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Abstract
In biomedical research, one key stage of translating basic science knowledge to clinical practice is
the reconciliation of phenotypes employed for laboratory animal studies with those important for
the clinical condition. Alcohol dependence (AD) is a prototypic complex genetic trait. There is a
long history of behavior genetic studies of AD in both human subjects and various genetic animal
models. This review assesses the state of the art in our understanding of the genetic contributions
to AD. In particular, it primarily focuses on the phenotypes studied in mouse genetic animal
models, comparing them to the aspects of the human condition they are intended to target. It
identifies several features of AD where genetic animal models have been particularly useful, and
tries to identify understudied areas where there is good promise for further genetic animal model
work.
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Introduction
Alcohol dependence (AD) is defined categorically in the Diagnostic and Statistical Manual
of Mental Disorders, Fourth Edition (DSM-IV) and represents a complex syndrome with
numerous and varied symptoms. In many respects, AD is a prototypic complex genetic trait
and there is clear evidence from human genetic studies that 50–60% of risk for an AD
diagnosis can be inherited (Goldman et al. 2005; Stacey et al. 2009). Genetic sources of risk
ultimately must be traceable to specific genes, and there are numerous environmental factors
of known importance to risk (e.g., family situation and dynamics, peer interactions, life
stressors, comorbidities with other psychiatric disorders, etc.). There is also clear evidence
of gene-environment interaction in risk for AD (Cloninger 1987; Kendler et al. 2003; Sher et
al. 2010; van der Zwaluw et al. 2009).

In an experimental attempt to identify and understand genetic and environmental influences
on a behavioral phenotype, we first need to be able to define what we mean by three things:
genetic influences, the environment, and the behavioral target (the phenotype). I consider
each of these in turn with respect to genetic risk for AD. To focus this enquiry, I concentrate
on one key stage of translating basic science knowledge to clinical practice: namely, the
reconciliation of phenotypes employed for laboratory animal studies with those important
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for the clinical condition. What is the appropriate level for defining the “genetic influences”
on AD risk? When the Central Dogma still reigned, this was a relatively simple question.
We could basically only ascertain which genes were associated with a specific trait, and
perhaps with luck identify a sequence variant such as a mutation with a marked effect. Now,
we must determine whether sequence variation is relevant at all, and if so, at what level
(SNPs, common variants, rare variants, haplotypes?). Or, is it the transcriptome that we
should focus on? Or, networks of co-expressed genes and/or their associated proteomes?
There are now data linking AD risk with variation at all the above levels, and it will take
some time to sort out which genetic level of analysis is most apposite.

Defining the environment is equally important, and equally difficult. Good discussions of
these issues can be found elsewhere (Sher et al. 2010; van der Zwaluw et al. 2009). Genes
are expressed differently in different environments. For example, AD is a developmental
disorder, and may reflect the influence of different sets of active genes during adolescence
than during adulthood. Genes are expressed differently in different brain areas. Epigenetic
regulation is important, but little studied to date. The environment for a human genetic study
includes family members, peers, nutrition, and work status, just to name a few. For
laboratory animals, work is generally irrelevant, and nutrition is accounted for, but the
laboratory environment is extremely complex and extends clear through the details of any
experimental protocols employed. Laboratory environment can have strong effects on gene-
behavior relationships (Cabib et al. 2000; Chesler et al. 2002; Crabbe et al. 1999). Finally,
consider the phenotype itself, the main topic of this review. As Gerald McClearn pointed out
many years ago, any trait as behaviorally/biologically complex as AD cannot likely be
represented adequately with a single genetic animal model. Rather, the human diagnosis, a
categorical phenotype, can better be fractionated and represented by multiple animal models,
each targeted to a specific constellation of important phenotypic characteristics (McClearn
1988). Figure 1 presents a few ways of thinking about the complex trait, AD. AD is defined
in the DSM-IV as the occurrence of any three of the following 7 symptoms occurring during
the same 12 month period: a. tolerance; b. withdrawal; c. use greater than intended; d.
persistent desire/repeated attempts to quit drinking; e. devotion of much time/activity to
obtaining, using, or recovering from alcohol; f. giving up or reducing important social,
occupational or recreational activities; and g. continued use despite knowledge of adverse
consequences (Hasin 2003). Each of these specific symptoms may be targeted separately.
Practically speaking, they tend to be correlated, as depicted in the center panel of Figure 1.
Of course, diagnosing AD by any group of 3 symptoms from a list of 7 inevitably means
that any population of AD subjects is diagnostically, hence biologically heterogeneous.
Thus, there is also a long history in alcohol research of seeking taxonomically distinct
subgroups of AD individuals. The presumption is that restricting analysis of biological and
genetic correlates of AD to specific subtypes may reveal a more clear path to gene-behavior
relationships (Babor et al. 1986; Jellinek 1960; Vaillant 1983). Mining the generally
voluminous data taken from subjects in a human genetics experiment, investigators have
sought other types of latent classes of subdiagnoses as well [e.g. (Bucholz et al. 1996)].
Subtyping approaches do not reveal a structure as simple as that depicted in the left panel of
Figure 1, although they can improve the strength of gene-diagnosis relationships detected.

A related way of thinking about how to pursue the complexity of AD genetics focuses on
endophenotypes or intermediate phenotypes (Gottesman et al. 2003). For example,
electrophysiological signals have been associated with AD diagnosis (Edenberg et al. 2004).
Various polymorphisms in candidate genes such as GABRA2, OPRM1 and the CRHR1
receptors have shown reasonably consistent associations with AD (Anton et al. 2008; Enoch
2008; Treutlein et al. 2006). The intent of such studies is not necessarily primarily to
implicate the gene product of the associated candidate gene, or the brain process underlying
an electrophysiological signal, but rather to provide a surrogate marker that has an
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inheritance pattern presumed to be more simple than AD itself. Finally, there is an extensive
literature on comorbidity of AD with ADHD, major depression, anxiety disorders, and other
drug dependencies, as well as with such personality characteristics as impulsivity and risk-
taking. This genetic epidemiology literature shows that each such comorbidity has some
individual sources of genetic influence but also some sources apparently shared with AD
(Kendler et al. 2003; Sher et al. 2005; Volkow et al. 2005). How such risk factors and
surrogate genetic markers might covary with AD diagnosis is depicted in the right panel of
Figure 1.

Progress in human genetic studies of AD
Most human genetic studies of AD have targeted the diagnosis in case-control studies. That
is, they have ascertained populations of individuals with the diagnosis and populations
matched for various environmental sources of influence thought to be important. Thus, they
have sought to limit the comparison of cases vs controls on the dependent variables of
interest to genetic factors to the extent possible. The results from such candidate gene and
association studies have thus far been somewhat disheartening, probably because most such
studies have limited statistical power to detect associations (Foroud et al. 2010; Heath et al.
2011). The usual finding is of LOD scores of around 2 for the strongest signals detected,
followed by subsequent studies that fail to find a significant signal. There are however
exceptions where strong associations have been reported [e.g. (Dick et al. 2010a)]. Recently,
hope has turned to genome-wide association studies (GWAS), but the first generation of
GWAS studies has also failed to find genome-wide significance. Heath and colleagues
attempted to approach AD and heavy consumption using multivariate methods to achieve
greater power than is achievable by focusing specifically on diagnostic category or specific
symptoms. They examined 12000 Australian twins and family members, 2000 of which had
an AD diagnosis. 8700 individuals were genotyped for SNPs throughout the genome. Factor
scores for AD and heaviness of drinking were surveyed. They found no significant genome-
wide linkages. Even more sobering, the effect size for each of the modestly associated SNPs
averaged about 0.25% of QTL heritability, implying that perhaps hundreds of very small
effect genetic variants affected AD risk. They state that meta-analysis of multiple GWAS
studies may be needed to provide sufficient statistical power to delineate specific genetic
contributions (Heath et al. 2011). Indeed, a report on combined data from two earlier studies
recently achieved genome-wide significance (Zuo et al. 2012). Progress with human genetic
studies of AD has been reviewed elsewhere (Edenberg et al. 2006; Foroud et al. 2010;
Goldman et al. 2005; Kohnke 2008; Treutlein et al. 2011).

Contributions from genetic animal models
Animal modelers have mostly employed mice or rats, and I limit my discussion henceforth
mostly to mice. They typically have targeted specific DSM symptoms, or attempted to
identify or develop an animal that fulfills all 7 DSM criteria. For convenience, I turn to the
DSM criteria and consider each to assess progress with employing genetic animal models.

Tolerance
Tolerance is alternatively defined as a reduction in response to a repeated equivalent dose of
alcohol (ethanol), or the need to raise the alcohol dose in order to maintain the same level of
effect (Kalant et al. 1971). Tolerance is very easily established with rodents in the laboratory
using nearly any reliably measured sign of alcohol intoxication. Most frequently, measures
of impaired motor performance are employed, but tolerance to ethanol hypothermia is also
seen. There are multiple types of tolerance, differentiated based on the speed with which
they develop. Inbred strains of mice and rats differ markedly in their degree of tolerance of
various sorts, and lines of mice have been selectively bred for two forms of tolerance, rapid
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tolerance (Rustay et al. 2003; Rustay et al. 2004) and acute functional tolerance (Erwin et al.
1996). Tolerance also varies across lines of rats selectively bred for alcohol preference
drinking (Waller et al. 1983). The genetic studies of different forms of alcohol tolerance in
rodents were recently reviewed (Crabbe et al. 2011b).

Thus, tolerance is a clear example where genetic animal models have been successfully
developed and studied. Tolerance is not an especially unambiguous symptom of AD,
however. In a general population sample of patients with a DSM-IV AD diagnosis, 49%
displayed tolerance (Grant 2000). To earn an AD diagnosis, it is necessary to ingest a lot of
alcohol on a regular basis, which explains the frequency of this symptom. But, many
individuals are demonstrably tolerant to alcohol who do not show enough other symptoms to
qualify as dependent - thus, the specificity of tolerance is not high. In addition, there is
another sense in which tolerance has been suggested to play a role in AD. It has been
reported that individuals with low level of response to an alcohol challenge are at greater
risk for earning an AD diagnosis later in life (Schuckit 1985; Schuckit et al. 1996). Close
examination of these data suggests that such “low level of response” individuals may
actually display high levels of acute functional tolerance to alcohol (Newlin et al. 1990).
Here, a propensity to develop tolerance is taken as a risk factor for chronic drinking.
However, tolerance has rarely been measured in the human studies, so little is known about
whether a genetic risk for enhanced tolerance development is actually the key predictor of
subsequent abuse. Here is an area where rodent research could contribute more to our
understanding of this AD symptom’s role. Mouse lines were selectively bred to show high
(HAFT) or low (LAFT) acute functional tolerance (Erwin et al. 1996). When these animals
were compared for voluntary ethanol drinking, HAFT drank more alcohol than LAFT,
though both lines drank very little (Erwin et al. 2000). Similarly, lines of mice were selected
for high (HRT) vs low LRT) rapid tolerance to ethanol’s intoxicating effects. Unfortunately,
they were never tested for drinking before cryopreservation (Rustay et al. 2004). Although
there are scattered data on tolerance in lines of rats and mice bred for high vs low
preference, we could benefit from studies where an attempt is made to relate tolerance to the
intoxicating effects of drinking to future risk for excessive drinking. For a discussion of the
potential application of the low level of response phenotype and the role of tolerance as a
predictor of AD in mice, see (Crabbe et al. 2010a).

Withdrawal
When alcohol administration is discontinued, a characteristic withdrawal reaction ensues
comprising dysregulation of many central and autonomic system functions. The reactions
are very similar across mammalian species, and follow similar time courses (see Figure 2).
Withdrawal severity has been one of the aspects of AD most frequently modeled in rodents.
Mice have shown all of the symptom groups shown in Figure 2 (Crabbe et al. 2011b),
although sleep disturbances have been rarely studied (Veatch 2006). The motor disturbances
used to assess alcohol tolerance can also be used to quantify withdrawal severity (Philibin et
al. 2008; Philibin et al. 2011). Interestingly, the mouse genetic data show that tolerance and
withdrawal seem to be largely distinct in genetic etiology [(Crabbe et al. 2011b); see next
section].

Mouse studies of withdrawal have a long history in the alcohol research field, largely
because Dora Goldstein invented a vapor inhalation method for rapidly inducing dependence
in mice, as well as a simple scale for quantifying the central nervous system
hyperexcitability of withdrawal using a handling-induced convulsion, or HIC (Goldstein et
al. 1971). Curiously, rats do not show this sign of withdrawal. She showed that withdrawal
HICs were heritable (Goldstein 1973), and we subsequently used her methods to develop
lines of mice that were Withdrawal Seizure-Prone (WSP) or -Resistant (WSR) following
chronic vapor inhalation (Crabbe et al. 1985). There is now a rather large literature on the
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genetics of alcohol withdrawal HIC, which has been reviewed elsewhere (Crabbe et al.
2011b; Finn et al. 2004; Metten et al. 1996).

The HIC is a very sensitive sign of withdrawal disturbance and can be seen to be
exacerbated even a few hours following an acute intraperitoneal injection of alcohol or other
depressant drugs (Metten et al. 1994). Acute alcohol and pentobarbital withdrawal HIC have
been subjected to an extensive gene mapping effort by Kari Buck and her group (Buck et al.
1997). Using inbred strains, selected lines, recombinant inbred strains, congenics, and many
other methods, she has successfully identified Mpdz as a quantitative trait gene (Shirley et
al. 2004) and continues to pursue its function (Chen et al. 2009a; Chen et al. 2011a).
Interestingly, human genetic studies have identified markers in the region of human
chromosome 9 that is syntenic with the mapped region in mouse, and these studies show
signs of association with alcohol-related phenotypes [for review, see (Ehlers et al. 2010)].

Thus we have a great deal of genetic data from mice addressing alcohol withdrawal severity,
but it is nearly all about withdrawal HIC. I discuss later some other withdrawal
characteristics of importance, and offer here one example of why more knowledge of
withdrawal may be important. Several studies with different mouse genetic animal models
suggest that genotypes that display high alcohol preference drinking tend to show modest
withdrawal HIC after being made physically dependent. The converse is also true - low
drinking is associated with high withdrawal HIC (Metten et al. 1998). These data suggest
that susceptibility to severe withdrawal may be protective against AD, and some studies are
beginning to explore other aspects of withdrawal that may mediate this genetic relationship.

The relationship between tolerance and withdrawal
Any animal that displays an alcohol withdrawal sign can be demonstrated to be tolerant to
alcohol, if a sensitive enough assay is employed. The converse, however, is not true. As
noted earlier, the notion of multiple AD typologies has a long history, and this concept
implies that there may not be genetic uniformity of risk for AD. However, the design of
human genetic risk studies almost always assumes that DSM-IV AD represents a single
phenotype to which each of the multiple symptoms contributes (Saha et al. 2006). The
genetic animal model literature, on the other hand, suggests that genetic contributions to
alcohol responses differ from response to response. For example, systematic studies have
shown that genotypes sensitive to one intoxicating effect of an acute ethanol injection are
not necessarily sensitive to another (Crabbe et al. 2005). A recent genetic epidemiological
study in twins explored whether a single or multiple genetic factors contributed to DSM-IV
risk for AD by exploring the factor structure of genetic contributions to the individual
diagnostic criteria using structural equation modeling. This exploration revealed that three
independent genetic factors were needed to capture risk. Furthermore, the symptoms
“withdrawal” and “tolerance” loaded on different factors (Kendler et al. 2011). Tolerance
was genetically correlated with a screening question assessing excessive quantity and
frequency of drinking, as well as the symptom of allocating much time to use-related
behaviors. Withdrawal severity was genetically correlated with continued use despite
complications and with reducing important life activities. A systematic review of the rat and
mouse genetic animal model literature also found little evidence for genetic correlation
between laboratory studies of ethanol tolerance and withdrawal. The evidence adduced
mostly comprised correlations between mean phenotypic values for standard inbred strains
or BXD recombinant inbreds on tolerance and withdrawal measures (Crabbe et al. 2011b).
Earlier data had also found that the WSP and WSR mouse selected lines did not differ in
alcohol tolerance magnitude (Crabbe et al. 1986).

Together, this suggests that laboratory animal models may be very useful for addressing the
genetic complexities of AD symptom clusters (Kendler et al. 2011). If risk for different AD
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subtypes reflects different constellations of genes, new genetic animal models might
improve our ability to identify those risk and protective genes. Animal models to date have
generally targeted simple, discrete phenotypes in an attempt to increase the reliability of
phenotypic assessment and to reduce the genetic complexity. Perhaps [following (Kendler et
al. 2011)] we should try to identify or develop genotypes that display both severe
withdrawal and persistent alcohol drinking despite negative consequences.

Use greater than intended, and persistent desire/repeated attempts to quit drinking
Despite our best efforts, we cannot fathom the intent of a mouse or rat. We can observe the
strength of association between a stimulus and an animal’s response, and manipulate the
strength of that association, but there is no conceivable way to model “use greater than
intended” in a laboratory rodent. For the same reason, neither is it reasonable to characterize
a rodent’s behavior as an “attempt to quit drinking”-- the statement implies an interoceptive
state (“desire”) or intent (“attempts”) and neither is observable.

Devotion of much time/activity to obtaining, using, or recovering from
alcohol; giving up or reducing important social, occupational or
recreational activities

These seem like reasonable targets for genetic animal modeling. Although they are
dissociable in humans and their real world contexts, they seem related when applied to
laboratory settings with rodents. If we ignore “occupational” and “recreational,” replacing
these descriptors with “other,” then certainly the time allocation of a rodent’s behavior can
be monitored. A limited number of behaviors can be assessed in the home cage and display
genetic variation both quantitatively and temporally (Goulding et al. 2008). Videotracking
systems have the capacity to make very fine-grained assessments of small genetic
differences in behavior (Drai et al. 2001; Fonio et al. 2006). I will return to this in the
context of seeking alcohol versus other available rewards.

Continued use despite knowledge of adverse consequences
This, too, seems like a straightforward behavior of humans with AD. Can rodents be shown
to engage in analogous self-destructive behavior? The subtle point here is the term
“knowledge of,” which may be self-reported by humans, but is difficult to demonstrate
indirectly in rodents. First, let us consider the most extreme adverse consequence of alcohol
seeking - overdose and death. There are two lines of data regarding such persistence of
which I am aware. In the late 1970's, Anthony Deutsch’s group showed that after passive
intragastric exposure, rats would learn to drink a flavored solution in order to obtain an
intragastric infusion of ethanol (Deutsch et al. 1980). These early experiments reported that
it was necessary to limit access to intragastric alcohol consumption to prevent the rats from
overdosing and dying. The intragastric model has recently been revived by Tara Fidler and
Chris Cunningham, who have shown similar effects in mice of several genotypes (Fidler et
al. 2011b; Fidler et al. 2011a). They, too have found that animals will overdose by this route
of administration. While it may be argued that the animals are unaware of these adverse
consequences, adverse they certainly are, and intragastric alcohol consumption persists for
several days even when water is freely available. This model is being actively pursued (see
below).

A second example is a line of early research with mice that explored the role of alcohol
metabolism and blood alcohol levels in controlling intake. Working initially with Vincent
Dole, Tom Gentry showed that C57BL/6J mice, known to be genetic alcohol preferrers,
would continue to drink alcohol even when they were administered the long-acting alcohol
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dehydrogenase inhibitor, 4-methyl pyrazole. Half the population of mice in one study had to
be rescued from overdose after a week of persistently drinking enough to reach blood
alcohol levels in excess of 200 mg% (Gentry 1985). This interesting approach could also be
pursued in other genotypes to explore its generality and relationship to other genetic
predispositions.

There has been a good bit of recent interest in another approach to achieving adverse
consequences, application of a punisher to an animal engaged in voluntary alcohol drinking.
It has clearly been shown for rats self-administering cocaine intravenously that they will
develop an insensitivity to coupled foot shocks that would suppress self-administration in an
earlier stage of the animal’s drug history. The phenomenon has been linked to the shift from
‘goal-directed” to “habitual” responding and the neural bases are under active investigation
(Vanderschuren et al. 2004). Alcohol researchers have not published papers that I am aware
of showing development of insensitivity to shock, which suggests that it has not been
possible thus far to see this in the laboratory. Instead, investigators have proposed that the
willingness of animals to continue to ingest alcohol solutions even though they are
adulterated with bitter-tasting quinine is evidence of “drinking despite knowledge of adverse
consequences.” Initial use of this method was applied to rats drinking alcohol with chronic
access for several months and experiencing repeated periods of forced abstinence. When
alcohol access was reinstated, these animals achieved relatively high intakes. Wolffgramm
and others state that these rats have transitioned to a state of “behavioral dependence”
(Wolffgramm et al. 1991) or “loss of control” characteristic of “addiction” (Wolffgramm et
al. 1995) (Wolffgramm et al. 2000) because when quinine was added to the ethanol
solutions, animals with long prior experience with drinking ethanol continued to drink
ethanol, while animals previously naive to ethanol avoided the adulterated solutions.
Subsequent use of this technique has labeled the behavior “inflexible” or “indifferent”
alcohol drinking and it has been reported in Sardinian Preferring rats and C57BL/6J mice
(Lesscher et al. 2010; Loi et al. 2010).

These studies are not entirely convincing as currently performed. In the older rat studies, the
authors interpret the continued intake of alcohol in the long-term chronic drinkers as
evidence of insensitivity to quinine. However, the degree of reduction of intake in the
chronically exposed groups was quite similar to the degree of attenuation of intake seen in
the previously naive individuals. That is, quinine did not appear to be any more potent in
chronic drinkers. In the study with C57BL/6J mice (Lesscher et al. 2010), a dose-response
analysis of quinine’s attenuating effects on ethanol drinking was performed, but studies to
date cannot rule out the possibility that the effect of prior experience with alcohol is simply
to change the perceived taste of quinine. Quinine at low concentrations is preferred by
rodents under some conditions (Hopf et al. 2010; Tordoff et al. 2008; Wayner et al. 1972).
The combined flavors of ethanol and quinine mixtures have not been subjected to rigorous
analysis of taste preference, and the change in drinking mixed solutions after experience
with ethanol over time may represent reduced quinine avoidance and not the increased
rewarding value of ethanol that is the investigators’ preferred interpretation. The exception
to this may be a recent study of Wistar rats (Hopf et al. 2010). These authors used multiple
doses of quinine or quinine plus alcohol offered under different conditions to show that after
long experience with alcohol under intermittent access conditions, quinine did not reduce
alcohol intake but was able to affect sucrose preference and water intake.

Challenges and opportunities
Thus, certain aspects of human AD have been successfully modeled in rats and mice. In the
last part of this review, I turn to some areas where I believe further work could be targeted
that would have a good likelihood of achieving progress. One frustrating limitation of
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animal models is the struggle to infer motivation from their behavior. Motivation to
consume alcohol is such a central feature of AD, but, lacking self report, we still do not
understand why some mice and rats ingest a great deal of alcohol while others avoid it. Are
mice and rats choosing to drink alcohol simply because they are bored? We know that taste
is important, but cannot figure out exactly how important it is. Below, I raise a series of
questions and discuss some approaches the field is considering or that I believe we should
consider.

1. How can we get mice or rats to drink enough to sustain a state of intoxication?
We don’t understand why it is so difficult to engage a rodent in self-destructive behavior
regarding alcohol. A good example of this is that despite more than 50 years of research
with genetically preferring rats and mice, it is rare that even high preferrers will drink
enough alcohol to become intoxicated. Some of the protocols scientists have used to
overcome this barrier are reviewed elsewhere [e.g., see (Rhodes et al. 2005)]. In general,
they require substantial food and/or water restriction, or schedules of access or other
conditions that are manipulated over many weeks or even months.

At least three recent approaches appear to show promise. In our laboratory, we have offered
mice alcohol for a limited period during their circadian dark phase and found that some
genotypes will ingest enough alcohol to reach intoxicating blood alcohol levels (Rhodes et
al. 2005; Rhodes et al. 2007). We have successfully selectively bred two mouse lines, the
High Drinking in the Dark 1 and 2 (HDID-1,-2) genotypes, that reach intoxicating blood
alcohol levels (>100 mg%) during these DID sessions (Crabbe et al. 2009) (Crabbe et al.
2010b). These animals do not show particularly high ethanol preference during continuous
access, suggesting that the genetic contributions to DID and preference are somewhat
distinct (Crabbe et al. 2011c), and are not strikingly different from the control line in
sensitivity to, tolerance to, or dependence on ethanol (Crabbe et al., 2012, in press a, b).
They reach higher blood alcohol levels than control mice during DID sessions by drinking in
larger bouts than controls (Barkley-Levenson et al. 2011). The DID binge-like drinking
phenotype itself is proving to be a convenient method to study the neurobiology of excessive
consumption [for review, see (Crabbe et al. 2011a); for a bibliography, see
http://www.scripps.edu/cnad/inia/methodology.html].

A recent study has examined drinking during standard two-bottle preference tests in lines of
mice selectively bred for High (HAP) or Low (LAP) Alcohol Preference using much the
same protocol used for selection of multiple rat lines such as P/NP and AA/ANA. By
studying overnight drinking and collecting data each 2 hr, these investigators found that
HAP-1 mice, and a new line created by crossing HAP-1 and HAP-2 mice to introduce new
genetic variability, both drink substantial amounts of ethanol (Matson et al. 2011). Both
lines drink more than 20 g/kg ethanol/day, and sustain overnight blood alcohol levels
exceeding 200 mg%, greater than the high preferring C57BL/6J inbred strain [14 g/kg/day,
60 mg%; (Matson et al. 2011)]. These animals always have water freely available, and must
surely be intoxicated, although this remains to be demonstrated.

A third approach is to offer ethanol in an intermittent scheduled access pattern where water
and ethanol are offered only 3 days/week (or every other day). Under intermittent access,
intake is increased as compared with continuous access (Wise 1973). The method is gaining
in popularity [e.g., (Carnicella et al. 2009; Simms et al. 2010)]. This effect has been reported
in multiple genotypes of rats. A recent paper reported high intakes in C57BL/6J mice
offered intermittent access (Hwa et al. 2011). However, we have not seen such an effect in
either HDID-1, HDID-2 or the HS control mice, and the degree of elevation we found in
C57BL/6J mice was less than that reported by Hwa et al [Crabbe et al, submitted]. Thus, the
effect of intermittency may be limited to certain genotypes. In a variant of the intermittent
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access protocol, water plus two different ethanol concentrations are offered for 3 X 1 hr
periods during the circadian dark. This “multiple scheduled access” (MSA) procedure leads
to elevated intakes in multiple genotypes of rats, and P rats reach levels exceeding 100 mg%
after several weeks (Bell et al. 2009). In a recent study, both adolescent and adult P rats
were found to drink intoxicating amounts of alcohol (Bell et al. 2011).

For a more extensive review of procedures used to explore excessive alcohol consumption,
see (Becker 2011).

2. Will rodents drink to alleviate withdrawal?
This is an important goal, because much human relapse drinking is attributed to the
negatively reinforcing effects of withdrawal self-medication. Howard Becker’s group has
shown convincingly that C57BL/6J mice will increase their voluntary intake of ethanol
when water is freely available in 2 hr limited access sessions during the circadian dark,
offered each day during the withdrawal periods following cycles of dependence-inducing
vapor inhalation exposure (Becker et al. 2004; Griffin, III et al. 2009). This paradigm has
recently been tested in other genotypes, and HAP-2 male (but neither HAP-2 female nor
LAP-2 male or female) mice showed escalated drinking during withdrawal (Lopez et al.
2011). The procedure is effective in rats (O'Dell et al. 2004; Rimondini et al. 2002; Roberts
et al. 2000; Sommer et al. 2008). What is needed in this area is convincing evidence that the
increased drinking during withdrawal is an attempt to alleviate withdrawal, although there
are some indications that there is a roughly similar time course for withdrawal drinking and
anxiety-like behavior (Valdez et al. 2002).

The intragastric alcohol consumption model mentioned earlier may reflect maintenance of
drinking to prevent the occurrence of withdrawal. An alternative explanation for these
findings is that the animals develop tolerance to post-absorptive aversive effects of alcohol.
Teasing apart which phenomenon underlies the intragastric consumption presents a
methodological problem somewhat similar to that faced by studies of quinine adulteration.
However, the intragastric route offers the advantage of probably avoiding most of the
confounding effects of taste (Cunningham et al. 2000). Two intriguing findings with this
model have resulted from studies of C57BL/6J and DBA/2J mice. C57BL/6J mice
(“sippers”) tend to administer their alcohol in many small bouts, while DBA/2J mice
(“gulpers”) ingest alcohol in large bouts. And, during withdrawal, the normally alcohol-
avoiding DBA/2J mice take in rather substantial quantities of alcohol, perhaps because the
aversive taste is irrelevant (Fidler et al. 2011b).

3. Can we modify drinking environmentally?
Many aspects of the laboratory rodent’s environment do not appear to be powerful
modulators of alcohol drinking. We can assume that specifics of food, bedding, light cycle,
housing conditions, and many other variables are not extremely influential because inbred
mouse strain surveys of ethanol preference drinking have shown remarkable similarity in
strain-specific drinking across multiple laboratories and more than 50 years of data
(Wahlsten et al. 2006). In a study that attempted to control every possible variable across
three laboratories, multiple genotypes of mice showed remarkably similar intake patterns for
ethanol drinking, even though the uncontrolled variables (including specific experimenters,
tap water, air characteristics, etc) led to some substantial differences in behavior for other
traits (Crabbe et al. 1999).

One aspect of the environment has been addressed because of its known importance for
human AD, namely, the social environment. In a series of early studies, genetically
preferring C57BL/6J mice and genetically avoiding DBA/2J mice were compared for adult
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ethanol preference drinking after social housing for 7 weeks starting at weaning with
members of the same strain, or with companions of the opposite strain. Alcohol was
available during this period. When preference was then tested in now singly housed mice,
C57BL/6J mice previously housed with low-drinking DBA/2J mice drank less than animals
housed with other C57BL/6Js, but the converse was not true - DBA/2J mice did not increase
in the face of high drinking peers. Two other papers in this elegant series of studies explored
the effect of cross fostering at weaning to high vs low drinking dams, and to the effect of
intrauterine environment, achieved by ova transplantation (Randall et al. 1975a; Randall et
al. 1975b; Randall et al. 1975c).

Recently, monogamous voles were studied for the possibility of exerting social modulatory
effects on drinking. A number of voles were assessed for preference, and divided into high
vs low drinkers. Animals were then paired socially with another in cages with a divider
allowing orofacial contact but which assessed drinking separately. When housed with a cage
mate who was a low drinker, high drinking voles showed less intake than those paired with
another high drinker, but still higher levels than low drinkers paired with low drinkers. As in
the older study with mice, the low drinking phenotype was less plastic than high drinking
(Anacker et al. 2011b; Anacker et al. 2011a). An analogous, but facilitatory, influence of
social interaction on nicotine self-administration has just been reported in rats, employing a
novel social caging method (Chen et al. 2011b).

Genetic differences in social behaviors of many sorts have been of increasing interest in
recent years (Robinson et al. 2008). Several interesting behavioral paradigms have been
explored in mice (Chen et al. 2009b; Silverman et al. 2010; Yang et al. 2011). Very little
work has explored social behavior as either a risk factor for, a target of alcohol, or as a
potential modulator of alcohol-related behavior.

4. How is neuroadaptation to ethanol different during adolescence?
Given that adolescent onset of abusive drinking (especially if coupled with family history
risk) is perhaps the worst prognostic of AD risk (Zimmermann et al. 2007), there is
understandable interest in exploring alcohol-related behavior in adolescent rats and mice.
Much has been learned from such studies [for reviews, see (McBride et al. 2005; Spear
2011)]. A very interesting recent study employed the multiple scheduled access protocol
described above and compared drinking in adolescent vs adult female and male P rats. In
adult rats of both sexes, multiple binge-like access reduced drinking as compared with
continuous access. In adolescents, however, it increased intake, particularly in female rats.
This suggests that in addition to being a period of heightened sensitivity to alcohol’s
rewarding effects and reduced sensitivity to its aversive effects, adolescence may represent a
period of more general vulnerability to a spectrum of alcohol’s effects (Bell et al. 2011).
More studies are needed that target this period of brain maturation in multiple genetic
animal models.

5. How does neuroadaptation to alcohol change in long term studies?
A prominent recent theoretical approach has postulated that AD represents a state of
‘allostasis,” where emotional behavior in particular is dysregulated (Koob et al. 2008).
Mechanisms that normally regulate behavior homeostatically to balance between approach
and use of alcohol and avoidance of overuse are driven to a new set of “basal” conditions by
the chronic presence of alcohol interspersed with withdrawal states. Abstinence reveals
disruptions in the limbic system, particularly those areas subserving the generalized stress
response, leading to anxiety and distress which in turn drives self-medication by relapse to
drinking. For AD patients, these disruptions persist for many weeks or even months into
abstinence (Heilig et al. 2010).
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In the animal model literature, we know a great deal about the behavioral sequelae during
the initial 72 hours following cessation of chronic alcohol administration. We know a good
bit less about most changes that occur during the next few days, and very little about
behavioral and biological changes even 2–3 weeks after withdrawal. Even allowing for the
different life spans of rodents and humans, the focus of the animal literature should be
extended. For example, as Becker’s group was developing the protocols for testing increased
drinking during cycles of withdrawal, they discovered that the behavioral depression that
accompanies the first 2–3 days of withdrawal in mice interfered with the animals’ ingestive
behavior, and work with the model progressed once they began to withhold the opportunity
to return to drinking until hr 72 of withdrawal (H.C. Becker, personal communication).
More work is needed to establish firmly the temporal relationships between withdrawal,
anxiety-like behavior, responsiveness to stress, and drinking. Some have long advocated the
need to administer alcohol to rodents for very long periods [see, e.g.,(Spanagel et al. 1999;
Wolffgramm et al. 2000)]. However, most such studies have used unusual patterns of
administration of the drug, and little work has been done attempting to ascertain the time
course of development of behavioral changes during chronic administration and withdrawal.
Given the appearance of new behavioral protocols for studying alcohol drinking, it would be
productive to explore some of these newer methods in longer-term studies with the explicit
goal of documenting temporal parallelisms between rodent behavior and the fairly well-
understood time course of human withdrawal-related changes. Genetic animal models could
be very useful for advancing such studies.

6. What are the genomic and biological contributions of behaviors other than alcohol
preference drinking?

We know far more about two-bottle preference drinking than about any other alcohol-related
behavior. This wealth of literature has allowed us to draw some clear biological conclusions,
particularly about the sequelae of long-term moderate drinking. Long-term moderate
drinking, however, is not a characteristic of AD. Many behaviors of interest have been little
studied in the context of alcohol, and here are three where there are promising indications of
potential genetic value.

Impulsivity—Some time ago, impulsive-like behavior in mice was suggested to be
negatively genetically correlated with preference drinking across a panel of inbred mouse
strains (Logue et al. 1998). Recent studies have extended the range of both genotypes and
tasks and shown that there is significant genetic contribution to several types of disinhibited
behavior in both rats and mice. Furthermore, disinhibition is sometimes linked with alcohol
drinking or other ethanol-related behaviors, but findings thus far are not consistent (Wilhelm
et al. 2007; Wilhelm et al. 2008; Wilhelm et al. 2009). The lack of consistency appears to be
due in part because there are multiple forms of impulsive-like behavior which are modeled
by different tasks (Dick et al. 2010b). One interesting example is the risky decision-making
task, where effort to obtain food reward offers the choice between a small reward with a low
probabiliy of associated shock versus a large food reward with a higher probability of shock.
Although drugs of abuse including alcohol affect such risky decision making when acutely
administered [(Mitchell et al. 2011; Simon et al. 2009); for review, see (Mitchell 2011)], I
know of no studies where such contingencies have been offered to rodents when alcohol is
the reward. It is nearly unknown whether impulsive-like behavior changes during ethanol
withdrawal - if it were to be increased, it could contribute to relapse (see next section).
Because virtually identical tasks can be given to humans and rodents, this general trait
domain offers fertile grounds for future exploration.

Loss of cognitive flexibility—As noted earlier, a shift from goal-directed to habit-driven
cognitive processing is thought to accompany the development of addictive-like behavior. A
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recent study suggests that during alcohol withdrawal, premature responding in the 5-choice
serial reaction time task persists longer across weekly tests while it decays in control mice
(Walker et al. 2011). Current data could be explained either by persistent impulsive
behavior, or by a failure to adapt responding with repeated testing. Many cognitive-
behavioral domains can now be approached in mice with new and sophisticated
methodologies, and these methods are sensitive to genetic differences across strains [see,
e.g., (Bussey et al. 2011; Lederle et al. 2011)].

Value of alcohol as a reward—Consumption of alcohol cannot directly indicate the
value to the organism of alcohol as a reinforcer. Does a genotype that drinks more than
another do so because the alcohol is more rewarding? Or, is the alcohol less rewarding and
therefore greater intake is required to achieve the desired end point? How best to measure
consumption in rodents for translational studies is discussed elsewhere (Leeman et al. 2010).
How best to determine the reward value of alcohol in comparison with alternative rewards is
a very difficult problem, also discussed elsewhere [(Stephens et al. 2010), and see also
(Cantin et al. 2010; Lenoir et al. 2007)]. Continuing to pursue the knotty puzzles presented
in interpreting data from such protocols addresses the heart of motivation for alcohol, and
genetic animal models may be of value here. Particularly useful here would be studies that
could convincingly demonstrate a progressive over-valuation of alcohol versus other
rewards.

Conclusions
I have made no attempt to be exhaustive in this review. I have for the most part ignored
comorbidities and endophenotypes, each of which domains has a large genetic animal model
literature of its own (e.g., anxiety-like behaviors). Many of the topics I have touched upon
escape the organizational boundaries to which I confined them for convenience. Just to give
one example of this, more studies of the genetics of murine impulsive behavior (or is it loss
of cognitive flexibility?) during adolescence could address its value as a genetic risk factor.
Similar studies during protracted withdrawal may help us understand relapse better. Social
influences during either of these developmental time periods may be important, and
behavioral disinhibition as a trait may influence sensitivity to social influences. I believe an
honest answer to the question posed in the title of this review is, “No.” But I also believe
that we have a much better idea now than even a few years ago about where we are trying to
go, and the transportation tools at our disposal continue to improve.
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Figure 1.
Three ways to partition the construct represented by a diagnosis of alcohol dependence
(AD), represented by the gray space. The left panel represents a case where three distinct
and independent subtypes might exist. These could emerge as latent classes from clusters of
symptoms or traits. Such a clear result is unlikely to occur. The middle panel depicts how
multiple traits (A – E) might interact with AD. The circles represent the individual
variabilities associated with each trait, and their overlap with each other and with AD
indicate covariance. Here, A – E might represent 5 of the 7 symptoms used by the DSM-IV
to assign diagnosis. Each symptom covaries substantially with AD and tends to covary with
most other symptoms. Finally, the right panel depicts a more realistic pattern of covariances
for such things as comorbidities, risk markers, and endophenotypes. The traits differ in the
proportion of covariance shared with AD (for C a little, for E a lot). E covaries with AD
independently from A, B, and C, but shares some covariance with both D and AD. Most of
the covariance between D and E is also shared with AD, while most of the covariance
between B and C is independent of AD.
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Figure 2.
From Heilig et al. (2010) Addiction Biol 15:169–184.
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