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Abstract

Background—Two features of alcohol addiction that have been widely studied in animal

models are relapse drinking following periods of alcohol abstinence, and the escalation of alcohol

consumption after chronic continuous or intermittent alcohol exposure. The genetic contribution to

these phenotypes has not been systematically investigated.

Methods—HXB/BXH recombinant inbred (RI) rat strains were given access to alcohol

sequentially as follows: alcohol (10%) as the only fluid for one week; alcohol (10%) and water in

a two-bottle choice paradigm for 7 weeks (“pre-alcohol deprivation effect (ADE) alcohol

consumption”); two weeks of access to water only (alcohol deprivation); two weeks of re-access

to 10% alcohol and water (“post-ADE alcohol consumption”). The periods of deprivation and re-

access to alcohol were repeated three times. The ADE was defined as the amount of alcohol

consumed in the first 24 hr after deprivation minus the average daily amount of alcohol consumed

in the week prior to deprivation. Heritability of the phenotypes was determined by ANOVA, and

QTLs were identified.

Results—All strains showed increased alcohol consumption, compared to the predeprivation

period, in the first 24 hr after each deprivation (ADE). Broad sense heritability of the ADEs was

low (ADE1, 9.1%; ADE2, 26.2%; ADE3, 16.3%). Alcohol consumption levels were relatively

stable over weeks 2 to 7. Post-ADE alcohol consumption levels consistently increased in some

strains, and were decreased or unchanged in others. Heritability of pre- and post-ADE alcohol

consumption was high and increased over time (week 2, 38.5%; week7, 51.1%; week 11, 56.8%;
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week 15, 63.9%). QTLs for pre- and post-ADE alcohol consumption were similar, but the strength

of the QTL association with the phenotype decreased over time.

Conclusions—In the HXB/BXH RI rat strains, genotypic variance does not account for a large

proportion of phenotypic variance in the ADE phenotype (low heritability), suggesting a role of

environmental factors. In contrast, a large proportion of the variance across the RI strains in pre-

and post-ADE alcohol consumption is due to genetically determined variance (high heritability).

Keywords

HXB/BXH recombinant inbred rat strains; alcohol consumption; alcohol deprivation effect;
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Introduction

A common feature of drug and alcohol addiction is relapse following a period of abstinence

from drug use (Bossert et al., 2013; Koob and Le Moal, 1997; Le and Shaham, 2002;

Martin-Fardon and Weiss, 2013). This return to compulsive alcohol seeking behavior is a

key problem in the treatment of alcohol addiction (Anton et al., 2006; Heyser et al., 1997;

O'Brien, 2005; Spanagel and Holter, 1999). In order to understand the neurobiological basis

for relapse, which is thought to result from increased “craving” for the drug, and to develop

medications to treat this aspect of addiction, numerous animal models have been developed

(Bossert et al., 2013; Martin-Fardon and Weiss, 2013). These models include various forms

of reinstatement of drug-seeking behavior (e.g., context-induced reinstatement, cue-induced

reinstatement, stress-induced reinstatement), conditioned place preference and a procedure

called the “alcohol deprivation effect” (ADE). The ADE is defined as a transient (usually

one to several days) increase in alcohol intake following re-exposure to alcohol access after

single or multiple periods of abstinence (McKinzie et al., 1996; Rodd-Henricks et al., 2000a;

Salimov et al., 1993; Sinclair and Senter, 1967). The ADE has been suggested to represent a

model for alcohol craving and relapse in rats and mice (Heyser et al., 1997; Sinclair and Li,

1989; Spanagel and Holter, 1999), and has been used in studies to assess the ability of

pharmacological agents to modify relapse drinking (Sajja and Rahman, 2013; Spanagel and

Holter, 1999; Suchankova et al., 2013).

Much of the work on the ADE has made use of rat lines that have been genetically selected

for alcohol preference or avoidance (Bell et al., 2004; Rodd-Henricks et al., 2000a; Rodd-

Henricks et al., 2000b). There are differences among these lines with respect to the

occurrence and magnitude of the ADE. Some lines need repeated deprivation periods in

order to display an ADE (O'Dell et al., 2004; Rodd-Henricks et al., 2000a), and some lines

of alcohol-preferring rats do not display an ADE (Sinclair and Li, 1989; Vengeliene et al.,

2003). These differences led to the suggestion that genetic background has a significant

influence on the development and magnitude of the ADE (Bell et al., 2008; Vengeliene et

al., 2003). However, to date there has not been a systematic study of the contribution of

genotype and/or environment on the ADE.

While the ADE is a transient effect, both continuous chronic alcohol exposure and

intermittent alcohol exposure (periods of alcohol exposure followed by periods of
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abstinence) have been reported to result in changes (usually an escalation) of “steady-state”

(longer term) voluntary alcohol intake by mice and rats. We define this alcohol

consumption, over a two-week period following the alcohol deprivation period, as “post-

ADE alcohol consumption”. Such “post-ADE alcohol consumption” has been evaluated by

others using numerous models that vary in the duration and route (e.g., alcohol vapor

inhalation, alcohol injection) of the chronic or intermittent alcohol exposure periods, and the

number and length of alcohol abstinence periods (Becker and Lopez, 2004; Camarini and

Hodge, 2004; Cox et al., 2013; Gilpin et al., 2008; Lopez and Becker, 2005; O’Dell et al.,

2004; Roberts et al., 2000). Many of these studies have used single inbred strains or lines of

mice or rats that have been selected for high alcohol preference, but in a few instances

several strains of mice or rats have been compared. Crabbe and his colleagues, comparing

several different selected lines and inbred strains of mice, found that the degree of change in

post-ADE alcohol consumption varied across genotypes (Crabbe et al., 2012; Rosenwasser

et al., 2013). Differences were also found in comparisons of inbred rat strains and selected

lines of high alcohol-preferring rats (Vengeliene et al., 2003). As for the ADE, these results

suggest a genetic influence on changes in voluntary alcohol intake after chronic or

intermittent exposure to alcohol, but no systematic analysis of the genetic influence on this

phenotype has yet been performed.

We have now used a panel of recombinant inbred rat strains, the HXB/BXH rats (Printz et

al., 2003), to perform a quantitative analysis of the role of genetics in determining responses

to intermittent alcohol exposure. We have assessed both the ADE, and changes in prolonged

alcohol consumption (post-ADE alcohol consumption patterns), following periods of

alcohol consumption and deprivation in these rat strains. The design of this analysis allows

us to measure the heritability of the phenotypes. Our results suggest a genetic contribution to

levels of voluntary alcohol consumption both pre and post-ADE, but indicate that factors

other than genetic background contribute significantly to the variations in the ADE.

Materials and Methods

Animals

Male rats from the HXB/BXH recombinant inbred (RI) strains were used for these studies

(Printz et al., 2003). These rats were rederived and maintained by Dr. Morton Printz at the

University of California San Diego (UCSD). The rats were originally developed from an

intercross between two inbred strains, the Wistar origin spontaneously hypertensive rat

(SHR/Ola) and a Brown Norway congenic (BN-Lx/Cub), by Dr. Michal Pravenec at Charles

University in Prague, Czech Republic. The RI strains were bred in a gender reciprocal

fashion, providing strains that differ in the source of mitochondrial DNA and the Y

chromosome (HXB and BXH strains) (Printz et al., 2003). Complete DNA sequence

information on both parental strains (http://phenogen.ucdenver.edu), an extensive marker set

on RI strains (http://www.snp-star.edu), detailed brain transcriptome information for the

parental strains (http://phenogen.ucdenver.edu/) and phenotypic QTLs (http://rgd.mcw.edu)

are some of the available HXB/BXH RI panel resources.
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Behavioral Phenotypes: Alcohol Consumption and Alcohol Deprivation Effect

Male rats (70–100 days old at the start of the experiment; n=9–12 rats per strain) from 23

HXB/BXH RI strains, and the parental strains (BN-Lx/CubPrin, SHR/OlaIpcvPrin) were, for

one week, kept in cages where ethanol solution was their only source of fluid (10% ethanol).

Following this week, each rat was placed in a cage where water or a 10% ethanol solution

were available in separate containers (“a two-bottle choice” paradigm (Tabakoff et al.,

2009)) for a period of 7 weeks. This alcohol exposure was followed by a 2-week period

where rats were only provided with water (“alcohol deprivation”), which was followed by a

2-week period of two-bottle choice alcohol exposure (water and 10% ethanol solution).

After this, rats were subjected to a second 2-week alcohol deprivation period, followed by 2

weeks of 2-bottle choice alcohol exposure, a third 2-week alcohol deprivation period, and

one week of 2-bottle choice alcohol exposure. The treatment schema is shown in Figure 1.

For each rat, volumes of alcohol and water consumption were measured by weight on

Monday, Wednesday and Friday of each week when alcohol solution in the two-bottle

choice paradigm was offered (including alcohol consumption over the first 24 hr of re-

access to alcohol following each deprivation period), and average daily alcohol consumption

(g/kg) for each week was calculated. These studies were performed at UCSD, under a

protocol approved by the UCSD IACUC.

We defined the alcohol deprivation effect (ADE) as the amount of alcohol consumed (g/kg)

during the first 24 hr after reintroduction of alcohol, minus the average daily amount (g/kg)

consumed during the week prior to each deprivation period (i.e., average for weeks 7, 11 and

15 for calculation ADE1, ADE2 and ADE3, respectively). Two other phenotypes were

investigated in the current study: average daily alcohol consumption levels for weeks 2 and

7 (defined as “pre-ADE alcohol consumption”), and “post-ADE alcohol consumption”,

defined as the average daily alcohol consumption during week 11 or during week 15. Figure

1 and its legend illustrate the periods of measurement of each of these phenotypes.

Heritability

Broad-sense heritability (H2) of average daily alcohol consumption during weeks 2, 7, 11

and 15, as well as for each ADE, was calculated by a 1-way ANOVA using strain as the

independent variable.

Quantitative Trait Loci (QTL)

Single Nucleotide Polymorphisms for HXB/BXH Panel—To obtain a marker set for

QTL calculation in the HXB/BXH rat RI panel, we used a single nucleotide polymorphism

(SNP) dataset available via the STAR Consortium (version rn3.4, obtained from http://

www.snp-star.edu). SNP locations were updated to version rn5 of the rat genome by

aligning the 40 bp genomic sequence surrounding each SNP (provided by STAR

consortium) to the RGCS 5.0/rn5 assembly (Kent, 2002). Of the 20,283 original STAR

markers, 19,401 could be definitively mapped to a physical location in the RGCS 5.0/rn5

assembly. Markers that did not differ across all genotyped HXB/BXH RI strains and several

related inbred strains (54 strains in total) and markers that had a heterozygous genotype call

in > 10% HXB/BXH RI panel and parental strains were deleted.
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We also examined individual genotype calls based on the population structure. Initially, if a

strain had an “unknown” call for a specific marker, a call was assigned to it if the marker

was within an HXB/BXH panel haplotype block and it could be accurately imputed (498

unknown calls changed). Genotype calls that originally implied a double recombination

event were assumed to be genotyping errors and were recoded as such (3,560 double

recombinant calls changed). A double recombinant event within a strain is implied when a

SNP genotype matches one parental strain, but is surrounded in close proximity by SNPs on

either side with genotypes derived from the opposite parental strain. For this genotype to be

correct, two recombinations of the DNA had to occur in the small stretch of DNA. This SNP

dataset is available on the PhenoGen Website (http://phenogen.ucdenver.edu).

To simplify our QTL analysis, only SNPs that were fully informative among the RI strains

were used. We then identified 1,486 strain distribution patterns (SDPs), i.e., “haplotype

blocks”. An SDP was eliminated if the genotype distribution differed significantly from an

even split between the two parental genotypes (nominal p-value<1.0×10−5). We also

eliminated SDPs based on recombination rates within a given chromosome, using two

methods: difference in maximum LOD scores (>2) as implemented in the checkAlleles

function of the rqtl package of R (Broman et al., 2003), and the ratio of distance between

SNPs in megabases to distance between SNPs in centimorgans (outliers within a

chromosome based on 2 standard deviations). These additional QC criteria reduced the

number of SDPs to 1,328. Finally, the set of SDPs was further reduced to 813 SDPs unique

among the 21 HXB/BXH RI strains for which we have both genotype and phenotype data.

Strain means were used to identify QTLs by performing a weighted marker regression QTL

analysis (Carlborg et al., 2005). QTLs with empirical p-values less than 0.05 (based on

permutation (Churchill and Doerge, 1994)) were considered significant, and markers with

LOD scores ≥ 2.0 were considered “suggestive”, and were included as potential QTLs for

alcohol consumption (Tabakoff et al., 2009). The 20 Mb region around each significant or

suggestive marker is the QTL interval shown in Table 2.

For each QTL, the estimated proportion of the genetic variance explained by the QTL in the

RI panel was calculated by taking the R2 of a weighted 1-way ANOVA using strain means

as the dependent variable and genotype for each strain as the independent variable. We also

included all significant and suggestive markers in a multiple linear regression model (no

interaction effects tested) to determine genetic variance explained using all markers.

Results

Alcohol Deprivation Effect

Alcohol deprivation effects (ADEs) were observed following each of the three periods of

alcohol deprivation in the RI rat strains. As noted, we defined the ADE as the difference

between the 24-hour alcohol intake on the first day of re-exposure to alcohol and the average

daily alcohol consumption for the week prior to the deprivation period. The rank order of the

ADEs by strain differ over the three deprivation periods, as shown in Figure 2. In some

previous studies, when an ADE was not observed following a single deprivation period, the

animals were subject to repeated periods of alcohol access and deprivation, and an ADE

developed and/or was enhanced following multiple deprivation periods (e.g., Bell et al.,
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2004; Rodd-Henricks et al., 2000a). Our results demonstrate that, for some RI strains, the

ADE does increase after a second and/or third deprivation period. However, for other

strains, there is no change in the ADE with repeated periods of deprivation, and for some

strains, the ADE decreases after the second or third deprivation period. Notably, there is

little consistency of these effects with respect to rat strain (e.g., for HXB17, ADE2 is higher

than ADE1, but ADE3 is lower than ADE1) (see Supplementary Figure 1). There was no

significant correlation of the strain means for each ADE with alcohol consumption in the

week preceding the deprivation period (for example, a strain with a high average level of

pre-ADE alcohol consumption did not necessarily display a low ADE, arguing against the

possibility of a “ceiling effect”) (Rodd-Henricks et al., 2000a). The heritability for the ADEs

was quite low, although heritability increased to a level significantly different from 0 for the

second and third ADEs (ADE1, 9.1%; ADE2, 26.2%; ADE3, 16.3%).

Pre-ADE and Post-ADE Alcohol Consumption

We previously reported that alcohol consumption levels by each RI strain were stable over

the initial seven weeks of alcohol consumption (Tabakoff et al., 2009). The re-analysis of

the data confirms that there are significant correlations of alcohol consumption across strains

between weeks 2 and 7 (pre-ADE alcohol consumption), as well as between weeks of pre-

ADE and post-ADE alcohol consumption (Table 1). Although there are some differences

between weeks 2 and 7 of pre-ADE alcohol consumption, with some strains increasing

consumption at week 7, compared to week 2, and other strains decreasing consumption, a

one-way repeated measures ANOVA revealed that only 2 strains show significant

differences in consumption between weeks 2 and 7 (unadjusted p value <0.05, Figure 3). To

determine if periods of alcohol deprivation affect alcohol consumption levels (post-ADE

alcohol consumption), we also compared drinking during weeks 11 (second week after

ADE1) and 15 (second week after ADE2) to drinking during week 2. The one-way repeated

measures ANOVA indicates that several strains showed significant changes during the post-

ADE alcohol consumption period (Figure 3), with consistent changes for particular strains.

Heritability of pre-ADE and post-ADE alcohol consumption is high, and tends to increase

over time (week 2, 38.5%; week 7, 51.1%; week 11, 56.8%; week 15, 63.3%), indicating

that increasing proportions of the phenotypic variance can be attributed to strain (genetic

variance). Given the relatively high heritability for this phenotype, we determined QTLs for

alcohol consumption at weeks 2, 7, 11 and 15. As shown in Table 2, the same suggestive

QTL on chromosome 1 (234.9–256.4 Mb) was identified for alcohol consumption at weeks

2, 7 and 11; however, the LOD score decreased from 3.0 to 2.2, and this QTL no longer

reached the suggestive threshold at week 15 (LOD < 2). Similarly, a suggestive QTL on

chromosome 12 (31.0–52.4 Mb) had a LOD core of 2.7 at week 2, and this decreased to 2.1

at week 7. A significant QTL on chromosome 6 (0–33.5 Mb) was identified for week 7. The

LOD score for this QTL also decreased over time. The LOD plots for each week of pre-

ADE and post-ADE alcohol consumption (Figure 4) demonstrate a large number of small

peaks, along with the decrease of significant and “suggestive” peaks over time. The data in

Table 3 demonstrate that the identified significant and suggestive QTLs explain a substantial

proportion of the genetic variance in alcohol consumption.
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It should be pointed out that the data for week 2 of alcohol consumption are the same data

that were used for previous analysis of the candidate genes associated with alcohol

preference of these rat strains (Tabakoff et al., 2009), but in the present study, certain

aspects of data analysis differed from the earlier study. In particular, in the current analysis,

the definition of phenotypic outliers was altered (an outlier was defined as >3 within-strain

SD from the strain mean, instead of 2 SD from the mean) in order to avoid overestimating

the heritability (all data were used, as no values were >3 SD from the strain mean); for the

QTL analysis, the parental strains were not used; markers were included only if there was no

missing genotype for all of the RI strains; and SNP markers were realigned and filtered as

described earlier. As a result of these differences, the calculated heritability for alcohol

consumption at week 2 is slightly less than previously reported (Tabakoff et al., 2009), and

the location and identity of week 2 QTLs are slightly different from the previous report (for

week 2, same 4 QTLs on chromosomes 1, 6 and 12, but an additional QTL on chromosome

2).

Discussion

The heritability of a trait within a population is the proportion of phenotypic variance that is

due to genetic factors. Based primarily on the heritability estimates for the phenotypes

measured in the RI strains in this study, we conclude that there is little genetic contribution

to the variation in the short-term (24 hr) increase in alcohol consumption that occurs

immediately after periods of alcohol deprivation in rats (the alcohol deprivation effect,

ADE), once this increase is adjusted for pre-ADE levels of alcohol drinking. On the other

hand, both pre-ADE and post-ADE levels of alcohol consumption by rats have a substantial

genetic contribution.

The alcohol deprivation effect (ADE) has been widely studied, and is suggested as a model

of craving for alcohol and relapse alcohol drinking (Heyser et al., 1997; Li et al., 1993;

Sinclair and Li, 1989; Spanagel and Holter, 1999). Although the definition of the ADE, as

well as its duration and magnitude, differ in various studies, the phenomenon has been

shown to occur in several selected lines and inbred strains of mice and rats (Bell et al., 2004;

McKinzie et al., 1996; Rodd-Henricks et al., 2000a; Rodd-Henricks et al., 2000b; Sajja and

Rahman, 2013; Salimov et al., 1993; Salimov et al., 1995; Vengeliene et al., 2003). P rats,

that have been selectively bred to prefer alcohol, showed an ADE when they were given one

month of continuous access to alcohol, followed by 12 hours or one to 8 weeks of

deprivation (Rodd-Henricks et al., 2000b; Sinclair and Li, 1989). Using a voluntary alcohol

consumption paradigm, with access to a single alcohol concentration, as in the present study,

the magnitude of the ADE was not changed by repeated periods of deprivation, but the

duration of the ADE was prolonged (Rodd-Henricks et al., 2000b). However, not all

selectively-bred lines of alcohol-preferring rats show an ADE following a single alcohol

deprivation period. A set of replicate lines that have been selected for high alcohol

preference using a voluntary alcohol consumption paradigm, the HAD rats, when given

access to a single alcohol concentration (10%), only displayed an ADE following relatively

long deprivation periods or after two or three deprivation periods (Rodd-Henricks et al.,

2000a). Similarly, rats selectively bred for low alcohol preference (NP and LAD rats) only

showed an ADE when they were given concurrent access to multiple ethanol concentrations,
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and after several deprivation sessions (Bell et al., 2004). While in these studies, the

magnitude of the alcohol deprivation effect either did not change or was increased following

repeated deprivation periods, in our studies, the magnitude of the second and third ADEs

increased in some rat strains and was unchanged or decreased in others, compared to the

first ADE. It is notable that these changes in the ADE that occurred with repeated

deprivation periods were not consistent for a particular RI strain.

The major finding of this study is that the heritability of the ADE phenotype was low,

suggesting that there is modest influence of genetic variation across the RI rat strains on the

variance in the ADE phenotype. Our finding of lower heritability for the ADE does not

necessarily mean that genetics does not influence the ADE. Rather, it indicates that, in the

HXB/BXH RI population, there is modest genetically determined variation for this

particular trait. In terms of extrapolation of our results, Falconer and Mackay (Falconer and

Mackay, 1996) state: “…whenever a value is stated for the heritability of a given character it

must be understood to refer to a particular population under particular conditions. Values

found in other populations under other circumstances will be more or less the same

according to whether the structure of the population and the environmental conditions are

more or less alike”. Therefore, depending on population and environmental conditions, our

results may be interpreted to indicate that variations in the ADE may not be heavily

influenced by genetic factors. Our findings may have important implications for

translational alcoholism research. Although the ADE has become a model for alcohol

relapse drinking, and is used to test medications for preventing relapse in humans, the

current results should generate caution in investigators searching for genetic determinants of

relapse drinking by humans.

Voluntary alcohol consumption, measured using a two-bottle choice paradigm, has been

well studied, and is genetically-influenced in rats, as demonstrated by many selective

breeding experiments, as well as the identification of QTLs and candidate genes that

contribute to this phenotype (Colombo et al., 2006; Lumeng et al., 1977; McBride and Li,

1998; Murphy et al., 2002; Sommer et al., 2006; Spence et al., 2009; Tabakoff et al., 2009).

The current results confirm the genetic influence that we previously described for the levels

of alcohol consumption by the HXB/BXH RI strains during the second week of alcohol

drinking (Tabakoff et al., 2009). In the present study, we also found that heritability

increased from 2 to 7 weeks of alcohol consumption, and we identified consistent QTLs for

alcohol consumption at both two weeks and seven weeks.

Chronic alcohol consumption over periods of several weeks to months, has been associated

with an “escalation” of alcohol intake, and this escalation phenomenon occurs more rapidly

when the chronic consumption period is punctuated by intermittent periods of forced

abstinence (Becker and Lopez, 2004; Lopez and Becker, 2005; Spanagel and Holter, 1999).

This type of escalation of alcohol intake has been suggested to reflect an increased

motivation to consume alcohol, and to be indicative of the transition to an alcohol-dependent

state (Gilpin et al., 2008; Roberts et al., 2000; Rodd et al., 2003; Spanagel and Holter, 1999).

The genetic contribution to such changes in alcohol consumption has not been well

characterized, although some strain and selected line differences have been reported (Crabbe

et al., 2012; Rosenwasser et al., 2013; Vengeliene et al., 2003).
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We noted consistent, RI strain-dependent increases or decreases in post-ADE alcohol

drinking levels. In our study the genetic influence is evident from the finding that heritability

of the alcohol consumption phenotype continues to increase over each period of post-ADE

alcohol consumption. In the literature, there is sometimes a blurring of the distinction

between the ADE and escalation of alcohol consumption after chronic alcohol exposure. For

example, the ADE may be prolonged beyond 48 hr (lasting for several days) after repeated

deprivation/re-exposure, compared to a single deprivation/re-exposure (Rodd-Henricks et

al., 2000b). The present results, however, clearly distinguish, on a genetic basis, between the

transient ADE which has low heritability, and levels of post-ADE chronic alcohol

consumption, which are highly heritable.

QTLs are regions of the genome believed to harbor “candidate genes” that influence the

associated phenotype. Recent evidence suggests that the genetic basis for complex traits may

relate more to differences in gene expression than to polymorphisms that disrupt codons

(Emilsson et al., 2008; Li and Burmeister, 2005; Schadt et al., 2003). QTL regions may thus

represent genomic locations that control the expression levels of the candidate genes

(eQTLs). We used eQTL and phenotypic QTL information in our previous analysis, which

identified candidate genes and pathways associated with predisposition for alcohol

consumption during the second week of exposure (Tabakoff et al., 2009). In the current

work, we noted that even though heritability increased during the later post-ADE alcohol

consumption periods, the magnitude of the QTL associations with phenotype decreased over

these periods. An “uncoupling” of high heritability of transcript expression levels from the

number of statistically detectable eQTLs was noted in studies of aging in C. elegans, and

was attributed to the recruitment of more genetic loci with small effect sizes that determine

the phenotype of transcript expression levels as the animals age (Vinuela et al., 2012). A

similar process may be occurring with regard to the phenotype of post-ADE alcohol

consumption, and may determine the decreased significance of any one QTL for the post-

ADE alcohol consumption levels. That is, the repeated periods of deprivation and re-

exposure to alcohol may induce changes in gene expression or function that contribute to

altered alcohol consumption levels. The overall contribution of each locus to the additive

effect of genotype on phenotype can change over time, demonstrating increased heritability,

but diminished contribution of any one locus to the phenotype. Further analysis will be

needed to identify the genetic loci and candidate genes associated with the changes that

occur during the period of post-ADE alcohol consumption.

Because the ADE in our studies was found to have only a small heritable component, it is

reasonable to consider the environmental factors that have been postulated to affect relapse

drinking (ADE) by animals and humans. For the most part, research has focused on stress

and alcohol-related cues as instigators of increased alcohol intake following periods of

abstinence (withdrawal), particularly in individuals with a history of alcohol dependence

(e.g., Breese et al., 2011). In these individuals, for example, stress may interact with alcohol-

or other environmentally-induced neuroadaptations to produce excessive alcohol

consumption. However, an ADE can be observed even in animals that do not show typical

signs of alcohol physical dependence (Roberts et al., 2000), and “social” drinkers also report

cue-induced drug craving (Carter and Tiffany, 1999).
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Our data suggest that, in the HXB/BXH RI rat strains, the factors determining the

consumption of ethanol differ in relationship to the immediacy of measurement after periods

of deprivation in an “experienced drinker”. An early phase of drinking after deprivation

(first 24 hours) is an event which has a strong environmental component. This initial phase

of relapse is followed by a more stable and highly heritable level of consumption. The post-

ADE drinking changes in a consistent manner in each RI strain across time after each

deprivation period. We noted indications for recruitment of additional genetic determinants

of post-ADE drinking over time, and for certain strains a significant and escalating increase

in post-ADE drinking levels occurred after the first, second and third deprivation period.

One can speculate whether it is the ADE drinking per se, or the steady escalation of chronic

drinking in some strains of rats, that is the indicator of the genetic component of the

trajectory to addiction. The answer to this speculation will profoundly impact the selection

of targets for medications to block the development of and/or the treatment of alcoholism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Alcohol Consumption Paradigm for HXB/BXH RI Rat Strains
A. During week 0, rats had access to 10% alcohol as their only fluid. During weeks 1 to 7

(pre-ADE alcohol consumption), rats were given alcohol access in a 2-bottle choice

paradigm (water and 10% alcohol). There were then three 2-week periods of alcohol

deprivation (water only): weeks 8 and 9, weeks 12 and 13, and weeks 16 and 17. Each

deprivation period was followed by a period when rats again had access to water and 10%

alcohol: weeks 10 and 11, weeks 14 and 15, and week 18. B. Average daily alcohol

consumption levels during weeks 2 and 7 were used to assess “pre-ADE alcohol

consumption”. The first ADE (ADE1) was determined as 24-hour alcohol consumption on

the first day of re-exposure to alcohol after the first deprivation period, minus the average

daily alcohol consumption from week 7. Weeks 12 and 13 are the second alcohol

deprivation period, and ADE2 is 24-hour alcohol consumption at the second re-exposure to

alcohol, minus average daily consumption during week 11. Weeks 16 and 17 are the third

alcohol deprivation period, and ADE3 is defined as 24-hour alcohol consumption after the

third re-exposure, minus average daily alcohol consumption during week 15. Average daily

alcohol consumption during week 11 and during week 15 are defined as “post-ADE alcohol

consumption”.
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Figure 2. Strain Order for ADEs
Three alcohol deprivation effects (ADE1, ADE2, ADE3) were measured in HXB/BXH

recombinant inbred (RI) rat strains, as described in the text and Figure 1. In panel A

(ADE1), RI strains are ordered according to the magnitude of ADE1, and this strain order is

maintained for panels B (ADE2) and C (ADE3). Data are mean ± SEM. Data for SHR/

OlaIpcvPrin rats are shown in red, and data for BN-Lx/CubPrin rats are shown in yellow.
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Figure 3. Strain Order for Pre-ADE and Post-ADE Alcohol Consumption Levels
Alcohol consumption levels in a two-bottle choice paradigm were determined in HXB/BXH

RI rat strains as described in the text and Figure 1. Panel A illustrates alcohol consumption

levels at week 2 (pre-ADE alcohol consumption levels), ordered by strain according to the

level of alcohol consumption. In Panels B, C and D, the data are presented in the same strain

order as Panel A. Panel B: Difference in alcohol consumption between week 7 (pre-ADE

alcohol consumption) and week 2. Panel C: Difference in alcohol consumption between

week 11 (post-ADE alcohol consumption) and week 2. Panel C: Difference in alcohol

consumption between week 15 (post-ADE alcohol consumption) and week 2. Data are mean

± SEM. Data for SHR/OlaIpcvPrin rats are shown in red; data for BN-Lx/CubPrin rats are

shown in yellow. *Significant change, compared to week 2 (unadjusted p-value = 0.05, 1-

way ANOVA with repeated measures).
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Figure 4. QTLs for Each Weekly Drinking Measurement
LOD plots for each week of pre-ADE and post-ADE alcohol consumption are shown. The

dotted red line indicates the threshold for a “suggestive” QTL, and the solid red line

indicates the threshold for a “significant” QTL. The red boxes highlight suggestive and

significant QTLs on chromosome 1, 6 and 12 that display a reduced LOD score over time.
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Table 1

Correlation Matrix of Pre-ADE and Post-ADE Alcohol Consumption Levels.

Week2 Week7 Week11 Week15

Week2
0.70 0.76 0.59

(0.0002) (<0.0001) (0.0032)

Week7
0.70 0.94 0.93

(0.0002) (<0.0001) (<0.0001)

Week11
0.76 0.94 0.93

(<0.0001) (<0.0001) (<0.0001)

Week15
0.59 0.93 0.93

(0.0032) (<0.0001) (<0.0001)

Data shown are Pearson correlation coefficient for alcohol consumption levels across the RI strains at weeks 2, 7, 11 and 15. P-values are in
parentheses.
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Table 2

QTLs for Pre-ADE and Post-ADE Alcohol Consumption.

Week2 Week7 Week11 Week15

Chr 1:167.3 – 187.3 Mb
2.3 (0.740)

Chr 1: 234.9 – 256.4 Mb
3.0 (0.280)

Chr 1: 234.9 – 256.4Mb
2.7 (0.258)

Chr 1: 234.9 – 256.4
Mb

2.2 (0.611)

Chr 2: 256.4 – 276.4 Mb
2.4 (0.667)

Chr 2: 252.3 – 272.3Mb
2.0 (0.592)

Chr 3: 10.3 – 30.3 Mb
2.0 (0.739)

Chr 6: 0 – 33.5 Mb
3.7 (0.038)

Chr 6: 12.2 – 32.2 Mb
2.2 (0.606)

Chr 6: 12.2 – 32.2 Mb
2.6 (0.224)

Chr 6: 43.4 – 63.4 Mb
2.2 (0.791)

Chr 8: 94.8 – 114.8 Mb
2.0 (0.755)

Chr 12: 31.0 – 52.4 Mb
2.7 (0.439)

Chr 12: 31.0 – 51.0 Mb
2.1 (0.680)

QTLs for alcohol consumption with LOD ≥ 2 (significant and “suggestive” QTLs) are shown. The top line in each box indicates the QTL location
(Chr: Mb interval). The bottom line indicates the LOD score and p-value.
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Table 3

Estimates for Percent Genetic Variance Explained by QTLs.

bQTL Week2 Week7 Week11 Week15

Chr 1:
(167.3 – 187.3)Mb 39.2% 18.7% 21.9% 16.9%

Chr 1:
(234.9 – 256.4)Mb 48.2% 44.6% 38.7% 31.3%

Chr 2*:
(252.3 – 272.3)Mb

46.3% 31.4% 31.5% 37.2%

Chr 3:
(10.3 – 30.3) Mb 19.5% 35.9% 28.9% 31.3%

Chr 6:
(0 – 33.5) Mb 23.4% 56.0% 38.7% 43.7%

Chr 6:
(43.4 – 63.4) Mb 37.9% 19.4% 21.2% 17.3%

Chr 8:
(94.8 – 114.8) Mb 34.0% 35.6% 24.8% 18.9%

Chr 12*:
(31.0 – 52.4) Mb

47.0% 37.8% 34.9% 25.4%

ALL QTLs 78.4% 81.2% 72.5% 75.5%

Estimates for percent genetic variance explained by each QTL, as well as the combination of all QTLs.

*
QTL intervals that contained different max LOD peak depending on the phenotype.
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