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Abstract
Risk for alcohol dependence in humans has substantial genetic contributions. Successful rodent
models generally attempt to address only selected features of the human diagnosis. Most such
models target the phenotype of oral administration of alcohol solutions, usually consumption of or
preference for an alcohol solution versus water. Data from rats and mice for more than 50 years
have shown genetic influences on preference drinking and related phenotypes. This paper
summarizes some key findings from that extensive literature. Much has been learned, including
the genomic location and possible identity of several genes influencing preference drinking. We
report new information from congenic lines confirming QTLs for drinking on mouse
chromosomes 2 and 9. There are many strengths of the various phenotypic assays used to study
drinking, but there are also some weaknesses. One major weakness, the lack of drinking
excessively enough to become intoxicated, has recently been addressed with a new genetic animal
model, mouse lines selectively bred for their high and intoxicating blood alcohol levels after a
limited period of drinking in the circadian dark. We report here results from a second replicate of
that selection and compare them with the first replicate.
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Introduction
An individual's risk for earning a diagnosis of dependence on alcohol (ethanol) has been
shown over many years to reflect both genetic and environmental influences to an
approximately equal degree (Enoch et al. 2003). Genetic risk is also clearly conditional upon
multiple environmental circumstances, making it difficult to estimate any particular
individual's specific risk (Johnson et al. 1998). Studies of gene-environment interaction are
in theory much easier to perform with suitable animal models, where matings can be
arranged and environmental control is relatively easy. So too, are studies whose goal is to
identify any of the multiple genes affecting risk. The advantages of rodents for modeling
alcohol dependence phenotypes were recognized in the late 1940s, when Jorge Mardones
began to selectively breed rat lines with high (UChB) or low (UChA) relative preference for
10% alcohol solutions when water was freely available (Mardones and Segovia-Riquelme
1983). Over the course of several days, animals develop a stable and characteristic intake of
ethanol, which can be indexed as either the relative preference for ethanol (the preference
ratio, or PR, equals the percentage of total daily fluid consumed from the ethanol bottle) or
as the dose of ethanol ingested, usually expressed as g ethanol/kg body weight per 24-h or
during a limited time period per day. The latter index is preferable because it is relatively
independent of the percentage of alcohol offered. The success of this first selection proved,
ipso facto, that genes contribute to alcohol preference drinking, and the project spawned a
large number of other selected lines of rats and mice bred for the same phenotypic difference
in preference drinking.

The unique characteristics of inbred mouse strains for dissecting environmental from genetic
influences were first exploited by Gerald McClearn and David Rodgers in 1959 when they
showed that 5 inbred mouse strains differed in alcohol preference (McClearn and Rodgers
1959). This paper will reveal that Gerald McClearn posed many of the most important
questions regarding the control of drinking in mice many years ago. As the Human Genome
Project spurred the development of tools allowing the rapid mapping of genes that influence
quantitative traits (QTLs), and molecular biological techniques allowed specific genes to be
manipulated for over or under expression starting in the late 1980s, mice began their
inexorable ascendance as the species of choice for attacking many questions in neuro-
science, including the neuroscience of the addictions.

In this paper, we first sketch selected highlights gleaned from the 60 years of biomedical
research into the genetics of alcohol drinking in rodents. We next review evidence on the
genomic location of genes affecting ethanol preference drinking from QTL mapping studies
in mice and rats, and present new information for two murine QTLs. Finally, we provide a
progress report on a project creating a new mouse model for binge-like drinking, the High
Drinking in the Dark (HDID) selected lines.

Alcohol preference drinking
Alcohol drinking is a prototypic complex genetic trait, one that is multigenic, oligogenic,
and probably polygenic in nature. Several issues complicate our attempts to understand
rodents’ relative avidity for drinking. One main issue is taste. Rodents cannot vomit, and
have therefore, presumably through evolutionary pressures, developed exquisite sensitivity
to novel flavors, and generally avoid them or approach them with caution. However, they
greatly prefer sweet solutions, and the preference for sweet solutions is partially genetically
influenced (Boughter Jr and Bachmanov 2007). The genetic contributions to preference for
alcohol and sweet solutions are overlapping (Rodgers and McClearn 1964). Novelty per se
is another factor that must be considered, as animals differ genetically in their response to
novel situations (McClearn 1959). Learning may play a role in changes in consumption over

Crabbe et al. Page 2

Behav Genet. Author manuscript; available in PMC 2012 April 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



time (Blizard et al. 2008), and ingestion of too much alcohol can lead animals to avoid
drinking it when it is later offered again (Belknap et al. 1978). Also, alcohol may be ingested
simply because it provides calories (Rodgers et al. 1963). In addition, the role of ethanol
metabolism must be considered. Thus, although hamsters drink great quantities of alcohol in
preference tests, their rate of metabolism is also extraordinarily high, so the blood alcohol
levels they achieve are quite modest (Blum et al. 1982). Early studies addressing these
issues were nearly all conducted in two inbred mouse strains, the highly preferring C57BL/6
strain and the avoiding DBA/2 strain, and have been reviewed many times [for an excellent
discussion of the early work, see (McClearn 1968)].

The issues delineated above could be described as reflecting our uncertainty about what the
preference drinking assay is modeling. Certainly it is not “alcoholism” in its entirety, for
even long-term preference drinking does not generally lead to clear signs of withdrawal
when ethanol is removed, and the drinking lacks the compulsive features consistent with
human substance abuse. A more realistic assessment is that it may model selective features
of the human disorder (McClearn 1979). But which? The human diagnosis is largely
behavioral: 5 of the 7 symptoms that can contribute to a diagnosis of alcohol dependence are
behavioral rather than strictly medical. Principal among them are such symptoms as the
feeling of loss of control over drinking, the supplanting of normal activities or the
destruction of family and career by drinking-related behaviors. None of these is
convincingly modeled in rodents. Oddly, the diagnostic criteria for alcohol dependence in
the USA do not include either the quantity or frequency of drinking (Hasin et al. 2006), but
there is much current interest in incorporating these indices into the forthcoming new
diagnostic scheme, DSM-V (Hasin and Beseler 2009). A crucial feature of preference
drinking is that even high-drinking genotypes seem generally to limit their intake to blood
alcohol levels below those leading to overt intoxication, quite unlike human alcoholics
(Rhodes et al. 2005). Nevertheless, the work on preference drinking has provided many
important insights.

Selective breeding
Bidirectional selection for high preferring vs low preferring rat and mouse lines has been
conducted many times (see Table 1). Interestingly, nearly all of these studies have used
almost exactly the same protocol for assigning individual phenotypic values to animals. In
the rat selections, a period of a few days of forced exposure to alcohol is followed by up to 3
weeks of two-bottle preference for 10% ethanol vs water. The mouse selection studies have
been conducted similarly, minus the forced exposure period. All such selections have
succeeded, yielding divergent phenotypes for high and low preference drinking, and many
have been replicated, following the recommendations of the authors of a selection project
for activity in mice (DeFries et al. 1966). Replication has allowed us to have greater
confidence that the results of these efforts are principally due to changes in the gene
frequencies at trait-relevant loci rather than genetic drift due to the necessarily small
population sizes. The main advantage of selective breeding is that any other traits that differ
in the divergently selected lines are presumably due to pleiotropic influences of the genes
affecting the selection phenotype. These are called genetically correlated responses to
selection, and should offer clues to the neurobiology of the trait of interest. Discussions of
the technical requirements for interpreting selection studies for behavioral traits have been
published (Crabbe et al. 1990; Crabbe 1999; Henderson 1989).

Most of the work with these lines, covering many years, has been collated in a set of recent
reviews (See Table 1) and one of us recently summarized that collection of reviews (Crabbe
2008). Some findings have emerged robustly across most or all pairs of selected lines. High
drinking genotypes clearly have reduced serotonin function in limbic brain areas,
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accompanied by anatomical differences in this neurotransmitter system, but evidence for
differences in several other transmitters have remained equivocal. Behaviorally, high
drinkers consistently are shown to develop a greater degree of tolerance to alcohol's
intoxicating effects and that tolerance is longer lasting. As serotonin is known to mediate
some aspects of alcohol tolerance (Kalant 1998), these two results are consistent.

All the high drinking lines continue to drink until they reach a blood alcohol level of
approximately 60–70 mg%. While this level is slightly above the 50 mg% criterion for
driving under the influence in the USA, it is not sufficient to induce overt intoxication in
rodents. Under some conditions (e.g., when alcohol is administered for months, or offered
sporadically), some animals can be induced to drink excessive amounts. The effective
procedures, however, are arduous (Rodd et al. 2009). The most effective method, and in our
view the method with the most face validity, is to combine periods of free access to alcohol
with periods where alcohol is forced upon the animals, usually through forced inhalation of
alcohol vapor. Alternating these conditions can lead to a substantial increase in preference
drinking, which has been proposed to be due to self-medication of an alcohol withdrawal
state (Becker and Lopez 2004; Spanagel 2009; O'Dell et al. 2004).

Selective breeding has been an effective tool for detecting genetic correlations between
different phenotypes. For example, Metten et al. (1998) reviewed evidence from several
studies showing that alcohol preference drinking and withdrawal severity in physically
dependent mice are inversely genetically correlated: thus, high preferring genotypes are
genetically predisposed to show low withdrawal severity and vice versa. Precisely which
genes are responsible for the negative genetic correlation are unknown. Using short-term
selective breeding for each of the two traits starting from a heterogeneous stock (derived
from a cross of four inbred strains, including C57BL/6J and DBA/2J), Hitzemann et al.
(2009) found seven QTLs that affected both traits in the expected inverse direction, and
offered a number of plausible candidate genes worthy of further investigation.

Inbred strains
The first demonstration of inbred strain differences in preference drinking in 1959 compared
male mice from 5 strains. The data revealed several more subtle differences as well. Within
each strain, there were apparent individual differences among animals’ preference ratios. For
example, of the four mice in the C3H/NT strain, two were relatively high drinkers and two
relatively low, so this strain's “average” drinking had relatively high variability. For
preferring strains, preference tended to increase over a period of 2–3 weeks until it settled at
a plateau. Whenever the side on which the alcohol bottle was placed on the cage top was
switched, there was a temporary reduction in intake of alcohol during the following 1–2
days, but animals quickly reestablished their strain-specific preference ratio (McClearn and
Rodgers 1959). Many subsequent studies, published between 1966 and 2004, have
employed relatively large panels of inbred strains. A recent review of several of those
studies was able to compare relative strain preference ratios for 10% ethanol across decades,
laboratories, and small variations in the procedures employed. Despite the inevitable genetic
drift due to differential new mutations within strains over more than 150 generations, the
correlations of strain mean preference ratios exceeded r = 0.90 for any pairwise correlation
between data sets. Not only is this a highly heritable trait, it is highly genetically stable over
time and laboratories (Wahlsten et al. 2006). As this animal model represents an aspect of
the human disease, these results indicate that the genetic contribution to quantity of alcohol
intake is profoundly important and supports further consideration of including this index in
the scheme used to diagnose human alcohol use disorders.
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The common inbred mouse strains have been assigned to seven lineages based on detailed
pedigree records and, more recently, extensive single nucleotide polymorphism comparisons
(Petkov et al. 2004). Strains from the C57/C58 lineage are generally among the highest
drinkers, while those related to the DBA lineage are low preferring (Wahlsten et al. 2006).
Recently, it was fortuitously discovered by Yuri Blednov that an F1 hybrid between the
C57BL/6J and FVB/NJ inbred strains drank even more ethanol than C57BL/6J mice in
standard 2-bottle preference tests (Blednov et al. 2005). Other strains in the FVB (“Swiss”)
lineage show wide variability in drinking—for example, RIIIs/J are above average drinkers,
while BUB/BnJ are below average (Yoneyama et al. 2008). This result suggests a role for
epistatic interactions between alleles common in the C57/C58 lineage and those common in
the Swiss lineage. We are currently mapping QTLs responsible for the excessive drinking of
mice that are heterozygous for the C57BL/6J and FVB/NJ alleles when compared to those
that are homozygous for one or the other allele. To do this, the genome was searched for
individual QTLs showing overdominance in a C57BL/6J X FVB/NJ F2 population. Our
initial results have identified three QTL regions showing overdominance in the expected
direction (Phillips et al. 2010).

The utility of inbred strains for genetic correlational inferences (see “The Complexity of
Preference Drinking: Multivariate Approaches” section) has taken great strides forward with
the formation of a Mouse Phenome Database at The Jackson Laboratory (Grubb et al. 2004).
This informatics project had 2081 phenotypes stored for 4 or more common inbred strains
(average = 19 strains/phenotype) on June 3, 2009. In the alcohol field, strain mean
correlations between preference drinking and two other phenotypes have prompted further
studies. Inbred strains that have high alcohol preference also are genetically predisposed to
have low withdrawal severity after being rendered physically dependent on alcohol (Metten
et al. 1998), which supports the numerous studies reviewed above with lines of mice or rats
selected for high vs low withdrawal severity or high vs low preference and tested on the
alternate trait.

The complexity of preference drinking: multivariate approaches
The wealth of data on inbred strains in particular has enabled the use of multivariate
approaches to understanding drinking (see Phillips and Belknap 2002). Trait (phenotype)
data collected on a dozen or more inbred strains are valuable for exploring common genetic
influences among multiple traits by correlational and multivariate analyses. Parallel patterns
of strain differences among traits indicate common genetic influences which can implicate
common genetically-mediated mechanisms for further investigation. In a recent meta-
analysis (Belknap et al. 2008), we analyzed genetic commonalities across four different
drugs subject to abuse (ethanol, morphine, pentobarbital, and diazepam) tested on 14–15
standard inbred mouse strains for a series of traits appropriate for all four drugs across
multiple doses. A correlation matrix based on strain means was first constructed (bivariate
analysis), followed by multivariate analyses based on clusters of correlated traits as the unit
of analysis. Multidimensional scaling and cluster analysis showed that for two-bottle choice
preference drinking, morphine and ethanol were similar in their pattern of strain differences,
but different from diazepam and pentobarbital. This finding was not anticipated based on the
pharmacological classes to which these drugs belong (pharmacology alone would have
predicted similarity of genetic control across the three drugs sharing strong effects on
GABA-A receptors, i.e., ethanol, diazepam and pentobarbital). Data from the literature for a
series of sweet and bitter tastants without known pharmacological effects were also
examined. Preference for the tastants was similar to drug preferences only in the case of
ethanol, where the sweet tastants (sucrose, saccharin) were significantly genetically similar
to ethanol preference drinking across strains. This trend was strongest for the 3% ethanol
concentration, and less evident for 6 and 10% ethanol. This is consistent with the hypothesis
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that sweet taste preference drinking partially contributes to ethanol preference drinking in
mice, especially at the lower ethanol concentrations (Belknap et al. 1993; Boughter and
Bachmanov 2007).

Gene targeting
In 1996, the first gene-targeted mouse to be tested for alcohol preference drinking was found
to drink more than it's wild-type counterpart, suggesting that the serotonin 1B receptor gene
might play a role in preference drinking (Crabbe et al. 1996). However, several subsequent
studies showed that this single gene effect was strongly dependent on the genetic
background of the mice, and we have not to date been able to ascertain the physiological
basis of the role of this gene in drinking (Phillips et al. 1999; Phillips and Belknap 2002;
Crabbe et al. 1999). Since then, many additional over expression or null mutants have been
created and tested for alcohol preference drinking. In 2006, we reviewed results for 76
targeted genes (Crabbe et al. 2006). Since that review, mutants for at least 10 additional
genes have been tested. The review covered standard gene knockouts, over expression
transgenics, and targeted point mutations, most expressed throughout development but some
altered conditionally or in a brain region specific manner. These various manipulations of 23
genes increased preference drinking significantly; for 30 genes, preference was significantly
reduced; and for 33 genes, no substantial difference from controls was seen. Analysis of this
distribution yielded χ2 = 1.84, p = 0.4 (NS). Our interpretation of this pattern is that while a
specific gene or gene pathway may well affect preference drinking when looked at in
isolation, there are so many potentially influential genes that it is not easy to see how this
oligogenic trait will yield its secrets to a one gene at a time analysis.

Stepping back from the big picture, how is one to determine where the signal resides, and
what is noise in the system? One good approach is to explore results suggested in null
mutant studies with further investigations using drugs and other research tools. For example,
several different lines of mice engineered to lack the CB1 receptor gene showed reduced
alcohol preference, and null mutants for the FAAH gene that had increased endogenous
cannabinoids showed elevated preference. The potential role of the cannabinoid system was
also supported by studies with CB1 receptor antagonist drugs, and studies with AA and
ANA selected rat lines. The cannabinoid antagonist rimonibant is currently under
investigation as a potential therapeutic agent for alcohol dependence (Crabbe et al. 2006).

The search for QTLs for alcohol consumption
A mapped QTL defines the location of a gene (or more than one gene) that influences a
complex trait (i.e., one that is influenced by multiple genes, by environmental factors and
can be influenced by all possible interactions of these variables). The principles and
complexities of QTL mapping, and the importance of a systems genetics approach, have
been recently presented in an excellent review (Mackay et al. 2009). Gerald McClearn was
among the first to consider gene–gene interaction effects on alcohol preference drinking in
mice as one of the complicating factors in identifying genetic influences (Fernandez et al.
2000). QTL mapping results for murine ethanol consumption were examined for
replicability using meta-analysis in 2001 (Belknap and Atkins 2001). The analysis included
only QTL studies that used populations derived from the C57BL/6J and DBA/2J inbred
strains. These strains are typically at the top and bottom, respectively, of lists comparing
inbred strains for voluntary alcohol consumption/preference (Belknap et al. 1993; Wahlsten
et al. 2006; Yoneyama et al. 2008). In all 9 studies, data were available that compared the
consumption of 10% ethanol when it was offered versus water. This analysis provided the
strongest support for QTLs on mouse chromosomes 2, 3, 4 and 9 (Belknap and Atkins
2001). Since then, additional evidence has been provided supporting the existence of QTLs
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in some of the same regions, particularly chromosomes 2 (Fehr et al. 2005) and 9
(Hitzemann et al. 2004).

Other mouse genotype combinations have also been used to map QTLs for ethanol
consumption and have provided strong or suggestive evidence for the same regions and for
additional regions (Bachmanov et al. 2002; Bice et al. 2006; Gill and Deitrich 1998; Gill and
Boyle 2005). There has also been QTL mapping accomplished for ethanol consumption
using rats (Bice et al. 1998; Carr et al. 1998, 2003; Foroud et al. 2003; Terenina-Rigaldie et
al. 2003b). In one study, following a QTL search in an F2 cross of low (Wistar-Kyoto;
WKY) and high (High-Ethanol Preferring; HEP) alcohol consuming lines, a region of rat
chromosome 4 was genotyped and rats with alleles from the HEP or WKY lines were each
interbred. Analysis of offspring ethanol drinking data confirmed the presence of a QTL that
influences ethanol consumption on rat chromosome 4. The same or a linked gene(s) in the
same region also influenced saccharin and quinine intake, such that rats with the high
ethanol preference genotype consumed more of both tastants (Terenina-Rigaldie et al.
2003a). A chromosome 4 QTL was also found in a study using the intercross of the
selectively bred preferring (P) and non-preferring (NP) rat lines (Carr et al. 1998) and
following further exploration, genes in the region including neuropeptide Y (Npy), α-
synuclein (Snca), and corticotrophin-releasing hormone receptor 2 (Crhr2) have been
suggested as candidates for the linkage signal (Spence et al. 2009).

One strategy for QTL confirmation uses congenic mice that are entirely C57BL/6J in
genotype with the exception of a region on a single chromosome from the DBA/2J genotype
or vice versa. This approach was used by Blizard and McClearn (Blizard and McClearn
2000) to substantiate the genetic association of ethanol and sucrose intake. We have tested
two chromosome 2 congenics vs their matched C57BL/6J and DBA/2J background mice.
The background strain mice were originally obtained from The Jackson Laboratory, and
then used for the backcrossing required to create congenics (Bennett 2000), and bred
alongside the congenics during the same time span. Adult mice were tested in a 24-h choice
procedure for their consumption and preference for a 10% (v/v) ethanol solution when
offered vs water, using methods for measuring consumption that are standard in our
laboratory (Phillips et al. 2005). The 10% ethanol solution was offered for 4–10 days. As
shown in the left panel of Fig. 1, chromosome 2 congenic data supported QTL capture on
the C57BL/6J background (introgression of the DBA/2J region reduced ethanol
consumption), but not on the DBA/2J background (introgression of the C57BL/6J region did
not significantly increase ethanol consumption). Similar results were obtained in
chromosome 9 congenic mice (Fig. 1, right panel). In both cases, the data suggest that a
single QTL region was unable to alter the ethanol drinking phenotype on a genetic
background that shows extreme avoidance of ethanol.

Others using the congenic approach have consistently created congenics using C57BL/6J or
another C57 substrain as the background strain. For example, Whatley et al. used a panel of
21 C57BL/6J background congenics with DBA/2J substituted regions and confirmed QTLs
for 10% ethanol consumption on chromosomes 1 and 2 (Whatley et al. 1999). Gill and
Boyle used a panel of 20 C57BL/6J congenic strains with substituted genetic regions of
various lengths from the A/J strain to confirm provisional QTLs for 10% ethanol
consumption on chromosomes 2 and 15 (Gill and Boyle 2005). Lesscher et al. also
confirmed a chromosome 2 QTL using an A/J substituted region for a limited access (rather
than 24-h access) ethanol drinking trait (Lesscher et al. 2009). Finally, C57BL/6ByJ quasi-
congenics [these mice carry genetic passenger regions in addition to the introgressed
segment; see (Bennett 2000)] with substituted regions from BALB/cJ and CXBI/ByJ strains
were used to provide evidence for QTLs on chromosome 6 and 12 for the consumption of a
12% ethanol solution offered vs water (Vadasz et al. 2007).
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While the original QTL mapping work was nearly all based on linkage and association
analysis of numerous polymorphisms across the genome, the use of DNA chips and
microarray analyses to identify QTLs was soon adopted. Differences in gene expression
have therefore also helped to identify the specific genes in these and other regions in both
mice and rats that may be responsible for differences in ethanol consumption (Carr et al.
2007; Hitzemann et al. 2004; Mulligan et al. 2006; Tabakoff et al. 2008; Treadwell et al.
2004; Weng et al. 2009a, b; Worst et al. 2005). Gene sequence data have also been
examined (Fehr et al. 2005; Boyle and Gill 2008). To date, none of the evidence can be
considered definitive with regard to concluding that a gene accounting for differences in
ethanol consumption has been identified. However, compelling candidates include syntaxin
binding protein 1 (Stxbp1) on chromosome 2 and sodium channel, type IV, (Scn4b) on
chromosome 9, among many others, including some mentioned above. A significant
development corresponding with the ability to examine the expression of thousands of genes
at a single time is the move toward more comprehensive analyses of gene networks
(Mulligan et al. 2006; Green et al. 2007; Kerns and Miles 2008; Song et al. 2009). Genetic
perturbation of interconnected pathways regulated by multiple genes is more likely than are
large major gene effects to explain genetic components for complex alcohol use disorders
and even seemingly simpler traits used to model aspects of excessive drinking.

Beyond alcohol preference drinking
Strengths and weaknesses of the two-bottle test

We have learned a great deal about ethanol preference drinking from the genetic animal
model literature. Yet, as the field of the biology of alcoholism has co-evolved with that
specialized in alcohol drinking studies, we must ask, what are the principal strengths and
weaknesses of the phenotype, preference drinking, vis à vis compulsive human drinking?
One approach to asking this question was taken by a review of the multitude of data from
inbred strains and from lines selected for preference. Nearly all the selected lines were
selected for essentially the same trait, two-bottle preference drinking. These authors asked
whether the patterns of correlated responses for other measures of ethanol reinforcement
seen across the divergently-selected drinking lines were similar. For example, did high
preference-drinking genotypes also show a greater sensitivity than low drinking genotypes
to alcohol's stimulus properties in conditioning paradigms, or would they work harder in an
operant task to obtain access to alcohol (Green and Grahame 2008)? It is reassuring to find
that the animals with high preference genotypes indeed would work harder in oral operant
self-administration studies. Another commonly employed behavioral assay depends on
Pavlovian conditioning. When an alcohol injection is paired with drinking a novel fluid,
animals will sometimes gradually develop an aversion for the novel fluid. This conditioned
taste aversion is taken as an index of ethanol's hedonic stimulus properties, and sensitivity to
this effect of alcohol has been shown by some to correspond with avoidance of alcohol
intake in low alcohol consuming lines. Thus, aversive effects of relatively high doses of
alcohol may tend to limit consumption to a greater extent in non-preferring genotypes.
Finally, if alcohol injections are paired with a novel location and the animal is subsequently
given a choice of locations, it may show a conditioned place preference, and high preference
drinking genotypes were more likely to do so than non-preferring genotypes. Overall, these
results suggest that preference drinking is a reasonable model of ethanol's reinforcing effects
(Green and Grahame 2008).

Among the other strengths of the two-bottle preference drinking test is the fact that it is very
easy to implement. We routinely have high school students performing this test within 2
weeks of their entering our laboratories for summer research experiences. It is also possible
to achieve very high throughput when collecting data, which is an enormous advantage for
complex genetics studies. As we have mentioned above, we have nearly 60 years of rat data,
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and 50 of mouse data. The existence of numerous selectively bred lines has allowed us to
achieve convergent validity for many correlates of preference drinking. The trait has a
relatively high heritability compared to other behaviors, which also has facilitated genetic
studies, and some QTLs have been found reliably across time and laboratories.

However, like all methods, there are some inherent weaknesses, or at least limitations to the
method's application. There is limited to no predictive validity for drugs with clinical
efficacy at treating alcoholism (Egli 2005). This is principally because many compounds are
“false-positives” in the two-bottle test, reducing preference drinking but subsequently
proving to have limited to no efficacy in tests with human alcohol-abusing populations.
Even after all these years, we still do not know precisely what the motivation for drinking is.
Why do some animals prefer and others avoid? Although the trait is a reasonable surrogate
for alcohol's reinforcing properties, this is not the same as knowing that this is why animals
elect to drink. Our inability to determine motivation definitively is compounded by the
strong innate tendencies regarding novel flavors, and novel situations in general. As
reviewed above, the genetics of alcohol preference is clearly intertwined with genetic
approach and avoidance tendencies for other tastants. However, the principal limitation of
two-bottle preference drinking in our opinion is that under most circumstances, even high
preferring genotypes will not drink enough to become overtly intoxicated. For mice, it
requires a blood ethanol concentration (BEC) of approximately 100 mg% before behavioral
intoxication can be demonstrated unequivocally (Crabbe et al. 2005, 2008). There are
numerous methods that can be employed to elevate voluntary drinking to a degree that this
threshold is surpassed. However, they require very long-term access to alcohol solutions
(e.g., months), generally employ periods of deprivation alternated with access, and/or
require extensive training. Alternatively, if alcohol is sweetened, animals will readily drink
to intoxication, but the specific role alcohol plays in directing their drinking is questionable.
Many of these alternative methods are described in a paper that first reported the
development of a new model, “Drinking in the Dark” or DID (Rhodes et al. 2005).

Drinking in the Dark—a new genetic animal model
If mice are offered a single bottle of a high concentration of alcohol (20%) for 2–4 h starting
soon after the onset of their circadian dark cycle, some will drink a great deal of alcohol and
achieve measurable BECs (Rhodes et al. 2005). Strains differ markedly in DID, with
C57BL/6J drinking the most and DBA/2J among the least; the trait is heritable, as inbred
strains differ markedly in their BECs after a DID test (Rhodes et al. 2007). The DID
phenotype, and the selected lines developed based upon high BECs during this test (see next
section), are not intended as an animal model of alcoholism. Rather, we have targeted a
single deficiency of the older models, i.e., the failure to show a pattern of binge-like
drinking that leads to intoxication. A principal limitation of the phenotype is that during the
DID test, no choice is offered—the animals, for a 2 or 4 h period, have only access to
ethanol. While they do not have to drink in order to maintain a normal physiological state
[i.e., they are not fluid-deprived (Toth and Gardiner 2000)], the face validity of the model
would be improved if a choice were offered. However, in the F2 cross of C57BL/6J and
DBA/2J, ethanol intake was reduced when water was offered as an alternative drinking
solution (Phillips et al. 2010). Todd Thiele's group has performed studies in C57BL/6J mice
where periods of food deprivation were shown not to affect intake or BEC in DID drinking
(Lyons et al. 2008). Peripheral administration of the anorectic agent leptin had no effect on
DID intake or BECs, though separate tests showed its effectiveness in reducing food intake.
Ghrelin similarly enhanced eating, but showed only a modest tendency to increase alcohol
intake/BEC. The alcohol drinking experiments were conducted with food removed. These
studies suggest that the DID phenotype is not primarily related to feeding behavior, or at
least to calorie-seeking (Lyons et al. 2008). In another application of the method, Boehm et
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al. have used the DID procedure to offer high ethanol concentrations to pregnant C57BL/6J
mice in an attempt to model binge-like consumption (Boehm et al. 2008). These animals
reached BECs of 118–182 mg%, sufficient to produce behavioral changes in adolescent
offspring. The authors suggest that the procedure may be useful for animal model studies of
Fetal Alcohol Spectrum Disorders.

Selection for high blood ethanol concentrations—To provide a new model of
binge-like drinking, we bred a mouse line for high blood ethanol levels due to High DID
(HDID), starting with a large population of a genetically heterogeneous stock, HS/Npt,
derived from intercrossing 8 standard inbred strains. Each generation, mice were given a 2
day DID test, with access to 20% ethanol (v/v) in a single bottle for two hr on the first day,
and four hr on the second day, starting 3 h after the onset of their circadian dark. Each
generation, selection of breeders was based on their BEC at the end of the second day of
drinking, and mice with the highest BECs were mated to produce the next generation. We
recently reported the results from the first replicate line (HDID-1) for this selection project
(Crabbe et al. 2009). When compared with mice offered water, the HDID-1 mice were
shown to be intoxicated in the balance beam test. The heritability estimated from the
realized response to selection after 11 selected generations was h2 = 0.09, and the relatively
slow rate of response suggests that the trait is multigenic and perhaps highly polygenic
(influenced by genes that each have a small effect on the phenotype). Mice achieved higher
BECs than the HS/Npt population from which they were selected—this stock serves as the
control line, as this selection was not bidirectional.

To provide a replicate that could be used to verify any correlated responses to selection, we
initiated a second line. The HDID-2 line was selected in the same way, for the same trait.
The only exception was that we started the HDID-1 selection using a rotational breeding
scheme (Halcomb et al. 1975), and then to accelerate the rate of response, we shifted to
individual selection after 5 generations. The HDID-2 line was subjected to individual
selection throughout. Figure 2 shows the response to selection in both replicates. The
HDID-2 selection response appears to resemble the response in HDID-1 very closely. For
example, the S7 HDID-2 mean BEC was 0.55 ± 0.04 mg/ml, and the S7 HDID-1 mean was
0.64 ± 0.04 mg/ml. In both lines, the animals achieved higher BECs by ingesting more
alcohol. Although selection was based only on BEC and not on intake, the intakes have
increased as a genetically correlated response to selection (Fig. 3). The S7 HDID-2 mean
ethanol intake was 6.45 ± 0.33 g/kg, while that for the S7 HDID-1 mean was 5.89 ± 0.26 g/
kg. That mice achieving higher BECs drank more makes logical sense. That there was a
smaller increase in intake than there was in BEC over generations is consistent with there
being partial, but not total, overlap between the pools of genes affecting the two traits.
Within genetically homogeneous C57BL/6J mice, the correlation (which is traditionally
taken as environmental in origin) between intake and BEC was r = 0.71 (Rhodes et al.
2005). Within HDID-1 mice of the S11 generation, where the correlation represents a mix of
genetic and environmental influences depleted to the extent that selection has fixed some
relevant genes, we found r = 0.45 (Crabbe et al. 2009). In the foundation population (S0) of
HS/Npt animals, the correlation was r = 0.44 (unpublished data). We believe that across
populations and estimates, intake typically explains about 25% of BEC variation, whether
considered phenotypically or ‘genetically’ [i.e., from inbred strain means (Crabbe et al.
2009)].

After 9 generations of selection for high DID, the HDID-1 mice were tested in a standard
DID test, except they were offered two bottles, one containing water and one containing
alcohol. They drank more alcohol than controls (and, in fact, nearly the amount they usually
drank in a single-bottle DID test), but they also drank some water, and their BECs were
significantly lower (Crabbe et al. 2009). We have not yet tested the HDID-2 line for two-
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bottle DID, or for intoxication after drinking. Because selection is unidirectional, we are
dependent upon finding differences between the HDID lines and the non-selected control for
concluding that there are correlated response differences for a given trait. Control line values
can differ considerably depending on the phenotype, and genetic confounds due to
accidental fixation of genes in the control lines can lead to false positive or false negative
conclusions. One advantage of finding that the HDID-2 line is showing increasing BECs at
nearly exactly the same rate as the HDID-1 line is that we can perform correlated response
tests using all three lines simultaneously, while predicting the rank order of differences
among lines (HDID-1 ≥ HDID-2 > Control, for example).

Pharmacological modulation of drinking in the dark—The DID paradigm has been
used in several laboratories to explore pharmacological control of this novel drinking
paradigm. To date, most such studies have employed peripheral administration of
compounds to C57BL/6J mice, typically before the second day of DID testing. Studies have
shown that the mu opioid antagonist naltrexone and the dopamine transporter antagonist
GBR 12909 both reduced DID intake of ethanol at doses without effect on intake of plain
water (Kamdar et al. 2007). GBR, but not naltrexone, also reduced sweetened water intake.
A subsequent study showed that acamprosate, which blocks NMDA and/or metabotropic
glutamate receptors, and the specific mGluR5 receptor antagonist MPEP both reduced DID
ethanol drinking. Neither compound affected water or sugar water drinking at the doses
tested (Gupta et al. 2008). The GABA-B agonist baclofen dose-dependently increased
binge-like ethanol intake, without affecting water drinking, while both the GABA-A
agonists muscimol and THIP reduced ethanol intake, but also water (Moore et al. 2007).
Nicotinic acetylcholine receptor function may also be involved as shown in a recent study
using mecamylamine, hexamethonium, dihydro-beta-erythroidine (DHβE),
methyllycaconitine (MLA), nicotine and cytisine in a modified DID assay (Hendrickson et
al. 2009). The non-specific antagonist mecamylamine reduced ethanol intake and lowered
BECs, while the peripheral antagonist hexamethonium did not. Neither the specific
competitive nicotinic antagonist DHβE nor the α7 selective antagonist MLA reduced alcohol
intake. Nicotine, and cytisine, the β4* receptor full antagonist and β2 partial agonist, also
reduced ethanol drinking. Some of these treatments had modest effects on sucrose drinking
as well. These authors also performed a rough analysis of drinking patterns, averaging intake
into 15 min bins. Nicotine pretreatment predominantly reduced ethanol drinking during the
first hour, while mecamylamine affected drinking during the second hour. cFos/tyrosine
hydroxylase double labeling experiments suggested that mecamylamine pretreatment before
ethanol DID drinking reduced the number of double-labeled cells in the ventral tegmental
area while nicotine pretreatment did not (Hendrickson et al. 2009). In addition, one study
has shown that the CRF1 antagonist CP-154,526 reduced ethanol intake and BEC during 4 h
DID sessions that resulted in relatively high intake and BECs, but was without effect in
shorter sessions leading to lower intakes/BECs (Sparta et al. 2008).

We are aware of only three studies to date that have employed a modification of the DID
model to deliver a compound directly to a specific brain nucleus in C57BL/6J mice.
Infusions of the neuropeptide urocortin 1 (Ucn1) into the lateral septum altered the
acquisition and expression of ethanol intake with the DID procedure (Ryabinin et al. 2008).
The GABA-B receptor agonist baclofen reduced DID when infused into the anterior, but not
the posterior, ventral tegmental area. Infusion did not affect drinking of either water or sugar
water (Moore and Boehm 2009). More complex results were seen using the cannabinoid
receptor agonist WIN 55-212,2. This compound increased DID drinking at the lowest dose,
but suppressed it at two higher doses, but only if delivered to the posterior ventral tegmental
area; all doses were ineffective in the anterior ventral tegmental area. These findings were
complicated by effects on locomotor activity in some conditions, which may have competed
with the consummatory drinking (Linsenbardt and Boehm 2009). In summary, the DID
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model has been used by several investigators, and a wide range of neural systems have been
provisionally implicated by the pharmacological studies performed thus far.

Future directions
The tendency of some rodents to prefer and others to avoid alcohol solutions has provided
the cornerstone for behavioral neuroscience research into alcohol use disorders since its
discovery more than 60 years ago. The early demonstration that those differences were in
great part genetically based has led to the prominent role of behavioral genetics in
preclinical research on alcohol. As genetics, genomics, and bioinformatics tools proliferated
and grew markedly in sophistication, we have made substantial progress toward identifying
some of the genes responsible for differential avidity for alcohol solutions. This has led to
pursuit of some novel new drugs with potential therapeutic value. It has also become
abundantly clear from studies of genes and their expression patterns how complex the
genetic contributions to drinking are. Curiously, the phenotypes studied in rodents remain
much the same as they were at the outset. In part, this is because alcoholism is a
developmental, chronically relapsing disorder, and it is both difficult and expensive to
model in the laboratory across the life span, even in rodents that typically live only 2–3
years. Also, we believe that this is due to a disconnection between the phenotypic targets
chosen for genetic studies by clinical and preclinical researchers. The former tend to
concentrate on diagnostic categories, while the latter can provide believable models for only
selected features of clinically-relevant symptom clusters. Some of the crucial features of
alcohol use disorders (e.g., the tendency for preoccupation with the drug to interfere with
work or peer relationships) are unlikely to be modeled realistically in laboratory rodents.

Several investigators recently made an effort to review the state of the art in human and
animal research across many domains important for alcohol use disorder epidemiology,
pathophysiology and treatment (Crabbe 2010). One domain considered was the assessment
of ethanol consumption (Leeman et al. 2010). The work group concluded that three
categories could encompass most of the relevant phenotypes: abstinence (or the decision to
drink or not to drink); the amount consumed; and heavy drinking. Laboratory studies of the
decision making process are sparse in both humans and laboratory animals. Human studies
were encouraged that consider excessive drinking according to standard guidelines (reaching
> 80 mg% within 2 h), and the DID model is a promising start in rodents. More attention
was encouraged in all species to studies of the patterning of drinking both within a drinking
session, with respect to circadian time, and across drinking sessions. Finally, the need for
measuring BECs in all studies was emphasized (Leeman et al. 2010). Although alcohol
consumption is only one area of importance for understanding and treating alcohol use
disorders, it is one where the field of alcohol research offers a strong opportunity for clinical
and preclinical approaches to find common ground in genetics. The genetics traditions at
both levels of investigation are strongly historically based, and the target population that
would benefit from biomedical progress is very large.
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Fig. 1.
Introgression of a genetic DBA/2J (D2) strain segment onto a pure C57BL/6J strain
background reduces ethanol consumption. Shown is mean SEM consumption of 10%
ethanol in Chromosome 2 (left) or Chromosome 9 (right) congenic and background strain
mice. Introgression of a B6 segment on the alcohol avoiding D2 background did not
significantly alter ethanol consumption. Congenic interval: B6.D2 Chromosome 2: 10–86
cM; D2.B6 Chromosome 2: 37–71 cM; both B6.D2 and D2.B6 Chromosome 9: 9–58 cM.
*** p < 0.01 for the comparison of B6 to B6.D2 congenic mice
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Fig. 2.
Realized response to selection for high blood ethanol concentration (BEC) in High Drinking
in the Dark (HDID-1 and HDID-2) mice. Response is shown across 13 selected generations
for HDID-1 mice and 7 generations for HDID-2 mice. Mean ± SEM BEC is shown. Circles
represent the total population tested each generation. Inverted triangles give values of the
animals chosen as parents from the preceding generation: their offspring are represented in
circles directly below. For a detailed discussion of the first 11 generations of the HDID-1
selection, as well as the specific methods used, see (Crabbe et al. 2009)
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Fig. 3.
Increased consumption in the HDID-1 and HDID-2 selected lines across generations. Mean
± SEM g kg ethanol ingested during the second day of DID testing is shown. Intake is a
correlated response to selection on the BEC levels depicted in Fig. 2. In HDID-1 mice, as
BEC tripled across the first 11 generations, intake increased by 50%
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Table 1

Selectively bred and other genetic rat and mouse models of high or low alcohol drinking (includes high-
drinking inbred and hybrid strains)

Lines Acronym Phenotype Reference

Rats University of Chile alcohol drinker and non-drinker
(derived from Wistar rats; Chile)

UChB/UChA High/low consumption 10%
ethanol vs water

Quintanilla et al.
(2006)

ALKO Alcohol and non-alcohol (derived from a
foundation stock including Wistar and Sprague–
Dawley rats; Lewis and Brown Norwegian genotype
introduced later; Finland)

AA/ANA High/low consumption and
preference 10% ethanol vs
water

Sommer et al.
(2006)

Alcohol preferring and nonpreferring (derived from
Wistar rats; United States); inbred P, inbred NPa

P/NP
iP/iNPa

High/low consumption and
preference 10% ethanol vs
water

Bell et al. (2006)

Sardinian alcohol preferring and nonpreferring
(derived from Wistar rats; Italy)

sP/sNP High/low consumption and
preference 10% ethanol vs
water

(Colombo et al.
(2006)

Marchigian Sardinian alcohol preferring (derived from
13th generation sP rats; Italy)

msP High consumption and
preference 10% ethanol vs
water

Ciccocioppo et al.
(2006)

High/low alcohol drinking (derived from the N/Nih 8-
way inbred strain cross; United States)

HAD-1/LAD-1
HAD-2/LAD-2

High/low consumption and
preference for 10% ethanol vs
water

Murphy et al.
(2002)

Fawn Hoodedb FH/Wjdb High consumption 10%
ethanol vs water

Overstreet et al.
(2007)

High ethanol preferring (derived from a foundation
stock created by crossing alcohol Preferring P rats and
Harlan Sprague–Dawley; United States)

HEP High consumption and
preference for 9–20% ethanol
vs water

Myers et al. (1998)

High/low addiction research foundation (derived from
the N/Nih 8-way inbred strain cross; United States)

HARF/LARF High/low consumption 12%
ethanol during a 20 min
period of limited access

Le et al. (2001)

Mice Short-term high/low alcohol preference (derived from
the F2 cross of C57BL/6J and DBA/2J inbred strains;
United States)

High/Low High/low preference 10%
ethanol vs water

Belknap et al.
(1997)

High/low alcohol consumption (derived from the HS/
Ibg 8-way inbred strain cross; United States)

HAP-1/LAP-1
HAP-2/LAP-2
HAP-3/LAP-3
cHAPc
(HAP-1 is extinct)

High/low consumption 10%
ethanol vs water

Green and Grahame
(2008)

Short-term high/low alcohol consumption (derived
from the F2 cross of C57BL/6J and DBA/2J inbred
strains; United States)

STDRHI/STDRLO High/low consumption 10%
ethanol vs water

Phillips et al. (2005)

C57BL/6Jd B6d High consumption and
preference 10% ethanol vs
water

Wahlsten et al.
(2006)

(C57BL/6J X FVB/NJ)-F1e B6FVB <mi></mi> High consumption and
preference 10% ethanol vs
water

Blednov et al.
(2005)

High Drinking in the Darkf (derived from the HS/Npt
8-way inbred strain cross; United States)

HDID-1f
HDID-2

High blood alcohol levels
after drinking 20% ethanol in
a single-bottle, limited access
exposure

Crabbe et al. (2009)

Short-term high/low alcohol consumption (derived
from the HS4 4-way inbred strain cross; United States)

High/Low High/Low consumption 10%
ethanol vs water

Hitzemann et al.
(2009)

a
iP and iNP lines were inbred from P and NP, respectively, after many generations of selective breeding

b
FH/Wjd were inbred from one of the FH outbred stocks; several substrains of FH exist, but FH/Wjd show higher intake than FH/Har, FHH/Eur,

and FHL/Eur
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c
cHAP mice were produced by intercrossing HAP-1 and HAP-2 lines after many generations of selective breeding, and have since been under

continued selection

d
This inbred, and most others from the C57/C58 lineage (Petkov et al. 2004), consistently tops the lists in comparisons of inbred strains for ethanol

preference and consumption

e
This is the hybrid cross of the high ethanol intake strain, C57BL/6J, and a lower intake strain, FVB/NJ; the hybrid strain drinks more ethanol in

the two bottle preference test than the C57BL/6J inbred, an example of heterosis

f
Selection is only in the direction of high drinking: the HS/Npt heterogeneous stock from which the lines were derived serves as the control

population
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