated genes in the brown module, 43 had a relative intra-modular connectivity ≥ 0.9; 

i.e., they were top hub nodes. Enrichr [35,36] was used to search for key transcription 

factors among top hub nodes. A key finding extracted was that 19 of the top nodes 

(highlighted in green in Figure 7) were down-regulated in an orthodenticle homeobox 2 

(Otx2) knockout mouse (GSE27630; [37]) (FDR < 5 × 10−20). Otx2 was one of the 

positively correlated top hub nodes. Top hub nodes down-regulated in the Otx2 knockout 

included Rd3, Prr32, Lrrc23, Spef2, Slc31a1, Kcnj13, Slc2a12, Foxj1, Calml4, Slc4a5, 
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Dnali1, Glb1l2, Aqp1 Rab20, Efhc11, Sostdc1, Col8a1, Steap1 and Folr1. The entire list of 

genes down-regulated in the Otx2 knockout animals are found in Supplementary Material 

Table S2 of [37].

Finally, given the outcomes of the annotation analysis, and particularly an enrichment 

(females only) in genes associated with the extracellular matrix, we considered the 

possibility that the apparent enrichment was an artifact associated with transcript length (see 

[38]). The length bias was examined from 2 perspectives. One, following on the 

experimental design in Mandelboum et al. [38], we randomly divided the female expression 

data into two samples (N=22 and 21) and calculated differential expression between groups; 

by definition all significant calls were false positives. The range of correlations between p-

values and transcript length after 100 iterations ranged from −0.03 to 0.04. Fold change vs 

length was similar. Two, if length bias is driving the extracellular matrix annotations, it 

would follow that the brown network module would be enriched in longer transcripts (87% 

of the genes positively correlated with preference were found in the brown module). This 

argument was simplified by focusing on the top hub nodes since it is these nodes that are 

driving the module annotations. The range of average top hub node transcript length varies > 

5-fold (see “Hub Node Transcript Length” in Supplementary Material Table S7), and the 

brown module hub nodes are intermediate in transcript length.

4. Discussion

Rosenwasser et al. [39] appears to be the only report of a study in which HS mice (in that 

publication, HS/NPT as well as mice bred from HS/Ibg) were allowed to consume alcohol 

for a prolonged period (30 weeks). During the trial, there were periods of intermittent access 

which led to significant increases in ethanol consumption. However, after the termination of 

the intermittent access condition, the mice returned to baseline levels of consumption under 

continuous access. Importantly, that study found that the intermittent access-induced 

escalation of consumption was not genotype-dependent, but its robustness was. The 

Rosenwasser et al. [39] study examined only males and no data on individual responses were 

reported; thus, it could not be determined, from the individual perspective, if preference and 

consumption during the continuous access periods remained constant, increased or 

decreased. The current long-term continuous access study illustrates the very significant 

effects of sex, individual variation and the sex x individual interaction. Although we report 

here data only for HS-CC mice [20], we have obtained essentially identical results in 

Diversity Outbred (DO) mice raised locally from DO parents (unpublished observations). As 

noted in the Introduction, HS-CC and DO mice have a similar genetic background, but a 

different breeding history [40]. Some of the key behavioral observations in the current study 

may be summarized: (1) More female than male mice both began the trial with a preference 

ratio ≥ 0.5, and had a preference ratio ≥ 0.5 at the end of the 3-month trial; (2) Week 1 

preference data were only moderately predictive of week 13 preference; (3) There was a 

subgroup of both males and females that showed a significant escalation of preference over 

the 13 week trial. There appear to be several different trajectories of escalation but given the 

relatively small numbers this may simply reflect experimental noise rather than some 

biological phenomenon; and (4) Preference and consumption remained tightly coupled over 

the course of the trial.
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We observed preference escalation in 16% of the female mice and 14% of the males. Some, 

but not all, clinical data support a sex difference in escalation [41,42]. The escalation 

phenomenon in humans is often referred to as telescoping. Becker and Koob [43] have noted 

that the importance of sex may in part be related to the population being surveyed. Data 

collected from a general population may well differ from a population seeking treatment. 

Distant from this inconsistency has been the observation for nearly 50 years, that female 

rodents consume more alcohol (g/kg) than males (see references in [43]), which we also 

clearly observed. Finally, we make mention that there is evidence for other drugs of abuse, 

most notably cocaine, of greater escalation in females than males [44–46].

We observed a strong alignment of the transcriptional data with female, but not male, 

preference and consumption. Regarding this observation, we begin by noting the limitations 

of collecting data from only a single brain region, the CeA. However, previous studies (e.g., 

[23]) found that from the perspective of ethanol preference, the CeA is a key region. To our 

knowledge, the CeA is the only region in mice where lesions affect preference without 

affecting fluid consumption. The other limitation with the current study is that we only have 

transcriptional data from the end of the 3 month trial; obviously, a within-subject 

comparison prior to ethanol exposure and at the end of the trial would have been ideal. 

While such a study is not feasible in mice, the advantages of such a study in non-human 

primates, in which biopsy studies were obtained prior to and after ethanol drinking, has been 

recently demonstrated [12]. A key question to be addressed in the current study is whether 

the transcriptional signature detected at the end of the three-month trial is similar or different 

from the signature previously detected for preference risk [4,5]. The risk signature was 

extracted from HS-CC mice selectively bred for High and Low preference, but never 

exposed to ethanol. The comparison of the current study with our previous studies is not 

perfect --- the ideal comparison would be with mice selectively bred based on their three-

month drinking profiles.

With this caveat in mind, we can clearly conclude that the transcriptional signature 

associated with initial preference risk differs significantly from the preference signature 

detected in the current study. Risk was clearly associated, across three brain regions (CeA, 

NAc shell and prelimbic cortex), with a cluster of genes associated with synaptic plasticity 

and cell adhesion. The latter group was enriched in cadherins and protocadherins. The key 

hub node for the risk cluster was Dlg2 which encodes for PSD-93. No sex effect was 

detected for the risk transcriptome, although the sample sizes were not sufficient to generate 

high quality female and male co-expression networks. In contrast, for the preference 

signature, we found that in female HS-CC mice, high preference was associated with the 

increased expression of a gene cluster enriched in annotations associated with the 

extracellular matrix and cilia. While it is known that alcohol affects the motile cilia in the 

brain’s ventricles and other tissues (see e.g., [47]), in the CeA and other brain regions there 

will only be primary cilia in neurons and astrocytes; there are no primary cilia associated 

with microglia. There are a number of proteins highly, if not entirely, localized in the 

neuronal primary cilia. These include ADCY3, SSTR3 and HT6R. There is some evidence 

that the manipulation of these cilia-specific molecules affects ethanol preference and 

consumption. For example, de Bruin et al. [48] found that a highly selective HT6R 

antagonist (CMP 42) attenuated both nicotine- and alcohol-seeking behaviors in Wistar rats. 
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Further, Ht6r knockout mice are less sensitive to alcohol-induced ataxia and sedation [49], 

and HT6R antagonists reduce cocaine self-administration, attenuate cue-induced 

reinstatement, attenuate the expression of cocaine-induced conditioned place preference, and 

reduce the acquisition and expression of nicotine-induced sensitization (see references in 

[48]). However, in the CeA, Ht6r was either not expressed or was expressed but below our 

level of detection. Adcy3 & Sstr3 were substantially expressed but not correlated with 

preference. The orphan receptor, GPR88, is enriched in striatal neuronal primary cilia [50] 

and detectable expression is found in the CeA. The GPR88 agonist, RTI-13951–33, 

significantly reduces alcohol self-administration and intake in female Long-Evans rats in a 

dose-dependent manner, without effects on locomotion and sucrose self-administration. 

Consistent with these observations, we found that Gpr88 expression in females was 

moderately negatively correlated with preference (Supplementary Material Table S4). Of 

interest, Gpr88, Adcy3 & Sstr3 were not expressed in the brown module, which contained 

the ciliary structural constituents. Given that the brown module is enriched in astrocyte 

annotation genes, it could be reasonably argued that our attention should focus on astrocyte 

primary cilia. However as noted by Sterpka and Chen [51], “Presently, little is known about 

the function, signaling pathways, and structural dynamics of astrocytic primary cilia in the 

mature brain, although astrocytes fulfill a wide range of functions including providing 

trophic support, maintaining homeostasis, and protecting neurons from acute insults or brain 

injury [52]. Since astrocytes can proliferate under certain pathological conditions [53], 

astrocytic primary cilia are not static but subject to dynamic changes.”

The data presented here extend the observations from several laboratories that the 

extracellular matrix has a key role(s) in the regulation and consequences of ethanol 

consumption (e,g., [54,55]). The brain extracellular matrix has 3 main features: perineuronal 

nets (PNNs), basement membrane, and neural interstitial matrix. The precise effects of 

ethanol on the basement membrane are not clear. Lasek et al. [55] have summarized the 

effects of ethanol and addictive drugs on PNNs. In the cortex, PNNs are most prominently 

associated with parvalbumin-containing GABAergic interneurons [56]. Chen et al. [57] 

found that chronic binge drinking increases insular cortex PNNs, as measured by an increase 

in binding of Wisteria floribunda agglutinin, commonly used to label PNNs. Coleman et al. 

[58] observed that adolescent binge ethanol drinking increased several PNN proteins derived 

from astrocytes, including brevican, neurocan and tenascin-C. Zhang et al. [59] found that 

fetal ethanol exposure inhibited arylsulfatase B, which in turn decreased the turnover of the 

PNN proteoglycans with marked effects on synaptic development.

The neural interstitial matrix occupies most of the extracellular space of the brain 

parenchyma and is comprised of proteoglycans, tenascins, and link proteins [60]. A key 

component is hyaluronan (or hyaluronic acid), a long linear polysaccharide not attached to a 

protein core, but that interacts with and crosslinks extracellular matrix proteins [61]. 

Hyaluronan is synthesized by hyaluronan synthases present on the surface of neurons 

[61,62]; smaller amounts of laminin, fibronectin, and collagen are also present in the 

interstitial matrix [60]. Components of the interstitial matrix, fibronectin, laminin, collagen, 

tenascins, and proteoglycans are all processed by various proteases, including plasmin, 

tissue plasminogen activator (tPA), matrix metallopeptidases (MMPs), a disintegrin and 

metalloproteases (ADAMs), and ADAMTs (ADAMs with a thrombospondin motif) [63]. 
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These proteases are directly implicated in the regulation of synapse formation, synaptic 

plasticity, and learning and memory (e.g., [64]). There is compelling evidence to link MMPs 

and other extracellular matrix proteases to ethanol exposure. Some key findings include: (1) 

Chronic broad spectrum MMP inhibition during ethanol dependence induction and 

withdrawal prevented escalated ethanol self-administration in rats; moreover, acute MMP 

inhibition after induction of ethanol dependence prevented expression of escalated ethanol 

intake [65]. (2) Go et al. [66] focused on the role(s) of the MMPs in withdrawal-induced 

escalation of ethanol self-administration and observed that MMP-9 activity was increased in 

the CeA and NAc as a function of escalation. Further, they observed that site-specific 

inhibition of MMP-9 blocked the withdrawal-induced escalation. (3) MMP-9 has key role(s) 

in the regulation of neuroimmune function [67], which has been shown to have a key 

functional role in the regulation of ethanol consumption [68,69]. (4) Some substituted 

tetracyclines reduce ethanol consumption [70,71], an effect not related to their antibiotic 

efficacy. While these drugs have a multitude of mechanisms, they are broad spectrum MMP 

inhibitors [72].

We observed that the genes positively correlated with female preference are largely localized 

in a single network module, brown, and a number of these genes (N=43) are top 

intramodular hub nodes. Queries revealed that 19 of these top hub nodes are regulated by 

Otx2 which is one of the 43 top hub nodes. Otx2 is often referred to a master regulator and 

is known to have key roles in normal brain patterning and postnatal plasticity. Through its 

interactions with various downstream targets, Otx2 is further required for the generation of 

various neuronal subpopulations, including ocular motor and midbrain dopaminergic 

neurons [73,74], and the development and the maintenance of the PNNs. In the adult brain, 

the existing evidence suggests that Otx2 expression is largely localized to the choroid plexus 

[75] and the OTX2 protein is captured by the perineuronal nets and accumulated in 

parvalbumin type GABA-ergic neurons throughout the brain, including in the cingulate 

cortex, the somatosensory cortex, the hippocampus, and the basolateral amygdala [76]. The 

data presented here suggest that there is low but detectable expression of Otx2 in the CeA. 

The cellular source of the mRNA is unknown. We have examined our published RNA-Seq 

datasets; the data found in Hitzemann et al. [77] appears typical. No Otx2 expression was 

detected in the prelimbic cortex, low expression was detected in the NAc and low to 

moderate expression was detected in the ventral midbrain. Walter et al. [12] have reported 

that Otx2 is not expressed in macaque cortical area 46. Thus, our data are consistent with 

reports that Otx2 is not expressed in the adult cortex (e.g. [76]); however, there appears to be 

some residual expression that persists in adult subcortical areas. This expression is affected 

by ethanol exposure and may have a role in the escalation of ethanol preference.

As noted above, the data presented here examine for the first time, unlimited ethanol 

availability for an extended period in a highly diverse mouse population. The HS-CC (and 

DO) mice appear to be approximately 10 times more genetically diverse than Homo sapiens 

[78,79]. Further, the HS-CC have no rare alleles that can complicate and/or diffuse the 

integration of the phenotypic and gene expression data. The data indicate that long-term 

ethanol exposure is associated with changes in the extracellular matrix, as well as the 

primary cilium. Some data suggest that Otx2 may have a role as a master regulator of these 

changes. Finally, we must acknowledge that during the review process, the issue was raised 
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that our focus on extracellular matrix-related genes was associated with a gene length bias 

[38]. We believe that this bias will be especially notable for small sample sizes, and given 

the relatively large sample sizes in the present study the bias would not substantially affect 

our conclusions. Analytical results reported herein support this conclusion, yet we strongly 

encourage the reanalysis of our rich data set by others, and we contend that gene length is an 

issue that needs to be taken seriously. As we have shown in Supplementary Material Table 

S7, there is wide variation in the length of hub nodes across the network modules. To our 

knowledge, this is the first time this phenomenon has been reported and illustrates that the 

physical properties of genes and gene clusters cannot be ignored.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Chronic alcohol consumption alters the brain transcriptome

• Highly diverse genetically heterogeneous mice vary in alcohol preference

• Chronically drinking females but not males escalate preference

• Primary cilium and extracellular matrix transcriptome impact female 

preference

• A gene co-expression network for alcohol preference was enriched in 

astrocyte genes

Hitzemann et al. Page 18

Genomics. Author manuscript; available in PMC 2021 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Ethanol preference during the first week of a chronic 3-month drinking trial modestly 
predicts ethanol preference in the final week.
Correlations are shown for (A) females and (B) males for the first (Week 1) and last (Week 

13) weeks of the ethanol drinking trial. Pearsons correlations were significant (ps < 0.001). 

The solid line is the regression with the dotted lines representing the 95% confidence 

intervals. N=58 for females; N=56 for males
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Figure 2. In females, there was a significant increase in preference from week 1 to week 13, 
whereas there was no significant change in males.
Shown are means ± SEM for ethanol preference ratio of all 58 females and 56 males during 

the first (week1) and final (week 13) weeks of the 3-month ethanol drinking trial. N=58 for 

females; N=56 for males. ***p < 0.0001
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Figure 3. Initial ethanol preference greater than or equal to 0.5 is partially predictive of higher 
preference in final week of drinking.
Shown are individual preference ratios for (A) females and (B) males that had preference 

ratios ≥ 0.5 during the first week of drinking. Six out of 7 females had a preference ratio at 

this level in week 13, compared to 3 of 5 males. Assigned subject numbers are given in the 

figure legends.
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Figure 4. For some individual mice, ethanol preference escalated across the weeks of the 3-month 
trial.
Shown are individual preference ratios for (A) females and (B) males that had initial 

preference ratios < 0.5 during the first week of drinking that increased to ratios ≥ 0.5 in the 

final week. Assigned subject numbers are given in the figure legends.
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Figure 5. There was considerable individual animal variation in total amount of ethanol 
consumed during the 3-month drinking period, with females consuming more than males.
Frequency distributions for females and males representing the number of mice with levels 

of ethanol intake summed across 3 months. The range of values was 41 – 1508 g/kg (537 ± 

45 g/kg for females; 313 ± 30 g/kg for males). N=58 for females; N=56 for males
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Figure 6. Principal components analysis separates RNA-Seq data for the central nucleus of the 
amygdala into two components for mice with varying levels of ethanol preference.
Component 1 (PC1) accounted for 21% of the variance and was formed from 33 female and 

31 male samples. Component 2 (PC2) accounted for 19% of the variance and was formed 

from 10 female and 10 male samples.
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Figure 7. Composite gene-gene interaction network for differential expression in the CeA, 
associated with differences in ethanol preference in female HS-CC mice.
This network was created using GeneMANIA [80] and derived from 43 hub nodes (inner 

circle) found within the brown module, enriched in genes with an astrocyte annotation. The 

genes in the outer circle were identified by GeneMANIA [80] as functional associates, with 

symbol size, based on number of network connections. Otx2 (circled in red) was a top hub 

node and 19 other top hub nodes (circled in green) were down-regulated when Otx2 was 

absent. Blue lines represent known colocalization (5.47%) and tan lines represent predicted 

interactions (9.11%). The majority of network interactions are accounted for by co-
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expression (84.97%), which is the basis for the network. Since representation of co-

expression obstructs visualization of colocalization and predicted interactions, co-expression 

is shown in Supplementary Information Figure S1.
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