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Abstract

A diagnosis of alcohol dependence (AD) using the DSM-IV-R is categorical, based on an
individual’s manifestation of three or more symptoms from a list of seven. AD risk can be traced
to both genetic and environmental sources. Most genetic studies of AD risk implicitly assume that
an AD diagnosis represents a single underlying genetic factor. We recently found that the criteria
for an AD diagnosis represent three somewhat distinct genetic paths to individual risk.
Specifically, heavy use and tolerance versus withdrawal and continued use despite problems
reflected separate genetic factors. However, some data suggest that genetic risk for AD is
adequately described with a single underlying genetic risk factor. Rodent animal models for
alcohol-related phenotypes typically target discrete aspects of the complex human AD diagnosis.
Here, we review the literature derived from genetic animal models in an attempt to determine
whether they support a single-factor or multiple-factor genetic structure. We conclude that there is
modest support in the animal literature that alcohol tolerance and withdrawal reflect distinct
genetic risk factors, in agreement with our human data. We suggest areas where more research
could clarify this attempt to align the rodent and human data.
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1 Introduction

In the US, alcohol dependence (AD) is diagnosed using criteria set out in the Diagnostic and
Statistical Manual-1V-R (DSM-IV-R) of the American Psychiatric Association. Seven
criteria are evaluated, and if an individual displays any three or more of them during the
same 12-month period, he or she meets the diagnostic criteria. The seven criteria are:
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tolerance (more must be drunk to achieve the desired effect, or drinking the same amount
produces a much diminished effect), withdrawal (symptoms appear when drinking is
discontinued), loss of control (drinking cannot be modulated once started), desire to quit
(drinking is initiated despite desire not to drink), preoccupation (excessive thoughts and
activities pertaining to gaining access to or consuming alcohol), activities curtailed (other
activities are reduced as time is dominated by drinking and recovering), and persistence
(drinking continues despite medical and/or social consequences). The other diagnostic
scheme in wide use, the International Classification of Diseases (ICD)-10, is similar in its
categorical approach to diagnosis and congruence between diagnoses using the two systems
is high.

There is a substantial genetic contribution to risk for AD. Twin, adoption and other studies
suggest that 50-60% of individual differences in risk are heritable (Enoch and Goldman
2001; Goldman and Ducci 2007). However, there is no consensus on whether AD diagnosis
represents a single versus a multifactorial genetic phenotype. Some studies suggest that there
are different subtypes of alcoholism with distinct genetic architectures, with many possible
subtyping schemes proposed [e.g. (Cloninger 1987)]. Recently, the contributions of the
individual DSM-IV-R criteria have been suggested to represent a single continuum of
underlying risk (Grant 2000), perhaps primarily reflecting heavy consumption (Grant et al.
2009). Most gene finding studies have used the categorical diagnosis of AD, assuming that
the linkage or association of variation in candidate genes or genetic markers is generally
informative for diagnostic risk [e.g. (Edenberg and Foroud 2006; Prescott et al. 2006;
Treutlein and Rietschel 2011)]. Many individuals have positive scores on more than one of
the seven diagnostic criteria for AD. In one epidemiological study, one-fourth of AD
individuals had positive scores on 5, 6, or all 7 criteria (Grant 2000).

Genetic contributions to individual differences in the degree of responses related to alcohol
have been studied in animal models for many years. It was established in the 1940s that
genes led some rats to prefer to drink a 10% alcohol solution more than others (Mardones
and Segovia-Riquelme 1983) and in 1959 that different inbred strains of mice had genetic
proclivities ranging from strong preference (such as the C57BL/6J strain) to near abstinence
(such as the DBA/2J strain) (McClearn and Rodgers 1959). Genetic animal models have
been a major influence on alcoholism research since then, and their contributions have been
reviewed elsewhere (Crabbe 2008; Edenberg and Foroud 2006). Some genotypes of rats and
mice have been developed through selective breeding for high two-bottle ethanol preference
drinking. Preferring (P), Alko Alcohol (AA) and several other rat lines (and High Alcohol
Preferring—HAP—mouse lines) drink a substantial amount of alcohol during each 24 h day,
especially as compared with NP (ANA, LAP and others) selected for low drinking (Crabbe
et al. 2010b). Some argue that the genetic high preferrers represent an animal model of
alcoholism (Bell et al. 2006; Sommer et al. 2006). However, they do not usually drink
enough to become intoxicated at any point during the day. Nor do they show pronounced
tolerance or withdrawal after voluntary drinking. Thus, we have argued that these selected
lines of animals do not constitute a model of the complex AD diagnosis, but rather capture
genetic contributions to select aspects of alcohol drinking (Crabbe 2008; Crabbe et al. 2009).
If genetic animal models cannot capture the entire range of such a complex genetic trait as
AD, a more reasonable goal when designing such a model is to target specific alcohol-
related responses (McClearn 1979); indeed, this has been the practical goal followed during
the development of each such model. Rodent lines have also been selected for high versus
low genetic susceptibility to alcohol intoxication/sedation, locomotor stimulation, tolerance,
and withdrawal severity (Browman et al. 2000; Crabbe 2008).
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2 Goal of the Review and Method of Analysis

The goal of this paper is to review how data from rodent models inform the debate regarding
whether AD represents one or multiple underlying genetic factors. Specifically, can the
various rodent genotypes that have been used to study alcohol’s effects provide evidence for
or against the single-factor AD risk hypothesis? In a recent analysis of twin data (see Sect.
3), we found that the diagnostic criteria for DSM-1V-R AD diagnosis represent three
somewhat distinct genetic paths to individual risk (Kendler et al. in review). If an animal
known to be genetically susceptible to one effect of alcohol also proves to be genetically
susceptible to another, this suggests that the two traits may share common genetic
determinants—i.e. are genetically correlated. Thus, in genetic terms, we will review the
animal evidence for genetic correlation, where genes exert pleiotropic effects on multiple
phenotypes. Specifically, if a rodent that is genetically high-scoring on one criterion of an
AD diagnosis also scores high on many or most others, we would take this as evidence
favoring a single genetic factor model for the construct. An informative rodent study would
need to be able to discriminate a genetic from an environmental source for that correlation.
Alternatively, if the pattern of genetic influences across criteria in rodents paralleled the
human data, we would take this as supporting the multiple factor model. In the twin paper,
we suggested that the animal data provided partial support for the human genetic
architecture (Kendler et al. in review). Here, we discuss the animal data in more depth.

In this review, we first discuss the behaviors themselves and the similarities and differences
between the human criteria and their counterpart animal assays. The degree to which rodent
behaviors are consilient with the human symptoms they attempt to model presents a difficult
problem (Cicero et al. 1979; Crabbe 2010). We then describe the most powerful animal
genetic methods available for comparing the animal and human genetic data. We next
explore the genetically informative animal data in more detail. Finally, we review the most
relevant genetic data from animal models based not on the allelic differences among
individuals, but on the differential expression of genes. We conclude that the three-factor
model for the human data is broadly consistent with the majority of the animal data. We also
identify areas where there could be substantial improvements made in providing discrete
models for some of the human diagnostic criteria, and give examples of how those new
models could be used to test the hypothesis further.

3 Three Distinct Clusters of Genetic Risk Influence Alcohol Dependence
Diagnosis on DSM-IV-R

In a recent multivariate twin analysis of interview data from 7,548 adult twins from the
Virginia adult twin study of psychiatric and substance use disorders, we used structural
equation modeling to clarify the structure of the genetic and environmental risk factors for
each of the seven individual criteria for AD diagnosis. Also included in the model were two
screening items, positive response to which was necessary for entry into the alcohol section
of the interview. The best fit model included three genetic common factors, two unique
environmental common factors and environmental factors unique to each criterion (Kendler
et al. in review). We termed the genetic risk factors: (a) heavy use and tolerance (loading on
the first screening item reflecting excess quantity or frequency of alcohol consumption and
the tolerance criterion); (b) loss of control with alcohol associated social dysfunction (which
loaded heavily on loss of control, desire to quit, preoccupation, and activities given up); and
(c) withdrawal and continued use despite problems. We do not consider the environmental
risk factors here.
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4 Consilience of Animal Phenotypes and Human Diagnostic Criteria

Of the seven criteria for an AD diagnosis in DSM-IV-R, not all can reasonably be modeled
in rats or mice. It has been realized for many years that the principal strength of rodent
genetic animal models is to produce partialmodels for complex human traits (McClearn
1979). Research into the genetics of alcoholism is rich in both human and rodent data, but
most researchers work with humans only, or with one or the other rodent species. Perhaps as
a consequence, the behaviors studied in rodent laboratories often do not completely
resemble their human counterparts. A recent effort to address the problems of better
consilience between human behaviors and laboratory rodent behavioral targets focused on
alcohol-related traits (Crabbe 2010) and considered several features of human alcoholism in
detail, comparing several aspects of risk and comorbidity. The reviews resulting from this
effort also focused on the genetic correlations among different traits (Ehlers et al. 2010;
Stephens et al. 2010; Sher et al. 2010; Crabbe et al. 2010a; Heilig et al. 2010; Dick et al.
2010; Leeman et al. 2010).

We consider first each of the seven criteria and discuss whether the rodent behavioral assays
plausibly parallel the human diagnostic criterion. We limit the animal discussion to the data
from rodents, as they comprise the majority of the genetic animal model work. Desire to
quit, preoccupation, and loss of control have not been modeled in rodents, and we believe it
unlikely that a rodent parallel for these self-report measures exists. Similarly, “activities
given up” has not been modeled directly. Continued use despite problems could perhaps be
approached through certain animal behavioral assays, but no relevant genetic data currently
exist to our knowledge. Thus, we set aside these five of the seven criteria. Withdrawal and
tolerance have clear laboratory animal parallels. Given the clear distinction from the human
data between withdrawal and tolerance, the preponderance of relevant data from animals is
adduced to trying to ascertain whether the animal data support commonality of genetic
influence or lack thereof on tolerance and withdrawal.

4.1 Tolerance

Drug tolerance is defined as the reduction of response intensity or duration after chronic
administration; alternatively, it is defined as the requirement to raise the dose of a drug in
order to maintain an initial level of response (Kalant et al. 1971). There are two
mechanistically distinguishable types of tolerance, pharmacodynamic (functional) and
pharmacokinetic (metabolic). In functional tolerance, the amount of drug and/or active
metabolite that remains in contact with the effector tissue has not changed, but the target
tissue no longer responds in the same way. For example, we assume that many of alcohol’s
behavioral effects are due to interactions with brain, and in a tolerant individual, certain
receptors may no longer signal their intracellular partners as effectively. Metabolic tolerance
occurs when the processes of drug absorption, distribution among body compartments (e.g.,
brain, blood, soft tissues), metabolism to other chemicals, and/or excretion lead to a
significant reduction in the amount of alcohol in the body—specifically, at the effector
tissue. Given alcohol’s pharmacokinetics, this can occur if alcohol’s metabolic enzymes,
primarily alcohol dehydrogenases (ADH) and aldehyde dehydrogenases (ALDH), have been
induced to work more actively.

Both types of tolerance occur with alcohol. For humans, alcohol metabolism is involved
with risk of AD. Polymorphisms in ADH and ALDH enzymes have provided the clearest
evidence of an individual gene’s important role in risk for an AD diagnosis. Many
individuals of East Asian descent possess polymorphisms in ALDH that lead to slow
elimination of acetaldehyde, a toxic metabolite. The circulating acetaldehyde in turn causes
symptoms including facial flushing, nausea, dizziness, and headache, and these individuals
have a clear lowered risk of developing AD (Chen et al. 1999; Enoch and Goldman 2001).
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However, the development of metabolic tolerance (i.e., more rapid elimination of alcohol
with chronic use) is not thought to be an important factor in progression to an AD diagnosis.

Functional tolerance, on the other hand, plays a role in humans and is one of the diagnostic
criteria for AD. The DSM-IV-R criterion for tolerance is typically assessed with two
questions similar to the following: (1) Did you ever find that you needed to drink a lot more
in order to get the same effect as you did when you first started drinking? And (2) Did you
ever find that when you drank the same amount it had much less effect than before? Follow-
up questions would then assess the actual amount of increased alcohol required to get the
“same effect.”

One way that tolerance has featured in analyses of genetic risk factors derives from the
findings of Marc Schuckit’s group and others beginning in the early 1980s. Family history
positive (FHP) individuals were known to be at greater risk for AD than Family history
negative (FHN) subjects. Schuckit’s group brought young FHP and FHN men into the
laboratory and gave them an alcohol challenge. He found that FHP subjects reported less
sedation, body sway and felt less “high” than FHN subjects. They also showed blunted
hormone responses. Following these subjects over the years revealed that so-called “low
level of response” to alcohol predicted eventual AD diagnosis even better than FHP versus
FHN status (Schuckit and Smith 1996; Schuckit 2000). However, the pattern of lower level
of response in FHN subjects was not always seen by other investigators. A review of the
literature suggested that so-called “low level of response” probably depends upon when the
measurement is taken. If taken early after alcohol administration, FHP subjects actually
show enhanced responses to alcohol relative to FHN for some measures, but if assessed an
hour or more after ingestion, FHP responses tend to be lesser than FHN (Newlin and
Thomson 1990). This interpretation suggests that low level of response actually represents
the more rapid development of acute functional tolerance (AFT) during the test session by
FHN subjects.

In rats and mice, substantial metabolic tolerance does not normally occur if animals are
drinking alcohol chronically unless there is no water available. Several procedural
manipulations can be performed that increase rodents’ oral intake of ethanol solutions, but
these are typically labor-intensive and many require weeks if not months of access before
animals will drink enough alcohol that they will display metabolic tolerance. Thus,
differences in metabolic tolerance to ethanol are not normally a consideration for
interpreting most animal studies.

To produce functional tolerance, rodents need to be given repeated injections or gastric
intubations of alcohol. To produce greater levels of functional tolerance, animals may be fed
a liquid diet, where alcohol solutions with added vitamins and minerals are substituted for
food and water. Alternatively, they may be exposed to alcohol chronically by being placed
in a chamber where alcohol vapor is provided and thus be chronically dosed by inhalation.

To measure functional tolerance in rodents, the usual practice is to study a sedative or
intoxicating response. Although it is possible to measure tolerance as the increase in dose
required to maintain a given level of intoxication, this has rarely been done for sedating
drugs [but see (Okamoto et al. 1978)] and usually tolerance is indexed as the attenuation of
the initial response (e.g., motor impairment, hypothermia, depression of rate of operant
responding).

Functional tolerance can be further subdivided into three types based on the duration and/or
frequency of alcohol exposure. Chronic tolerance is seen with multiple injections or other
exposure regimens. It used to be thought that functional tolerance to alcohol took days or
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weeks of repeated or continuous exposure to develop (Kalant et al. 1971), but we now know
that it can develop more quickly.

At the other extreme, acute functional tolerance was first reported by Mellanby (1919) who
studied dogs walking on a treadmill while implanted with a jugular catheter. He infused
alcohol and recorded the blood alcohol level at which the animals first began to stumble and
drag their feet. After a period, he discontinued the infusion, and recorded another blood
alcohol level when the animals first regained the ability to walk without stumbling. The
recovery alcohol level was higher than the initial value, indicating that a higher dose was
necessary to produce intoxication at the later time point, which suggests the existence of
AFT (as no measures were taken of brain alcohol levels, metabolic tolerance could not be
ruled out). AFT has since been demonstrated in mice by comparing blood alcohol levels at
recovery and loss of function (ability to remain balanced) on a rod (Gehle and Erwin 2000).
AFT is the type of tolerance apparently shown by Schuckit’s FHP subjects, as it apparently
occurs within a single alcohol dosing session.

Bridging the gap between AFT and chronic tolerance, mice (Crabbe et al. 1979) and rats
(Khanna et al. 1991) have shown a third type of tolerance, rapid tolerance, where response
to a second injection of alcohol is reduced from the initial response. While chronic and rapid
tolerance appear to be similar mechanistically, this is less certain for AFT, which may
represent a unique adaptation (Kalant 1998).

4.2 Withdrawal Severity

The occurrence of withdrawal symptoms when a drug is discontinued is interpreted to mean
that a state of dependence on the drug was present (Kalant et al. 1971). While some suggest
that physical and psychological dependence are distinguishable entities, we do not see how
this distinction can easily be made. For alcohol dependence, it has long been known that a
range of withdrawal symptoms appear with characteristic temporal waxing and waning
severity (Victor and Adams 1953; Isbell et al. 1955). Alcohol withdrawal symptoms include
irritability, nausea, vomiting, tremor, anxiety, insomnia, hyperthermia, hyperventilation,
tachycardia, and central nervous system hyperexcitability manifested as convulsions,
seizures, hallucinations, and delusions (Metten and Crabbe 1996). The core symptoms are
remarkably conserved across species that have been studied with certain species-specific
exceptions [e.g., rodents cannot vomit; hallucinations and delusions would be difficult to
document in rodents; rodents show numerous behavioral symptoms that are not extensively
documented in other species (Friedman 1980)]. As with tolerance, withdrawal can be acute
or chronic. For humans, acute withdrawal usually refers to symptoms that occur early after
drinking ceases, and later symptoms may be described as protracted withdrawal or
abstinence (Heilig et al. 2010).

Assessing the DSM-IV-R criterion of withdrawal is typically done by asking a question such
as the following after showing the respondent a page full of symptoms including “the
shakes,” “trouble sleeping,” “feeling anxious,” “heart beating fast” etc.: After cutting down
or stopping drinking did you ever experience any of these problems? Follow-up questions
would then assess the number and duration of the withdrawal symptoms.

Alcohol dependence is typically induced in rodents using the liquid diet or vapor inhalation
procedures described in the previous section. Occasionally multiple injections or intubations
of the drug are given. For mice, the most frequently studied behavioral index of withdrawal
severity is the handling-induced convulsion, or HIC (Goldstein and Pal 1971). This sign
ranges from a mild myoclonus through clonic convulsions and if an animal is severely
dependent, it may show lethal tonic hindlimb extensor seizures. Severity of withdrawal is a
joint function of alcohol dose and duration of exposure (Goldstein 1972) and the symptoms
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normalize after a few days. This behavioral sign is very sensitive, and has allowed
investigators to document an acute withdrawal reaction (increased convulsions) a few hours
following a single high dose of ethanol (Crabbe et al. 1991). Rats do not exhibit handling
induced convulsions (Heilig et al. 2010) and withdrawal severity is generally indexed by a
collection of somatomotor and other behavioral and physiological disturbances
(Majchrowicz 1975).

Recently, there has been a great deal of interest in the possibility that even weeks after
alcohol withdrawal is initiated, behavioral signs of anxiety-like behavior may be detectable
in rats (Valdez et al. 2002; Heilig et al. 2010; Pandey et al. 1999; Wills et al. 2009). While
anxiety-like behavior has been reported in mice early during ethanol withdrawal, it is more
difficult to document unequivocally in mice and has rarely been studied weeks after
withdrawal has been initiated (for review, see Kliethermes 2005).

5 Rodent Methods for Assessing Genetic Correlation

Most behavioral traits are influenced by many genes, and usually any single gene exerts a
relatively small effect on the trait. This broad genetic influence reflects the underlying
biology. For example, “alcohol tolerance” is not mediated by a single neurotransmitter
system and does not result from changes in a single brain area or circuit. Thus, the extremely
powerful tools for manipulating single genes, including production of null mutants, gene
knockdowns, viral mediated gene transfer, and transgenic over expression of a gene are
unlikely to help us understand whether the total collection of genes influencing two traits are
highly correlated or mostly distinct. The fact that one gene affects two traits is insufficient
evidence for overall shared genetic risk. For example, nearly 100 genes have been targeted
to produce null mutants or over expression transgenics, and many of these mice have been
tested for ethanol preference drinking. When these studies were reviewed, the results
showed that 1/3 of the genes appeared to produce a modest increase in preference drinking,
1/3 a modest decrease, and 1/3 were without effect (Crabbe et al. 2006). Thus, we do not
consider the studies involving targeted genes for our assessment of genetic correlation.

Two genetic methods allow a relatively powerful assessment of genetic correlation. The first
is to selectively breed lines of rats or mice for one target trait. In this laboratory analog of
natural selection, breeders are chosen from the extreme responders in the population, and
over generations, the selected line develops an extreme response. Usually, a parallel line is
selected for low response. The genetic mechanism at work in a successful selective breeding
project is that the frequencies of alleles at genes that influence the trait under selection are
increased until all animals have two copies of the same allele for each relevant gene. If the
selected lines are now compared for the trait postulated to be genetically correlated, and are
found to differ, the most likely explanation is that the second trait is a genetically correlated
response to selection. The principal limitation of this approach is that only those traits that
have been selected for can be assessed, but its strength is that the potential correlated
responses that can be tested are unlimited. The many methodological intricacies and caveats
surrounding this approach have been discussed elsewhere (Crabbe et al. 1990).

The other relatively powerful method is to use inbred strains. Within an inbred strain of
mice or rats, close relatives have been mated for more than 20 generations. The result of this
inbreeding resembles that of selective breeding—gene frequencies increase and eventually
become “fixed” and all animals possess two identical alleles (i.e., are obligate homozygotes)
at each gene. There are however two major differences. The specific allele at each gene that
is fixed in an inbred strain has no necessary relationship to any phenotype—it has been
captured by chance. Second, unlike selected lines, inbred strains are homozygous for all
genes (in selected lines, multiple alleles continue to segregate at all genes unrelated to the
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trait under selection). If inbred animals from a substantial number of strains are tested for
two traits, their mean responses can be correlated to assess genetic correlation rather
directly. The more strains that can be tested, the more powerful is the test of genetic
correlation. Many studies have been performed with one specialized set of inbred strains
called BXD recombinant inbred (BXD RI) strains. These resemble standard inbred strains
except that they are originally derived from the intercross of C57BL/6J And DBA/2J inbred
strains and therefore have a much simpler genetic structure. Only two alleles are possible at
any gene, one derived from each progenitor inbred strain. Because these two progenitor
inbred strains differ markedly in response to nearly all drugs of abuse, including alcohol, the
BXD RI strains display a wide spectrum of responses to alcohol for nearly all traits. Their
use for gene mapping has been described elsewhere (Palmer and Phillips 2002), but for the
present discussion, they are a very similar tool for assessing genetic correlation of two traits.
Technical details surrounding the inbred strain panel approach have been discussed
elsewhere (Crabbe et al. 1990).

A final group of issues surrounds the nature of the human experiment. The human data
discussed here were derived from monozygotic (identical) and dizygotic (fraternal) twins.
Two individuals from an inbred mouse or rat strain are a plausible surrogate for one
monozygotic twin pair (but not a perfect one—there is no heterozygosity within an inbred
strain). But no dizygotic twin pair can be produced that shares the parental genetic
background with an inbred strain. And although there are more than 100 available mouse
standard inbred strains, and several sets of multiple RI strains, studying enough inbred
strains to perform a path analysis like that presented in this article would present a host of
logistical and financial challenges.

6 Evidence for Genetic Correlation Across AD Criteria in the Rodent

Literature

We consider here in turn the evidence from selectively bred animal lines; from correlations
among strain means for standard inbred mouse strains; and strain mean correlations from the
BXD recombinant inbred strain panel. The traits studied are summarized in the Sidebar, and
the correlations across strain means are given in Tables 1 and 2.

6.1 Selected Lines

Mouse lines have been selected for the severity of withdrawal HICs (Crabbe et al. 1985).
Starting with a genetically heterogeneous stock of mice where as many as eight alleles were
segregating for any locus, a large population of animals was exposed to ethanol vapor for 72
h to induce a state of physical dependence. After removal from the inhalation chambers,
mice showed waxing and then waning HIC severity for up to 24 h, with peak HICs seen at
about 7-10 h into withdrawal. Mice with the most severe withdrawal HICs were mated to
produce the ensuing generation of Withdrawal Seizure-Prone (WSP) mice, and those with
the least severe HICs were mated to initiate the Withdrawal Seizure-Resistant (WSR) line.
The experiment is replicated, so there were two, genetically independent WSP (WSP-1 and
-2) and WSR (WSR-1 and -2) pairs of lines generated. Each generation thereafter, each line
was reproductively isolated, and the most (or least) severe-scoring mice were used as mating
pairs.

By the 11th selected generation, both WSP lines had at least tenfold more severe withdrawal
HICs than their respective WSR lines, and heritability of the trait was about h? = 0.26. Mice
from these early generations of selection were tested for other signs of ethanol withdrawal
and were found to differ in some e.g., tremor) but not all (e.g., reduced activity) other
ethanol withdrawal signs (Kosobud and Crabbe 1986). WSP mice have more severe
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withdrawal HIC after acute or chronic treatment with numerous other sedative hypnotic
compounds, and they also differ in a number of other behavioral and neuropharmacological
features (for reviews, see Metten and Crabbe 1996; Finn et al. 2004).

Naive mice from selected generations 7-16 were tested for tolerance to the hypothermic
effects of ethanol. Ethanol was given for 3 days at 3.5 g/kg ip, and the reduction in body
temperature was measured. By the third day, significant chronic tolerance was seen, but
there was no significant difference between WSP and WSR lines in the magnitude of
tolerance. An addition experiment gave 3.5 g/kg ethanol twice daily for 5 days to increase
the amount of tolerance that developed, but WSP and WSR mice still did not differ.

Separate groups of mice were tested for attenuation of the duration of the loss of righting
reflex following three daily 4 g/kg injections. Neither selected line developed chronic
tolerance. Ethanol was then given twice daily at 3.5 g/kg for three days, and loss of righting
reflex duration tested on the fourth day after 4 g/kg (parallel groups received saline only on
days 1-3). Both WSP and WSR mice developed significant tolerance, but to an equivalent
extent.

In all the above experiments, mice of both replicates of the selected lines were tested, with
equivalent outcomes. This greatly strengthens the interpretation of a lack of a genetic
correlation between tolerance measures and chronic withdrawal severity, as apparently
correlated responses to selection can arise by chance in the relatively small populations of
mice maintained in long term selected lines if there is only one pair of selected lines (Crabbe
et al. 1990). For the hypothermic tolerance studies, blood ethanol concentration (BEC)
assays confirmed that the tolerance was functional. In contrast, the fact that tolerant WSP
and WSR mice regained righting reflex at the same BECs as those responding to their first
alcohol injection indicated that the tolerance to loss of righting reflex in this experiment was
pharmacokinetic.

Several other experiments have been performed to selectively breed mice for withdrawal
severity. Some lines were made dependent using a liquid diet (Berta and Wilson 1992;
Wilson et al. 1984) and others have used vapor inhalation (see Kosobud and Crabbe 1995).
Yet others have been bred for the severity of acute withdrawal HIC (Metten et al. 1998).
Unfortunately, none of these lines were ever tested for tolerance to any ethanol response,
and all are extinct.

Mouse lines have also been selectively bred for two forms of ethanol tolerance. Starting with
a segregating stock, two replicate pairs of mouse lines were selected for high (HAFT) or low
(LAFT) acute functional tolerance to ethanol using a dowel balancing task (Erwin and
Deitrich 1996). Mice were given an ip injection of 1.75 g/kg ethanol and repeatedly placed
on a dowel beginning several minutes after injection until they could remain on the dowel
without falling for 30 s. A blood ethanol sample (BEC;) was taken. They were then injected
with a dose of 2.0 g/kg and later tested again until they recovered ability to remain on the
dowel. BEC, indexed this second recovery point. Acute functional tolerance (AFT) was
defined as the difference in BECs (BEC,-BEC,).

High (HRT) and low (LRT) rapid tolerance mouse lines (in replicate) were selectively bred
from a heterogeneous stock for a different tolerance phenotype (Rustay and Crabbe 2004).
Mice were tested for two successive days for the effect of 2.5 g/kg ethanol to impair
performance on an accelerating rotarod. The increase in latency to fall (Day 2-Day 1) was
the selection index. These animals showed genetic differences in both rapid (two injection
days) and chronic (five injection days) tolerance in this task.
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Unfortunately, neither HAFT and LAFT mice nor HRT and LRT mice were ever tested for
ethanol withdrawal severity, so the experiments that parallel those performed in WSP and
WSR cannot easily be done. HRT and LRT are extinct. HAFT-2 and LAFT-2 mice are
preserved cryogenically as embryos, so it would be feasible (albeit expensive) to resuscitate
them for the purposes of testing for withdrawal severity.

In summary, the data from lines selectively bred for ethanol withdrawal severity differences
suggest that genetic contributions to withdrawal and tolerance phenotypes are generally
distinct.

6.2 Standard Inbred Strains

Several data sets have been published documenting mouse inbred strain differences in the
severity of alcohol withdrawal. All have employed the HIC to index withdrawal severity.
Fifteen inbred strains were studied for 24 h following a single ip injection of 4 g/kg ethanol
(Metten and Crabbe 1994). Eighteen strains were exposed to ethanol vapor inhalation for 72
h and found to differ in withdrawal severity (Crabbe et al. 1983). A limitation of this early
study was that strains differed markedly in their BEC during inhalation, hence in the dose of
ethanol to which they were chronically exposed. We do not consider those data here. This
experiment was repeated more recently with 15 inbred strains using a procedure that
exposed different strains to different ethanol vapor concentrations in order to match them for
experienced dose. This experiment also yielded significant inbred strain differences in
withdrawal severity independent of dose administered (Metten and Crabbe 2005). Finally,
recent interest has emerged in studying ethanol withdrawal using a procedure where vapor
exposure is limited to 16 h/day with 8 h exposure to air, for 3—4 days (Lopez and Becker
2005). Thirteen strains were characterized for withdrawal following this chronic intermittent
exposure paradigm (Metten et al. 2010). Two data sets with a substantial number of inbred
strains have reported ethanol tolerance magnitude. Eighteen strains were given 3.0 g/kg
ethanol ip for 8 days and the reduction in body temperature was assessed at several times
following injection on Days 1, 3, 5, and 8. Magnitude of chronic tolerance was indexed as
the attenuation of Day 1 hypothermic response on each of Days 3, 5, and 8 (Crabbe et al.
1982). Twenty strains were assessed for the development of acute functional tolerance to the
effect of a single dose of ethanol to induce loss of the righting reflex. Acute functional
tolerance was indexed as the difference between BEC at regain and loss of righting reflex
(Ponomarev and Crabbe 2004).

We examined the strain mean correlations for the three above withdrawal and seven (six
hypothermia, one loss of righting reflex) tolerance phenotypes. Depending on strain overlap
across studies, these correlations were based on between 8 and 20 strains (see Table 1). Of
the 18 correlations between withdrawal and hypothermic tolerance scores, the largest
absolute value was r = 0.34 (df = 8, NS). All correlations with withdrawal severity after
chronic continuous exposure were negative, as were two of the six with withdrawal
following chronic intermittent exposure. Correlations with acute withdrawal severity were
evenly split between positive (after 3-5 days in the hypothermic tolerance regimen) and
negative (after 5-8 days) data points. Acute functional tolerance to the loss of righting reflex
tended to correlate significantly, and negatively (r = -0.63, df = 7, P = 0.07) with
withdrawal from chronic intermittent vapor exposure, but not with acute (r = —-0.31) or
chronic continuous exposure (r = 0.07).

These data sets were constructed so that the tolerance measures represent functional
tolerance, albeit of two sorts, acute and chronic, and were based on two different behavioral
end points. The withdrawal measures also were controlled for ethanol dose experienced.
Why was loss of righting reflex tolerance weakly associated with chronic intermittent and
not chronic continuous or acute withdrawal phenotypes? This is because these three
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withdrawal phenotypes are themselves only imperfectly associated at the genetic level.
Overall, the pattern of results suggests that there is no significant degree of overlap in the
genetic contributions to withdrawal and tolerance phenotypes.

6.3 Recombinant Inbred Strains

Most recombinant inbred strain data relevant for alcohol genetics have been collected in the
BXD RI strain panel. Twenty-one of these strains have been characterized for acute
withdrawal severity after a single 4 g/kg ethanol dose (Metten and Belknap, unpublished
data). They have also been exposed to continuous vapor inhalation for 72 h and scored for
chronic withdrawal severity (Crabbe 1998). No data are available for these strains following
chronic intermittent exposure, but these data are currently being collected (H. Becker,
personal communication). Twenty-five strains have been tested for hypothermic tolerance to
ethanol injections. The grid test was used to characterize the development of tolerance to
ambulatory ataxia in 24 strains.

Two different groups assessed functional tolerance to ethanol’s effects on a dowel balancing
test. One experiment followed the exact procedure employed to breed the HAFT and LAFT
selected lines described earlier (Erwin and Deitrich 1996) and found significant RI strain
differences in acute functional tolerance (Kirstein et al. 2002). The other study followed a
slightly different procedure (Gallaher et al. 1996—see Sidebar).

Genetic correlations across withdrawal and tolerance phenotypes measured in the BXD RI
strains are shown in Table 2. As seen in the standard inbred strains, chronic hypothermic
tolerance was not significantly correlated with any of the three withdrawal measures; nor
was chronic tolerance in the grid test. There was, however, a pattern of significant
correlation between acute tolerance in the dowel test and chronic withdrawal severity. These
correlations accounted for 18 or 34% of the variance, depending on the tolerance assay.
While acute withdrawal severity tended to be associated with the tolerance as measured by
Gallaher et al. (r =0.42, df = 19, P = 0.06), it was essentially uncorrelated with tolerance in
the Kirstein procedure (r = 0.06). As with the standard inbreds, there was, therefore, a lack
of complete parallelism of results between tolerance and different withdrawal measures.
Again, this was likely because the two dowel test tolerance measures were themselves very
weakly associated (r = 0.23), and the two withdrawal measures were imperfectly associated
(r=0.63).

6.4 Summary of Rodent Data

Data from rodents do not in our opinion offer strong and consistent evidence for a genetic
relationship between the various tolerance and withdrawal phenotypes explored. The
strongest evidence for such an association was seen in the BXD RI strains, where chronic
withdrawal HIC severity after chronic continuous administration of ethanol vapor was
significantly genetically correlated with tolerance assessed in two different variants of the
dowel test. These two tolerance variants resemble AFT, but neither represents the classic
version of this type of tolerance. The importance of this relationship for answering to larger
questions in human drinkers should be assessed in the context of several qualifications. First,
the shared variance accounted for a relatively small proportion of the total variance (18 or
34%). Second, the relationship was only seen for acute withdrawal severity in one of the two
data sets, and even there the correlation was small (r = 0.42). Third, the only genetic
variance in these data sets arose from alleles polymorphic between C57BL/6J and DBA/2J
inbred progenitor strains. Fourth, the only hint of a relationship in standard inbred strains,
where there is substantially greater genetic diversity, was a trend toward a negative genetic
correlation between AFT to a different behavioral endpoint and one, but not two other,
measures of withdrawal severity. Finally, no evidence of consequential differences in
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several measures of tolerance to two different behavioral end points was seen between mice
bred to have very large differences in acute and chronic withdrawal severity.

7 Consilience in Studies of Gene Expression

All the rodent studies reviewed above were designed to explore one source of genetic
variation, due to allelic differences at genes, i.e., polymorphisms. The allelic differences
were either chance occurrences (inbred strains) or engineered by affecting allelic structure
through systematic selective breeding. Such genetic differences can be traced to differences
in DNA sequence, and such polymorphisms appear in all cells, at all times. Another source
of genetic variation is also important. Not all copies of each gene are constantly expressed.
Gene expression leading to RNA and protein synthesis clearly differs across time including
developmental course, and different genes show very different temporal patterns of
expression. The same gene may show very different temporal patterns of expression in
different brain areas. To understand genetic influences on AD risk we therefore need to
consider brain-regional differences in the expression of genes and how they are affected by
chronic ethanol.

As noted in the previous sections, the two rodent phenotypes that can be most closely related
to human AD are withdrawal and tolerance. Unfortunately, neither of these phenotypes has
been extensively studied from the perspective of global gene expression. In contrast, there
are extensive gene expression data on preference drinking (see e.g. Mulligan et al. 2006;
Tabakoff et al. 2009; McBride et al. 2010). With this point in mind, the discussion on the
expression data has been expanded to include preference drinking, recognizing that this
phenotype only imperfectly aligns with any aspect of the AD associated symptoms. Before
reviewing the expression data, there are several issues that require comment.

The first issue is that the brain regions and circuits associated with alcohol-related
phenotypes are still being defined. A role for the corticotropin releasing factor-rich central
nucleus of the amygdala (CeA) in withdrawal and dependence phenotypes has been
suggested (see Roberto et al. 2003; Koob and LeMoal 2005; Koob and VVolkow 2010). Chen
et al. (2008) found that the lateral aspect of the substantia nigra pars reticulata is required to
express the acute withdrawal HIC phenotype in mice; withdrawal from chronic ethanol
exposure appears to involve a circuit associated with the CeA, the basolateral amygdale
(BLA), the dentate gyrus, the CA3 region of the hippocampus, the lateral septum, and the
prelimbic cortex (Chen et al. 2009). Withdrawal from chronic intermittent ethanol exposure
appears to involve a very similar circuit (Oberbeck and Hitzemann, unpublished
observations). To our knowledge, there are no similar studies focusing on the circuits
associated with acute or chronic functional tolerance. For preference drinking it is generally
assumed that some aspects of the brain’s reward pathways are involved (see Koob and
Volkow 2010). However, unlike the situation for stimulant drugs of abuse, 6-
hydroxydopamine lesions of the nucleus accumbens (NAc) or the ventral tegmental area
have been found in some but not all studies to have little effect on ethanol consumption (see
e.g. Rassnick et al. 1993; Fahlke et al. 1994; Ikemoto et al. 1997). Moller et al. (1997) found
that lesions of the CeA but not the BLA reduced ethanol consumption in rats. Dhaher et al.
(2008, 2009) found that lesions of the CeA but not the lateral posterior portion of the bed
nucleus of the stria terminalis or the medial shell region of the NAc reduce ethanol
consumption in a limited access two-bottle choice paradigm.

The second and related issue is whether the brain regions associated with human AD have
strict counterparts in the rodent brain. For example, Koob and Volkow (2010) emphasize the
role(s) of prefrontal areas such as the human orbital prefrontal cortex which may have no
equivalent in the rodent (see Price 2007). Peters et al. (2009 and references therein) have
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emphasized a rodent circuit associated with drug abuse that involves the ventromedial
prefrontal cortex. Key regions are the infralimbic and prelimbic cortex. In the non-human
primate and human brain, these regions most closely align with areas 25 and 32 and rostral
aspects of the anterior cingulate. To our knowledge, there are no published studies that have
attempted a cross-species comparison of global gene expression across “equivalent” cortical
brain regions from mouse or rat to man. It may well be possible to align brain regions based
on function rather than anatomical features but this needs to be done cautiously.

The third issue involves the microarray technology used to assess global gene expression.
Over the past decade, improvements in both microarrays and analytical techniques have
made it possible to measure changes in brain gene expression quite accurately; importantly,
the cumulative data indicate that most of the changes associated with behavioral phenotypes
are actually quite small and in the range of 15 to 30% (see Mulligan et al. 2006; Bice et al.
2006). To some extent, the small changes reflect the fact that the hybridization isotherms for
oligonucleotide arrays are frequently not linear due to probe saturation (Pozhitkov et al.
2010). This is true for both rodent and human arrays; thus, small but significant changes in
one species may drop below the threshold for detection in another species, especially given
that sample sizes are frequently limited. A related problem that makes comparison across
species difficult is the effect of single nucleotide polymorphisms (SNPs) on gene expression
(e.g. Peirce et al. 2006; Walter et al. 2007, 2009). False positives and negatives in one
species can be difficult to align with another. SNP masking is one solution to this problem
but this assumes that one knows most of the high frequency SNPs. A fourth problem with
microarrays arises from the annotation and summarization issues associated with predefined
reporters/probes (Allison et al. 2006). Annotation problems continue, despite continued
improvements in sequence information. Thus, caution still must be exercised when
comparing data on “gene X across species. Furthermore, microarray technology provides
limited information about alternative splicing, microRNAs and almost no information about
other non-coding RNAs. The importance of the non-coding RNAs to the regulation of gene
expression and to our understanding of complex traits has been summarized (Lander 2011).
In this regard, the emergence of next-generation sequencing and the RNAseq application
provides a clear alternative to microarrays for detecting differential gene expression and
effectively deals with the problems noted above (see Mardis 2011).

7.1 Human Expression Data from Post Mortem Brain Tissue

The number of human post-mortem global gene expression studies is relatively small but
there has been remarkable congruence among the studies (see Liu et al. 2006). To our
knowledge Lewohl et al. (2000) were the first to use microarrays (cCDNA arrays) to examine
gene expression in tissue from alcoholics and matched controls (this also appears to be the
first use of microarrays for any alcohol-related study). Although the number of samples and
the number of genes interrogated were relatively small, these authors noted some marked
differences between groups in the cortical expression of myelin-related genes. A follow-up
study (Mayfield et al. 2002) using a larger cohort and an improved array confirmed
differences in the expression of the myelin-related genes. Genes affected included myelin-
associated glycoprotein, apolipoprotein D, glial fibrillary acidic protein and
oligodendrocyte-myelin glycoprotein. An additional key finding was that a number of genes
involved in protein trafficking were altered in the alcoholic case groups. Members of this
group included genes involved in variety of functions such as vesicle docking,
synaptogenesis, and synaptic plasticity. Liu et al. (2006) provided additional data from the
same laboratory but also integrated the results across several different laboratories (e.g.
Flatscher-Bader et al. 2005; Sokolov et al. 2003). Importantly, these authors identified 27
genes that were changed in alcoholics across multiple studies and included in this list were
myelin-related genes e.g. proteolipid protein 1. The repeated observation of an effect on
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myelin-related genes aligns with a well-described alcoholic neuropathology (e.g. Harper and
Kril 1990).

There appears to be only a single study that has investigated human global gene expression
in a non-cortical area. Kryger and Wilce (2010) examined gene expression in the BLA. The
sample included ten alcoholics and ten controls obtained from the New South Wales Tissue
Resource Centre at the University of Sydney; samples from this same resource were used in
some of the studies described above. A large number of genes were found to be
differentially expressed; 212 were up-regulated and 560 were down-regulated. It is
impossible to summarize all of these findings here; rather, three main findings are
emphasized. (a) There was marked reduction for the alcoholics in the expression of
oxyreductases, including many genes associated with energy metabolism; these data are
consistent with the results of positron emission tomography scans on alcoholics (Volkow et
al. 1992). (b) Protein trafficking and vesicle docking genes showed abnormal expression,
which aligns with results from other studies (see above). (c) Kryger and Wilce (2010)
emphasize some marked changes in glutamate related genes including GLAST, GLT-1and
GIluRZ2. Western blots were used to confirm protein changes in these genes.

In summary, human post-mortem studies have detected some marked changes in gene
expression between alcoholics and controls. Despite the many potential confounds, there are
some consistent themes which can be linked to the known neuropathology. While such
studies may relate to the presumed tolerance and withdrawal experience ante mortem by the
alcoholic subjects, they cannot distinguish between them as potential drivers of the
expression differences as compared with controls.

7.2 Rodent Expression Studies

Rodent studies by and large have taken a different approach to the problem. Rather than
looking at the effects of chronic ethanol consumption or exposure, the focus has often been
on integrating brain gene expression data with gene mapping analyses, i.e., the emphasis is
on finding genes which predispose one to excessive ethanol consumption or pronounced
withdrawal symptoms. There have been extensive studies using informative genetic
populations to identify the genomic location of quantitative trait loci (QTL). QTL mapping
studies have isolated the chromosomal loci associated with many alcohol-related traits, and
expression analyses have been employed to seek candidate genes for these QTL. This
difference in approach, termed “genetical genomics,” is an obvious barrier to achieving
consilience between the rodent and human data sets as the approaches differ tactically.

The gene encoding multiple PDZ domain protein (MPDZ), which has been identified as an
alcoholism-related gene in human genetic association studies, has been found in mice to be a
quantitative trait gene associated with acute ethanol withdrawal HIC severity (Shirley et al.
2004). Ethanol tolerance, the other consilience phenotype, has been less well studied. Hu et
al. (2008) used the genetical genomic approach to identify eight genes associated with AFT.
Interestingly, one of these genes, erythrocyte membrane protein band 4.1-like 2 (EPB41/2,
or 4.1G) is a cytoskeletal protein that interacts with AMPA receptor GluR1 and GIluR4
subunits, and may support their surface expression (Coleman et al. 2003). Bell et al. 2009
examined the effects of chronic ethanol exposure in the alcohol preferring P rats on gene
expression in the nucleus accumbens; neither the degree of tolerance that may have
developed nor whether dependence had developed were assessed. Two different paradigms
were used to administer ethanol chronically: (a) multiple scheduled access (three, 1-hr, dark-
cycle sessions/day) for 8 weeks; and (b) continuous, daily alcohol access (24 h/day). The
control group was ethanol na. Average daily ethanol intakes for the continuous and multiple
groups were approximately 9.5 and 6.5 g/kg/day. Animals were sacrificed 15 h after the last
ethanol exposure: assuming that the animals were dependent, the animals were in the early
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stages of withdrawal. Interestingly, the multiple access group showed few changes in gene
expression. In contrast, 374 genes were detected as significantly different between the
continuous access and ethanol-na groups. Twenty significant Gene Ontology (GO)
categories were over-represented and these included negative regulation of protein kinase
activity, antiapoptosis, and regulation of G-protein-coupled receptor signaling. Some of the
differentially expressed genes were ones that had been detected in human post mortem
studies, e.g., Scg2 (Mayfield et al. 2002).

Gene expression profiling has been used to study ethanol withdrawal severity in the WSP
and WSR selected lines of mice (Hashimoto and Wiren 2008). Mice of both WSP and both
WSR lines were exposed to equal ethanol vapor concentrations for 72 h. Eight hours into
withdrawal, when HICs would have been marked in the WSP mice (and virtually absent in
the WSR mice), the prefrontal cortex was harvested for microarray analyses. Mice were not
scored for withdrawal, however. Mice of both sexes were tested. Ethanol withdrawal clearly
regulated the expression of approximately 300 genes. Interestingly, there were large sex
differences in the pathways identified by gene ontology overrepresentation analyses. These,
and pathological analyses, were consistent with greater ethanol neurotoxicity experienced by
female mice. However, there were no important differences between the WSP and WSR
mice in the GO categories. Thus, while the genes and gene pathways identified clearly were
ethanol withdrawal-responsive, they were not germane to the issue of the large genetic
differences in ethanol withdrawal severity between WSP and WSR mice (Hashimoto and
Wiren 2008). Another project examined cingulate cortex and amygdala tissue in Wistar rats
after a long period of ethanol exposure (Rimondini et al. 2002). Rats were exposed to
ethanol vapor for 8 weeks and then drank voluntarily for several weeks. Expression analyses
of tissue harvested after recovery revealed several genes and pathways to be chronically up-
regulated. This study and several others have been recently reviewed (Bjork et al. 2010).

It should be noted that at least among mice, there is an inverse genetic relationship between
ethanol preference and severity of withdrawal HIC (Metten et al. 1998; Hitzemann et al.
2009). Thus, some candidate genes for preference phenotypes, and their associated gene
networks, are highly likely to be involved in withdrawal, one of the target phenotypes for
this discussion. Sandberg et al. (2000) appear to have been the first to integrate behavioral
QTL and gene expression data. Three symposia reports (Hoffman et al. 2003; Matthews et
al. 2005; Sikela et al. 2006) illustrate the application of this approach to alcohol related
phenotypes, which were mostly based on ethanol preference drinking. Mulligan et al. (2006)
performed a meta-analysis using microarray data from six different samples of alcohol
preferring and non-preferring animals. The data from a total of 107 arrays were entered into
the analysis. The statistical power of the analysis allowed the authors to detect 3,800 genes
uniquely and significantly changed between preferring and non-preferring animals. Several
functional groups, including mitogen-activated protein kinase signaling and transcription
regulation pathways, were found to be significantly over-represented. Focusing on the genes
within the mouse chromosome 9 QTL for ethanol preference which has been detected in
multiple studies (Belknap and Atkins 2001), several genes were detected as being highly
differentially expressed between preferring and non-preferring animals; genes included in
the group are Scn4b, Sca5 and a number of genes with unknown function. Scn4b, which
reduces ethanol effects on sodium channels, is currently under investigation using transgenic
and viral mediated transfer strategies (Hitzemann—unpublished observations).

Tabakoff et al. (2008) used a somewhat different approach to detect genes associated with
ethanol preference; however, Scn4b still emerged as a strong candidate. Importantly, this
group has consistently found that GnbZ is differentially expressed between preferring and
non-preferring animals. This group extended this observation and also summarized the
genes in mouse, rat and humans that have been associated with excessive ethanol
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consumption (see Table 2 in Saba et al. 2011). These authors concluded that the activity of
the GABAergic system, and in particular GABA release and GABA receptor trafficking and
signaling including G protein function, contributes significantly to genetic variation in the
predisposition to varying levels of alcohol consumption. This conclusion aligns with the
known mechanisms of ethanol action (Spanagel 2009).

7.3 An Alternative Strategy for Relating Gene Expression to Function

The human and rodent gene expression studies outlined here all largely used the same data
analysis tactic which focused on finding genes that are differentially expressed and then
aligning these genes with known protein—protein interaction pathways. There are alternative
analysis strategies. For example, the covariance structure of the gene expression data can be
analyzed. One such tactic is the weighted gene co-variance network analysis (WGCNA)
(Zhang and Horvath 2005). The advantages of this approach over looking at differential
expression are discussed in Zhao et al. (2010). Here, we simply note that the focus is on
looking at gene connectivity both within and between gene expression modules which may
or may not be associated with differential expression. The disadvantage of this approach is
the requirement for large sample sizes (see lancu et al. 2010). Oldham et al. (2006) used
WGCNA to examine the conservation and evolution of gene coexpression networks in
human and chimpanzee brains. The data obtained illustrated two important points. The first
is that in both the human and chimpanzee brains, modules that correspond to brain regions
would not be successfully detected simply on the basis of differential gene expression
among brain regions. The second point is that the coexpression analysis led to the
observation that the “[degree of] conservation of gene coexpression modules between the
species recapitulates evolutionary hierarchy, with white matter > cerebellum > caudate
nucleus > caudate nucleus + anterior cingulated cortex > cortex, again a relationship not
evident from differential expression analysis.” In a second study, Oldham et al. (2008) used
WGCNA to examine the functional organization of the human brain transcriptome. Here,
the coexpression analysis was able to parse the microarray data to identify different modules
of coexpressed genes that corresponded to neurons, oligodendrocytes, astrocytes and
microglia. Importantly, it was possible to place a number of genes of unknown function into
one of these modules. As larger alcohol-related data sets for both human and rodent data
evolve, it is not unreasonable to expect that it will be possible to use strategies such as the
WGCNA to detect cross-species consilience in the gene expression data.

8 Conclusions and Future Directions

For the only human AD diagnostic criteria for which there are substantial rodent data,
alcohol withdrawal and tolerance, those data largely support their genetic independence.
Albeit quite limited in extent, nonetheless, we do observe a limited consilience between
rodents and humans in this regard—that the genetic risk factors for alcohol-related tolerance
and withdrawal are largely uncorrelated. This is true despite the close relationship between
tolerance and dependence as pharmacological characteristics of chronic drug administration.
That is, it is not likely to find an animal that is dependent but not tolerant.

For humans, many problems ensue in individuals as a result of their heavy drinking
including work-related issues, fraying or disintegration of family relationships, psychiatric
problems such as anxiety or depression and legal difficulties. Of these, only anxiety-like and
depressive-like behaviors are modeled in rodents. Humans continue to drink despite
increasing evidence of adverse medical or social consequences—indeed, some alcoholics
effectively drink themselves to death. As discussed in Sect. 1, rodents do not drink enough
alcohol under most circumstances to develop the sorts of major medical complications seen
in humans with AD. However, one approach has recently been suggested to represent
drinking despite adverse consequences. When rats or mice have been led to drink
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chronically under certain conditions, subsequent adulteration of the alcohol solution with
quinine does not have the expected effect of reducing consumption as strongly as in animals
with less experience drinking alcohol. Because quinine is normally aversive, this persistent
drinking in the face of a normally punishing event may be considered to reflect, at least
partially, drinking despite adverse consequences (Lesscher et al. 2010). However, such
studies to date have not shown why ethanol-experienced animals fail to avoid ethanol +
quinine. Persistent drinking of an adulterated ethanol solution could simply reflect a change
in the salience of the taste of quinine; we recently reported a rather direct example of
carryover effects of alcohol solutions that abolished the subsequent taste preference for
sweet solutions and the avoidance of quinine solutions (Crabbe et al. 2011).

Several approaches may begin to address the “loss of control” over drinking. When alcohol
is offered in a standard two-bottle preference test with water as an alternative, it was noted
many years ago that following a period of abstinence, ethanol preference drinking is
escalated for a time after the re-introduction of access. This has been termed the alcohol
deprivation effect, or ADE (Sinclair and Senter 1967). A recent variant of this procedure
produces a robust increase in alcohol drinking in C57BL/6J mice (Melendez et al. 2006;
Melendez 2011). However, the elevated drinking does not persist for very long, and no
blood alcohol levels were taken in these experiments, so whether the animals reach
intoxicating blood alcohol levels is not known. And, there are no published data currently
available regarding genetic differences in this type of drinking. Scheduling access to fluids
for a limited period each day leads C57BL/6J mice to drink large amounts and reach
intoxicating blood ethanol levels (Finn et al. 2005; Cronise et al. 2005). A possibly related
method is to offer ethanol to animals intermittently, either every other day (Wise 1973) or 3
days\week (Simms et al. 2008), but these animals do not reach intoxicating blood alcohol
levels. Cunningham and collaborators have exposed mice to ethanol chronically via
indwelling gastric cannulae. Mice thereafter are willing to self-administer ethanol via
intragastric infusion, and even a normally alcohol-avoiding genotype, DBA/2J, will self-
administer substantial doses of alcohol (Fidler et al. 2011). We have bred high drinking in
the dark (HDID) mice for binge-like drinking. These mouse lines drink to the point of
behavioral intoxication, but have not been studied for tolerance or withdrawal traits (Crabbe
et al. 2009). With the exception of the HDID selection, these phenotypes have yet to be
genetically characterized extensively enough to address the questions at hand regarding
human diagnostic criteria, but they may provide useful tools for future translational studies.

There are other data that would be very helpful if they were available. The tolerance mouse
lines, HAFT and LAFT, now exist only in cryopreserved embryos, but could be resurrected
and tested for withdrawal severity. This would offer a rather direct test of the genetic
correlation between withdrawal and tolerance. The HRT and LRT mouse lines, selected for
rapid (chronic) tolerance, would also be useful, but were not cryopreserved. A thorough
characterization of the WSP and WSR selected lines for a range of ethanol tolerance
phenotypes would be informative.

The existing data on gene expression differences, either predisposing to alcohol responses or
consequent to exposure to alcohol, have unfortunately rarely characterized either tolerance
or withdrawal phenotypes. A systematic characterization of the gene expression networks
predisposing to and invoked by ethanol tolerance could be compared with the networks seen
after initiating dependence, and during withdrawal. A maximally informative line of mice
for such a genetic experiment would be the HS/CC outbred stock, which was developed by
members of the Collaborative Cross consortium specifically to display maximal allelic
diversity (Churchill et al. 2004).
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These results have obvious implication for efforts in human populations to study genetic risk
factors for AD. In twin or adoption studies, which assess aggregate risk factors across the
genome, prior studies that have looked at the magnitude of genetic effects, developmental
processes or patterns of comorbidity have consistently assessed AD as if it reflected a single
dimension of genetic liability. These results will need to be reconsidered in light of evidence
for multiple genetic factors underlying AD. Molecular genetic studies—particularly
candidate gene and genome-wide association studies—have similarly focused almost
exclusively on the comparison of subjects meeting criteria for AD with matched controls. If
correct, the results reviewed herein suggest that this approach would be at inefficient at best.
Cases and controls would likely differ on three relatively independent dimensions of genetic
risk with the degree of difference varying considerably across individuals. While these
results need replication before they should lead to widespread changes in analytic strategy,
they highlight the assumptions widely accepted but rarely tested that psychiatric and
substance use disorders as described by current diagnostic systems reflect a single
dimension of genetic risk. This assumption is unwarranted and should not be accepted prior
to being subject to empirical test.

In summary, further refinements in both the human and rodent laboratory data are needed to
determine whether AD represents one or multiple genetic factors. With the growing power
of genetic analyses, it should be possible to improve our insight into human etiology, even if
it is not possible to resolve completely the specific issue reviewed here.

Acknowledgments

The authors are supported by grants AA11408, AA017828, AA10760, AA13519, AA 11034 and AA 13484 from
the NIH and by grants from the US Department of Veterans Affairs.

Abbreviations

AA/ANA Alko Alcohol/Nonalcohol rat selected lines

AD Alcohol dependence

ADH Alcohol dehydrogenase

AFT Acute functional tolerance

ALDH Aldehyde dehydrogenase

BEC Blood ethanol concentration

BLA Basolateral amygdala

BXD RI Recombinant inbred strains derived from crossing C57BL/6J and DBA/2J
inbreds

C57BL/6J A common inbred strain of mice

CA3 Region of hippocampus

CeA Central nucleus of the amygdala

DBA/2] A common inbred strain of mice

DSM-IV-R Diagnostic and Statistical Manual of the American Psychiatric
Association

FHP/FHN Family history positive/negative

GABA Gamma aminobutyric acid
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HRT/LRT
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Scd5
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Gene encoding the glutamate-aspartate transporter

Gene encoding a glutamate transporter

Genes encoding glutamate receptor subunits

Gene encoding the guanine nucleotide binding protein beta 1 subunit
Gene ontology

High/Low Acute Functional Tolerance mouse selected lines
High/Low Alcohol Preferring mouse selected lines

High Drinking in the Dark mouse selected line
Handling-induced convulsion

Hypothermia

High/Low Rapid Tolerance mouse selected lines

Nucleus accumbens

Preferring/Non-preferring rat selected lines

Quantitative trait locus/loci

Gene encoding a stearoyl-CoA desaturase isoform

Gene encoding the sodium channel 4b subunit

Single nucleotide polymorphism

Withdrawal

Weighted gene covariance network analysis

Withdrawal Seizure-Prone/-Resistant mouse selected lines

Sidebar. Mouse measures of tolerance and withdrawal severity in Tables 1 and 2

Trait

Description Tabled variables Reference

Hypothermic
tolerance

(standard inbred

strains)

Acute functional
tolerance Loss of

righting reflex

(standard inbred

strains)

Acute withdrawal
(standard inbred

strains)

Chronic
withdrawal—
continuous

Mice were injected daily for 8 days with 3.0 g/kg ~ Table 1, traits 1 and 2 Crabbe et al.
EtOH. Initial hypothermic sensitivity was tolerance onday 3 (e.g.,  (1982)
indexed as difference scores, each representing HT chronic 30-3 and
the reduction (on day 1) from baseline at 30 or 60  HT chronic 60-3) Table
min after injection. Tolerance on days 3, 5, and 8 1, traits 3 and 4,
was indexed as the difference in post-injection tolerance on day 5 Table
change score from day 1 sensitivity score 1, traits 5 and 6,
tolerance on day 8

Mice were injected with 3.0 g/kg EtOH. Blood Table 1, trait 7 AFT
samples were taken when they lost the righting LORR

reflex (i.e., were unable to turn over from a

supine position) and when they regained it. The

difference in blood EtOH concentrations

(recovery minus initial loss) indexed AFT

Ponomarev and
Crabbe (2004)

Metten and
Crabbe (1994)

Mice were injected with 4.0 g/kg EtOH and the Table 1, trait 8 Acute
handling-induced convulsion (HIC) was scored WDR

before, and hourly after for 12 h. Withdrawal

severity was indexed as the area under the HIC

curve corrected for baseline HIC

Metten and
Crabbe (2005)

Mice were continuously exposed to EtOH vapor Table 1, trait 9 Chronic
for 72 h at an average blood EtOH concentration ~ Cont. WDR
of 1.6 mg/ml. Withdrawal HIC severity was
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Trait Description Tabled variables Reference
(standard inbred assessed hourly for 10 h and again at 24 and 25 h.
strains) The average area under the 25 h HIC withdrawal

curve for each strain was corrected by subtracting

the area for HIC scores from a group exposed to

air
Chronic Mice were exposed to EtOH vapor for 16 h/day Table 1, trait 10, Metten et al.
withdrawal— for 3 days at an average blood EtOH Chronic Interm. WDR (2010)
intermittent concentration of 1.7 mg/ml. Withdrawal HIC
(Standard inbred severity was assessed hourly for 10 h and again at
strains) 24 and 25 h. The average area under the 25 h

HIC withdrawal curve for each strain was

corrected by subtracting the area for HIC scores

from a group exposed to air
Hypothermic Mice were injected daily for 3 days with 2.0, 3.0 Table 2, traits 1-3 HT Crabbe et al.
tolerance (BXD or 4.0 g/kg EtOH. Initial hypothermic sensitivity chronic 2 g/kg, HT (1994, 1996)
RI recombinant was indexed as the average difference from chronic 3 g/kg, and HT
inbred strains) baseline at 30 and 60 min after injection on day chronic 4 g/kg

1. Tolerance on days 3, 5, and 8 was indexed as

the difference in post-injection change score from

day 1 sensitivity scores
Grid test Mice were injected with saline for two days, and Table 2, trait 4 Grid test ~ Phillips et al.
tolerance (BXD EtOH 2.0 g/kg on days 3,5,7,9, and 11. The grid (1996)
RI recombinant test was used to assess foot fall errors through a
inbred strains) wire mesh floor on each EtOH day, corrected for

locomotion. Tolerance was indexed as the

difference between ataxia ratios (foot falls/

activity) on days 11 and 3
Acute functional Mice were injected with 1.75 g/kg EtOH and Table 2, trait 5 AFT Kirstein et al.
tolerance Dowel placed on a stationary, 1.27 cm dowel, from Dowel (Kirstein) (2002)
test (BXD RI which they soon fell. A blood sample was
recombinant collected when they recovered ability to stay on
inbred strains) the dowel (BEC1), and they were given a second,

2.0 g/kg injection. Another blood sample (BEC2)

was taken when they again regained ability. AFT

was indexed as BEC2 minus BEC1
Acute functional Mice were given an injection of 2.0 g/kg EtOH. Table 2, trait 6 AFT Gallaher et al.
tolerance Dowel Brain EtOH levels were taken within 10 s of fall Dowel (Gallaher) (1996)
test (BXD RI from a rotating, 5 cm dowel to assess initial
recombinant sensitivity. Separate groups of mice were given
inbred strains) the initial 2.0 g/kg injection, and when they

recovered ability to stay on the dowel, a blood

sample was taken. Mice were then given a

“booster” dose of 1.0 g/kg and a second recovery

was assessed. Four to five booster doses were

given until each RI strain of mice was recovering

function at a stable plateau of blood EtOH

concentrations. The difference between the final

and the initial brain EtOH concentration was

taken as the index of tolerance
Acute withdrawal ~ Same as for standard inbreds Table 2, trait 7 Acute P. Metten and
(BXDRI WDR J.K. Belknap,
recombinant unpublished
inbred strains) data, with

permission
Chronic Same as for standard inbreds. Average blood Table 2, trait 8 Chronic Crabbe (1998)
withdrawal— EtOH concentration was 1.5 mg/ml cont. WDR
continuous (BXD
RI recombinant
inbred strains)
References

and consensus. Nat Rev Genet. 2006; 7:55-65. [PubMed: 16369572]

Bell RL, Rodd ZA, Lumeng L, Murphy JM, McBride WJ. The alcohol-preferring P rat and animal
models of excessive alcohol drinking. Addict Biol. 2006; 11:270-288. [PubMed: 16961759]

Curr Top Behav Neurosci. Author manuscript; available in PMC 2014 January 01.

Allison DB, Cui X, Page GP, Sabripour M. Microarray data analysis: from disarray to consolidation



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Crabbe et al.

Page 21

Bell RL, Kimpel MW, McClintick JN, Strother WN, Carr LG, Liang T, Rodd ZA, Mayfield RD,
Edenberg HJ, McBride WJ. Gene expression changes in the nucleus accumbens of alcohol-
preferring rats following chronic ethanol consumption. Pharmacol Biochem Behav. 2009; 94(1):
131-147. [PubMed: 19666046]

Belknap JK, Atkins AL. The replicability of QTLs for murine alcohol preference drinking behavior
across eight independent studies. Mamm Genome. 2001; 12:893-899. [PubMed: 11707775]

Berta J, Wilson JR. Seven generations of genetic selection for ethanol dependence in mice. Behav
Genet. 1992; 22(3):345-359. [PubMed: 1616464]

Bice PJ, Foroud T, Carr LG, Zhang L, Liu L, Grahame NJ, Lumeng L, Li T-K, Belknap JK.
Identification of QTLs influencing alcohol preference in the High Alcohol Preferring (HAP) and
Low Alcohol Preferring (LAP) mouse lines. Behav Genet. 2006; 36:248-260. [PubMed: 16482403]

Bjork K, Hansson AC, Sommer WH. Genetic variation and brain gene expression in rodent models of
alcoholism. Int Rev Neurobiol. 2010; 91:129-171. [PubMed: 20813242]

Browman, KE.; Crabbe, JC.; Li, T-K. Genetic strategies in preclinical substance abuse research. In:
Bloom, FE.; Kupfer, DJ., editors. Psychopharmacology: a fourth generation of progress [CD-ROM
version 3]. Lippincott Williams & Wilkins; 2000.

Chen G, Kozell LB, Hitzemann RJ, Buck KJ. Involvement of the limbic basal ganglia in ethanol
withdrawal convulsivity in mice is influenced by a chromosome 4 locus. J Neurosci. 2008;
28:9840-9849. [PubMed: 18815268]

Chen CC, Lu RB, Chen YC, Wang MF, Chang YC, Li TK, Yin SJ. Interaction between the functional
polymorphisms of the alcohol-metabolism genes in protection against alcoholism. Am J Hum
Genet. 1999; 65:795-807. [PubMed: 10441588]

Chen G, Reilly MT, Kozell LB, Hitzemann RJ, Buck KJ. Differential activation of limbic circuitry
associated with chronic ethanol withdrawal in DBA/2J and C57BL/6J mice. Alcohol. 2009;
43:411-420. [PubMed: 19801271]

Churchill GA, Airey DC, Allayee H, et al. The collaborative cross, a community resource for the
genetic analysis of complex traits. Nat Genet. 2004; 36:1133-1137. [PubMed: 15514660]

Cicero TJ, Meyer ER, Bell RD. Effects of ethanol on the hypothalamic-pituitary-luteinizing hormone
axis and testicular steroidogenesis. J Pharmacol Exp Ther. 1979; 208(2):210-215. [PubMed:
368312]

Cloninger CR. Neurogenetic adaptive mechanisms in alcoholism. Science. 1987; 236:410-416.
[PubMed: 2882604]

Crabbe JC. Provisional mapping of quantitative trait loci for chronic ethanol withdrawal severity in
BXD recombinant inbred mice. J Pharmacol Exp Ther. 1998; 286:263-271. [PubMed: 9655868]

Coleman SK, Cai C, Mottershead DG, Haapalahti JP, Keinanen K. Surface expression of GIuR-D
AMPA receptor is dependent on an interaction between its C-terminal domain and a 4.1 protein. J
Neurosci. 2003; 23:798-806. [PubMed: 12574408]

Crabbe JC. Neurogenetic studies of alcohol addiction. Philos Trans R Soc Lond B Biol Sci. 2008;
363:3201-3211. [PubMed: 18640917]

Crabbe JC. Consilience of rodent and human phenotypes relevant for alcohol dependence: introduction
to the special issue. Addict Biol. 2010; 15:103-108. [PubMed: 20148774]

Crabbe JC, Rigter H, Uijlen J, Strijbos C. Rapid development of tolerance to the hypothermic effect of
ethanol in mice. J Pharmacol Exp Ther. 1979; 208(1):128-133. [PubMed: 759607]

Crabbe JC, Janowsky JS, Young ER, Kosobud A, Stack J, Rigter H. Tolerance to ethanol hypothermia
in inbred mice: genotypic correlations with behavioral responses. Alcohol Clin Exp Res. 1982;
6(4):446-458. [PubMed: 6758616]

Crabbe JC, Young ER, Kosobud A. Genetic correlations with ethanol withdrawal severity. Pharmacol
Biochem Behav. 1983; 18(Suppl.1):541-547. [PubMed: 6685310]

Crabbe JC, Kosobud A, Young ER, Tam BR, McSwigan JD. Bidirectional selection for susceptibility
to ethanol withdrawal seizures in Mus musculus. Behav Genet. 1985; 15:521-536. [PubMed:
4096679]

Crabbe JC, Phillips TJ, Kosobud A, Belknap JK. Estimation of genetic correlation: interpretation of
experiments using selectively bred and inbred animals. Alcohol Clin Exp Res. 1990; 14(2):141-
151. [PubMed: 2190477]

Curr Top Behav Neurosci. Author manuscript; available in PMC 2014 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Crabbe et al.

Page 22

Crabbe JC, Merrill CD, Belknap JK. Acute dependence on depressant drugs is determined by common
genes in mice. J Pharmacol Exp Ther. 1991; 257(2):663-667. [PubMed: 2033513]

Crabbe JC, Belknap JK, Mitchell SR, Crawshaw LI. Quantitative trait loci mapping of genes that
influence the sensitivity and tolerance to ethanol-induced hypothermia in BXD recombinant inbred
mice. J Pharmacol Exp Ther. 1994; 269:184-192. [PubMed: 8169823]

Crabbe JC, Phillips TJ, Gallaher EJ, Crawshaw LI, Mitchell SR. Common genetic determinants of the
ataxic and hypothermic effects of ethanol in BXD/Ty recombinant inbred mice: genetic
correlations and quantitative trait loci. J Pharmacol Exp Ther. 1996; 277:624-632. [PubMed:
8627539]

Crabbe JC, Phillips TJ, Harris RA, Arends MA, Koob GF. Alcohol-related genes: contributions from
studies with genetically engineered mice. Addict Biol. 2006; 11:195-269. [PubMed: 16961758]

Crabbe JC, Metten P, Rhodes JS, Yu C-H, Brown LL, Phillips TJ, Finn DA. A line of mice selected
for high blood ethanol concentrations shows drinking in the dark to intoxication. Biol Psychiatry.
2009; 65:662-670. [PubMed: 19095222]

Crabbe JC, Bell RL, Ehlers CL. Human and laboratory rodent low response to alcohol: is better
consilience possible? Addict Biol. 2010a; 15:125-144. [PubMed: 20148776]

Crabbe JC, Phillips TJ, Belknap JK. The complexity of alcohol drinking: studies in rodent genetic
models. Behav Genet. 2010b; 40:737-750. [PubMed: 20552264]

Crabbe JC, Spence SE, Brown LL, Metten P. Alcohol preference drinking in a mouse line selectively
bred for high drinking in the dark. Alcohol. 2011; 45:427-440. [PubMed: 21194877]

Cronise K, Finn DA, Metten P, Crabbe JC. Scheduled access to ethanol results in motor impairment
and tolerance in female C57BL/6J mice. Pharmacol Biochem Behav. 2005; 81:943-953. [PubMed:
16099022]

Dhaher R, Finn DA, Snelling CC, Hitzemann RJ. Lesions of the extended amygdala in C57BL/6J mice
do not block the intermittent ethanol vapor-induced increase in ethanol consumption. Alcohol Clin
Exp Res. 2008; 32:197-208. [PubMed: 18162080]

Dhaher R, Finn DA, Oberbeck DL, Yoneyama N, Snelling CC, Wu W, Hitzemann RJ. Electrolytic
lesions of the medial nucleus accumbens shell selectively decrease ethanol consumption without
altering preference in a limited access procedure in C57BL/6J mice. Pharmacol Biochem Behav.
2009; 92:335-342. [PubMed: 19353807]

Dick DM, Smith G, Olausson P, Mitchell SM, Leeman RF, O’Malley SS, Sher K. Understanding the
construct of impulsivity and its relationship to alcohol use disorders. Addict Biol. 2010; 15:217—
226. [PubMed: 20148781]

Edenberg HJ, Foroud T. The genetics of alcoholism: identifying specific genes through family studies.
Addict Biol. 2006; 11:386-396. [PubMed: 16961766]

Ehlers CL, Walter NAR, Dick DM, Buck KJ, Crabbe JC. A comparison of selected quantitative trait
loci associated with alcohol use phenotypes in humans and mouse models. Addict Biol. 2010;
15:185-199. [PubMed: 20148779]

Enoch MA, Goldman D. The genetics of alcoholism and alcohol abuse. Curr Psychiatry Rep. 2001;
3:144-151. [PubMed: 11276410]

Erwin VG, Deitrich RA. Genetic selection and characterization of mouse lines for acute functional
tolerance to ethanol. J Pharmacol Exp Ther. 1996; 279:1310-1317. [PubMed: 8968355]

Fahlke C, Hansen S, Engel JA, Hard H. Effects of ventral striatal 6-OHDA lesions or amphetamine
sensitization on ethanol consumption in the rat. Pharmacol Biochem Behav. 1994; 47:345-349.
[PubMed: 8146227]

Fidler TL, Dion AM, Powers MS, Ramirez JJ, Mulgrew JA, Smitasin PJ, Crane AT, Cunningham CL.
Intragastric self-infusion of ethanol in high- and low-drinking mouse genotypes after passive
ethanol exposure. Genes Brain Behav. 2011; 10(3):264-275. [PubMed: 21091635]

Finn DA, Ford MM, Wiren KM, Roselli CE, Crabbe JC. The role of preghane neurosteroids in ethanol
withdrawal: behavioral genetic approaches. Pharmacol Ther. 2004; 101:91-112. [PubMed:
14761701]

Finn DA, Belknap JK, Cronise K, Yoneyama N, Murillo A, Crabbe JC. A procedure to produce high
alcohol intake in mice. Psychopharmacology. 2005; 178:471-480. [PubMed: 15765261]

Curr Top Behav Neurosci. Author manuscript; available in PMC 2014 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Crabbe et al.

Page 23

Flatscher-Bader T, van der Brug M, Hwang JW, Gochee PA, Matsumoto I, Niwa S, Wilce PA.
Alcohol-responsive genes in the frontal cortex and nucleus accumbens of human alcoholics. J
Neurochem. 2005; 93:359-370. [PubMed: 15816859]

Friedman, HJ. Assessment of physical dependence on and withdrawal from ethanol in animals. In:
Rigter, H.; Crabbe, JC., editors. Alcohol Tolerance and Dependence. Amsterdam: Elsevier/North-
Holland Biomedical Press; 1980. p. 93-121.

Gallaher EJ, Jones GE, Belknap JK, Crabbe JC. Identification of genetic markers for initial sensitivity
and rapid tolerance to ethanol-induced ataxia using quantitative trait locus analysis in BXD
recombinant inbred mice. J Pharmacol Exp Ther. 1996; 277:604-612. [PubMed: 8627537]

Gehle VM, Erwin VG. The genetics of acute functional tolerance and initial sensitivity to ethanol for
an ataxia test in the LSxSS Rl strains. Alcohol Clin Exper Res. 2000; 24:579-587. [PubMed:
10832898]

Goldman D, Ducci F. Deconstruction of vulnerability to complex diseases: enhanced effect sizes and
power of intermediate phenotypes. Scientific World J. 2007; 7:124-130.

Goldstein DB. Relationship of alcohol dose to intensity of withdrawal signs in mice. J Pharmacol Exp
Ther. 1972; 180:203-215. [PubMed: 5062297]

Goldstein DB, Pal N. Alcohol dependence produced in mice by inhalation of ethanol: grading the
withdrawal reaction. Science. 1971; 172:288-290. [PubMed: 5102255]

Grant BF. Theoretical and observed subtypes of DSM-1V alcohol abuse and dependence in a general
population sample. Drug Alcohol Depend. 2000; 60:287-293. [PubMed: 11053763]

Grant JD, Agrawal A, Bucholz KK, Madden PA, Pergadia ML, Nelson EC, Lynskey MT, Todd RD,
Todorov AA, Hansell NK, Whitfield JB, Martin NG, Heath AC. Alcohol consumption indices of
genetic risk for alcohol dependence. Biol Psychiatry. 2009; 66:795-800. [PubMed: 19576574]

Harper CG, Kril JJ. Neuropathology of alcoholism. Alcohol Alcohol. 1990; 25:207-216. [PubMed:
2198036]

Hashimoto JG, Wiren KM. Neurotoxic consequences of chronic alcohol withdrawal: Expression
profiling reveals importance of gender over withdrawal severity. Neuropsychopharmacol. 2008;
33:1084-1096.

Heilig M, Egli M, Crabbe JC, Becker HC. Acute withdrawal, protracted abstinence and negative affect
in alcoholism: are they linked? Addict Biol. 2010; 15:169-184. [PubMed: 20148778]

Hitzemann RJ, Edmunds S, Wu W, Malmanger B, Walter NAR, Belknap JK, Darakjian P, McWeeney
S. Detection of reciprocal quantitative trait loci for acute ethanol withdrawal and ethanol
consumption in heterogeneous stock mice. Psychopharmacology (Berl). 2009; 203:713-722.
[PubMed: 19052728]

Hoffman PL, Miles MF, Edenberg HJ, Sommer W, Tabakoff B, Wehner JM, Lewohl JM. Gene
expression in brain: a window on ethanol dependence, neuroadaptation, and preference. Alcohol
Clin Exp Res. 2003; 27:155-168. [PubMed: 12605065]

Hu W, Saba L, Kechris K, Bhave SV, Hoffman PL, Tabakoff B. Genomic insights into acute alcohol
tolerance. J Pharmacol Exp Ther. 2008; 326:792-800. [PubMed: 18550690]

lancu OD, Darakjian P, Walter NAR, Malmanger B, Oberbeck DL, Belknap JK, McWeeney S,
Hitzemann RJ. Genetic diversity and striatal gene networks: focus on the heterogeneous stock-
collaborative cross (HS-CC) mouse. BMC Genomics. 2010; 11:585. [PubMed: 20959017]

Ikemoto S, McBride WJ, Murphy JM, Lumeng L, Li T-K. 6-OHDA-lesions of the nucleus accumbens
disrupt the acquisition but not the maintenance of ethanol consumption in the alcohol-preferring P
line of rats. Alcohol Clin Exp Res. 1997; 21:1042-1046. [PubMed: 9309315]

Isbell H, Fraser HF, Wikler A, Belleville RE, Eisenman AJ. An experimental study of the etiology of
“rum fits” and delirium tremens. Quart J Studies Alcohol. 1955; 16:1-33.

Kalant H. Research on tolerance: what can we learn from history? Alcohol Clin Exp Res. 1998; 22:67-
76. [PubMed: 9514287]

Kalant H, LeBlanc AE, Gibbins RJ. Tolerance to, and dependence on, some non-opiate psychotropic
drugs. Pharmacol Rev. 1971; 23:135-191. [PubMed: 4398655]

Khanna JM, Kalant H, Shah G, Weiner J. Rapid tolerance as an index of chronic tolerance. Pharmacol
Biochem Behav. 1991; 38:427-432. [PubMed: 2057511]

Curr Top Behav Neurosci. Author manuscript; available in PMC 2014 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Crabbe et al.

Page 24

Kirstein SL, Davidson KL, Ehringer MA, Sikela JM, Erwin VG, Tabakoff B. Quantitative trait loci
affecting initial sensitivity and acute functional tolerance to ethanol-induced ataxia and brain
CcAMP signaling in BXD recombinant inbred mice. J Pharmacol Exp Ther. 2002; 302:1238-1245.
[PubMed: 12183685]

Kliethermes CL. Anxiety-like behaviors following chronic ethanol exposure. Neurosci Biobehav Rev.
2005; 28:837-850. [PubMed: 15642625]

Koob, GF.; Le Moal, M. Neurobiology of Addiction. New York: Academic Press; 2005.

Koob GF, Volkow ND. Neurocircuitry of addiction. Neuropsychopharmacology. 2010; 35:217-238.
[PubMed: 19710631]

Kosobud A, Crabbe JC. Ethanol withdrawal in mice bred to be genetically prone or resistant to ethanol
withdrawal seizures. J Pharmacol Exp Ther. 1986; 238(1):170-327. [PubMed: 3723396]

Kosobud, AE.; Crabbe, JC. Genetic influences on the development of physical dependence and
withdrawal in animals. In: Begleiter, H.; Kissin, B., editors. The genetics of alcoholism. Oxford:
Oxford Univ Press; 1995. p. 221-256.

Kryger R, Wilce PA. The effects of alcoholism on the human basolateral amygdala. Neuroscience.
2010; 167:361-371. [PubMed: 20153402]

Lander ES. Initial impact of the sequencing of the human genome. Nature. 2011; 470:187-197.
[PubMed: 21307931]

Lewohl JM, Wang L, Miles MF, Zhang L, Dodd PR, Harris RA. Gene expression in human
alcoholism: microarray analysis of frontal cortex. Alcohol Clin Exp Res. 2000; 24:1873-1882.
[PubMed: 11141048]

Lesscher HM, van Kerkhof LW, Vanderschuren LJ. Inflexible and indifferent alcohol drinking in male
mice. Alcohol Clin Exp Res. 2010; 34:1219-1225. [PubMed: 20477770]

Leeman RF, Heilig M, Cunningham CL, Stephens DN, Duka T, O’Malley SS. Ethanol consumption:
how should we measure it? Achieving consilience between human and animal phenotypes. Addict
Biol. 2010; 15:109-124. [PubMed: 20148775]

Liu J, Lewohl JM, Harris RA, lyer VR, Dodd PR, Randall PK, Mayfield RD. Patterns of gene
expression in the frontal cortex discriminate alcoholic from nonalcoholic individuals.
Neuropsychopharmacology. 2006; 31:1574-1582. [PubMed: 16292326]

Lopez MF, Becker HC. Effect of pattern and number of chronic ethanol exposures on subsequent
voluntary ethanol intake inC57BL/6J mice. Psychopharmacology (Berl). 2005; 181:688-696.
[PubMed: 16001125]

Majchrowicz E. Induction of physical dependence upon ethanol and the associated behavioral changes
in rats. Psychopharmacologia. 1975; 43:245-254. [PubMed: 1237914]

Mardis ER. A decade’s perspective on DNA sequencing technology. Nature. 2011; 470:198-203.
[PubMed: 21307932]

Mardones J, Segovia-Riquelme N. Thirty-two years of selection of rats by ethanol preference: UChA
and UChB strains. Neurobehav Toxicol Teratol. 1983; 5:171-178. [PubMed: 6683362]

Matthews DB, Bhave SV, Belknap JK, Brittingham C, Chesler EJ, Hitzemann RJ, Hoffmann PL, Lu
L, McWeeney S, Miles MF, Tabakoff B, Williams RW. Complex genetics of interactions of
alcohol and CNS function and behavior. Alcohol Clin Exp. Res. 2005; 29:1706-1719. [PubMed:
16205371]

Mayfield RD, Lewohl JM, Dodd PR, Herlihy A, Liu J, Harris RA. Patterns of gene expression are
altered in the frontal and motor cortices of human alcoholics. J Neurochem. 2002; 81:802-813.
[PubMed: 12065639]

McBride WJ, Kimpel MW, Schultz JA, McClintick JN, Edenberg HJ, Bell RL. Changes in gene
expression in regions of the extended amygdala of alcohol-preferring rats after bingelike alcohol
drinking. Alcohol. 2010; 44:171-183. [PubMed: 20116196]

McClearn GE. Genetics and alcoholism simulacra. Alcohol Clin Exp Res. 1979; 3:255-258. [PubMed:
384837]

McClearn GE, Rodgers DA. Differences in alcohol preference among inbred strains of mice. Quart J
Studies Alcohol. 1959; 20:691-695.

Curr Top Behav Neurosci. Author manuscript; available in PMC 2014 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Crabbe et al.

Page 25

Melendez RI. Intermittent (every-other-day) drinking induces rapid escalation of ethanol intake and
preference in adolescent and adult C57BL/6J mice. Alcohol Clin Exp Res. 2011; 35(4):652-835.
[PubMed: 21223302]

Melendez RI, Middaugh LD, Kalivas PW. Development of an alcohol deprivation and escalation effect
in C57BL/6J mice. Alcohol Clin Exp Res. 2006; 30:2017-2025. [PubMed: 17117967]

Mellanby, E. Alcohol: its absorption into and disappearance from the blood under different conditions.
London: Medical Research Committee; 1919.

Metten P, Crabbe JC. Common genetic determinants of severity of acute withdrawal from ethanol,
pentobarbital and diazepam in inbred mice. Behav Pharmacol. 1994; 5:533-547. [PubMed:
11224305]

Metten, P.; Crabbe, JC. Dependence and withdrawal. In: Deitrich, RA.; Erwin, VG., editors.
Pharmacological Effects of Ethanol on the Nervous System. Boca Raton FL: CRC Press; 1996. p.
269-290.

Metten P, Crabbe JC. Alcohol withdrawal severity in inbred mouse (Mus musculus) strains. Behav
Neurosci. 2005; 119:911-925. [PubMed: 16187819]

Metten P, Belknap JK, Crabbe JC. Drug withdrawal convulsions and susceptibility to convulsants after
short-term selective breeding for acute ethanol withdrawal. Behav Brain Res. 1998; 95:113-122.
[PubMed: 9754883]

Metten P, Sorensen ML, Cameron AJ, Yu C-H, Crabbe JC. Withdrawal severity after chronic
intermittent ethanol in inbred mouse strains. Alcohol Clin Exp Res. 2010; 34:1552-1564.
[PubMed: 20586758]

Moller C, Wiklund L, Sommer W, Thorsell A, Heilig M. Decreased experimental anxiety and
voluntary ethanol consumption in rats following central but not basolateral amygdala lesions.
Brain Res. 1997; 760:94-101. [PubMed: 9237523]

Mulligan MK, Ponomarev |, Hitzemann RJ, Belknap JK, Tabakoff B, Harris RA, Crabbe JC, Blednov
YA, Grahame NJ, Phillips TJ, Finn DA, Hoffman PL, lyer VR, Koob GF, Bergeson SE. Toward
understanding the genetics of alcohol drinking through transcriptome meta-analysis. Proc Natl
Acad Sci USA. 2006; 103:6368-6373. [PubMed: 16618939]

Newlin DB, Thomson JB. Alcohol challenge with sons of alcoholics: a critical review and analysis.
Psychol Bull. 1990; 108(3):383-402. [PubMed: 2270234]

Okamoto M, Boisse NR, Rosenberg HC, Rosen R. Characteristics of functional tolerance during
barbiturate physical dependence production. J Pharmacol Exp Ther. 1978; 207:906-915.
[PubMed: 569696]

Oldham MC, Horvath S, Geschwind DH. Conservation and evolution of gene coexpression networks
in human and chimpanzee brains. Proc Natl Acad Sci USA. 2006; 103:17973-17978. [PubMed:
17101986]

Oldham MC, Konopka G, lwamoto K, Langfelder P, Kato T, Horvath S, Geschwind DH. Functional
organization of the transcriptome in human brain. Nat Neurosci. 2008; 11:1271-1282. [PubMed:
18849986]

Palmer, AA.; Phillips, TJ. Quantitative trait locus (QTL) mapping in mice. In: Liu, Y.; Lovinger, DM.,
editors. Methods in Alcohol-related Neuroscience Research. Boca Raton: CRC Press; 2002. p.
1-30.

Pandey SC, Zhang D, Mittal N, Nayyar D. Potential role of the gene transcription factor cyclic AMP-
responsive element binding protein in ethanol withdrawal-related anxiety. J Pharmacol Exp Ther.
1999; 288:866-878. [PubMed: 9918601]

Peirce JL, Li H, Wang J, Manly KF, Hitzemann RJ, Belknap JK, Rosen GD, Goodwin S, Sutter TR,
Williams RW, Lu L. How replicable are mRNA expression QTL? Mamm Genome. 2006;
17:643-656. [PubMed: 16783644]

Phillips TJ, Lessov CN, Harland RD, Mitchell SR. Evaluation of potential genetic associations
between ethanol tolerance and sensitization in BXD/Ty recombinant inbred mice. J Pharmacol
Exp Ther. 1996; 277:613-623. [PubMed: 8627538]

Ponomarev |, Crabbe JC. Characterization of acute functional tolerance to the hypnotic effects of
ethanol in mice. Alcohol Clin Exp Res. 2004; 28:991-997. [PubMed: 15252284]

Curr Top Behav Neurosci. Author manuscript; available in PMC 2014 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Crabbe et al.

Page 26

Pozhitkov AE, Boube I, Brouwer MH, Noble PA. Beyond Affymetrix arrays: expanding the set of
known hybridization isotherms and observing pre-wash signal intensities. Nucleic Acids Res.
2010; 38:28. [PubMed: 19969547]

Prescott CA, Sullivan PF, Kuo PH, Webb BT, Vittum J, Patterson DG, Thiselton DL, Myers JM,
Devitt M, Halberstadt LJ, Robinson VP, Neale MC, van den Oord EJ, Walsh D, Riley BP,
Kendler KS. Genomewide linkage study in the Irish affected sib pair study of alcohol
dependence: evidence for a susceptibility region for symptoms of alcohol dependence on
chromosome 4. Mol Psychiatry. 2006; 11:603-611. [PubMed: 16534506]

Price JL. Definition of the orbital cortex in relation to specific connections with limbic and visceral
structures and other cortical regions. Ann NY Acad Sci. 2007; 1211:54-71. [PubMed: 17698999]

Rassnick S, Stinus L, Koob GF. The effects of 6-hydroxydopamine lesions of the nucleus accumbens
and the mesolimbic dopamine system on oral self-administration of ethanol in the rat. Brain Res.
1993; 623:16-24. [PubMed: 8221085]

Rimondini R, Arlinde C, Sommer W, Heilig M. Long-lasting increase in voluntary ethanol
consumption and transcriptional regulation in the rat brain after intermittent exposure to alcohol.
FASEB J. 2002; 16:27-35. [PubMed: 11772933]

Roberto M, Madamba SG, Moore SD, Tallent MK, Siggins GR. Ethanol increases GABAergic
transmission at both pre- and postsynaptic sites in rat central amygdala neurons. Proc Natl Acad
Sci USA. 2003; 100:2053-2058. [PubMed: 12566570]

Rustay NR, Crabbe JC. Genetic analysis of rapid tolerance to ethanol’s incoordinating effects in mice:
inbred strains and artificial selection. Behav Genet. 2004; 34:441-451. [PubMed: 15082941]

Saba LM, Bennett B, Hoffman PL, Barcomb K, Ishii T, Kechris K, Tabakoff B. A systems genetic
analysis of alcohol drinking by mice, rats and men: Influence of brain GABAergic transmission.
Neuropharmacology. 2011; 60(7-8):1269-1280. [PubMed: 21185315]

Sandberg R, Yasuda R, Pankratz DG, Carter TA, Del Rio JA, Wodicka L, Mayford M, Lockhart DJ,
Barlow C. Regional and strain-specific gene expression mapping in the adult mouse brain. Proc
Natl Acad Sci USA. 2000; 97:11038-11043. [PubMed: 11005875]

Schuckit MA. Biological phenotypes associated with individuals at high risk for developing alcohol-
related disorder. Part 2. Addict Biol. 2000; 5:23-36. [PubMed: 20575817]

Schuckit MA, Smith TL. An 8-year follow-up of 450 sons of alcoholic and control subjects. Archiv
Gen Psychiat. 1996; 53:202-210.

Sher KJ, Dick DM, Crabbe JC, Hutchison KE, O’Malley S, Heath AC. Consilient research approaches
in studying gene x environment interactions in alcohol research. Addict Biol. 2010; 15:200-216.
[PubMed: 20148780]

Shirley RL, Walter NAR, Reilly MT, Fehr C, Buck KJ. Mpdz is a quantitative trait gene for drug
withdrawal seizures. Nat Neurosci. 2004; 7:699-700. [PubMed: 15208631]

Sikela JM, Maclaren EJ, Kim Y, Karimpour-Fard A, Cai WW, Pollack J, Hitzemann RJ, Belknap JK,
McWeeney S, Kerns RT, Downing C, Johnson TE, Grant KJ, Tabakoff B, Hoffman PL, Wu CC,
Miles MF. DNA microarray and proteomic strategies for understanding alcohol action. Alcohol
Clin Exp Res. 2006; 30:700-708. [PubMed: 16573589]

Simms JA, Steensland P, Medina B, Abernathy KE, Chandler LJ, Wise R, Bartlett SE. Intermittent
access to 20% ethanol induces high ethanol consumption in Long-Evans and Wistar rats. Alcohol
Clin Exp Res. 2008; 32:1816-1823. [PubMed: 18671810]

Sinclair JD, Senter RJ. Increased preference for ethanol in rats following alcohol deprivation.
Psychonomic Sci. 1967; 8:11-12.

Sokolov BP, Jiang L, Trivedi NS, Aston C. Transcription profiling reveals mitochondrial, ubiquitin
and signaling systems abnormalities in postmortem brains from subjects with a history of alcohol
abuse or dependence. J Neurosci Res. 2003; 72:756-767. [PubMed: 12774316]

Sommer W, Hyytia P, Kiianmaa K. The alcohol-preferring AA and alcohol-avoiding ANA rats:
neurobiology of the regulation of alcohol drinking. Addict Biol. 2006; 11:289-309. [PubMed:
16961760]

Spanagel R. Alcoholism: a systems approach from molecular physiology to addictive behavior.
Physiol Rev. 2009; 89:649-705. [PubMed: 19342616]

Curr Top Behav Neurosci. Author manuscript; available in PMC 2014 January 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Crabbe et al.

Page 27

Stephens DN, Duka T, Crombag HS, Cunningham CL, Heilig M, Crabbe JC. Reward sensitivity:
Issues of measurement, and achieving consilience between human and animal phenotypes.
Addict Biol. 2010; 15:145-168. [PubMed: 20148777]

Tabakoff B, Saba L, Kechris K, Hu W, Bhave SV, Finn DA, Grahame NJ, Hoffman PL. The genomic
determinants of alcohol preference in mice. Mamm Genome. 2008; 19:352-365. [PubMed:
18563486]

Tabakoff B, Saba L, Printz M, Flodman P, Hodgkinson C, Goldman D, Koob GF, Richardson HN,
Kechris K, Bell RL, Hubner N, Heinig M, Pravenec M, Mangion J, Legault L, Dongier M,
Conigrave KM, Whitfield JB, Saunders J, Grant B, Hoffman PL. WHO/ISBRA study on state,
trait markers of alcoholism. Genetical genomic determinants of alcohol consumption in rats and
humans. BMC Biol. 2009; 7:70. [PubMed: 19874574]

Treutlein J, Rietschel M. Genome-wide association studies of alcohol dependence and substance use
disorders. Curr Psychiat Rep. 2011; 13(2):147-155.

Valdez GR, Roberts AJ, Chan K, Davis H, Brennan M, Zorrilla EP, Koob GF. Increased ethanol self-
administration and anxiety-like behavior during acute ethanol withdrawal and protracted
abstinence: regulation by corticotropin-releasing factor. Alcohol Clin Exp Res. 2002; 26:1494—
1501. [PubMed: 12394282]

Victor M, Adams RD. The effect of alcohol on the nervous system. Assoc Res Nerv Mental Disorders.
1953; 32:526-573.

Volkow ND, Hitzemann RJ, Wang GJ, Fowler JS, Burr G, Pascani K, Dewey SL, Wolf AP. Decreased
brain metabolism in neurologically intact healthy alcoholics. Am J Psychiat. 1992; 149(8):1016—
1022. [PubMed: 1636801]

Walter NAR, Bottomly D, Laderas T, Mooney MA, Darakjian P, Searles RP, Harrington CA,
McWeeney SK, Hitzemann RJ, Buck KJ. High throughput sequencing in mice: a platform
comparison identifies a preponderance of cryptic SNPs. BMC Genomics. 2009; 10:379.
[PubMed: 19686600]

Walter NAR, McWeeney SK, Peters ST, Belknap JK, Hitzemann RJ, Buck KJ. SNPs matter: impact
on detection of differential expression. Nat Methods. 2007; 4:679-680. [PubMed: 17762873]

Wills TA, Knapp DJ, Overstreet DH, Breese GR. Sensitization, duration, and pharmacological
blockade of anxiety-like behavior following repeated ethanol withdrawal in adolescent and adult
rats. Alcohol Clin Exp Res. 2009; 33:455-463. [PubMed: 19120055]

Wilson JR, Erwin VG, DeFries JC, Petersen DR, Cole-Harding S. Ethanol dependence in mice: Direct
and correlated responses to ten generations of selective breeding. Behav Genet. 1984; 14:235—
256. [PubMed: 6541477]

Wise RA. Voluntary ethanol intake in rats following exposure to ethanol on various schedules.
Psychopharmacologia. 1973; 29:203-210. [PubMed: 4702273]

Zhang B, Hovarth S. A general framework for weighted gene co-expression network analysis. Stat
Appl Genet Mol Biol. 2005; 4 Articlel7.

Zhao W, Langfelder P, Fuller T, Dong J, Li A, Hovarth S. Weighted gene coexpression network
analysis: state of the art. J Biopharm Stat. 2010; 20:281-300. [PubMed: 20309759]

Curr Top Behav Neurosci. Author manuscript; available in PMC 2014 January 01.



Page 28

Crabbe et al.

(0T02) ‘12 18 UBNBIN WoJy 8insodxa JodeA JuaniwIsIul BUIMO||04 SAIND [eMEIPYNM DH 8U} J3pun BaJe 8yl SI A “Wislul 91uoayD,,

(5002) 2qqge4D pue Uana|Al Woly uolefeyul JodeA snonupuod Y g/ Buimoljoy D1H 104 aAINd 8y Japun eale ays st . 4dM U092 1uoIyD,,

(¥66T) 2qqelD pue uaps|l woiy uonasfur [oyode ajbuls e Jayye SAIND UOISINAUOD Padnpui-Buljpuey [eMeIPYIIM 8y} Japun eare ay} si  4dM dINdY,,

(#002) 2qgelD pue AaJewouod wody xajsal Bunybi Jo ssoj syl 01 89URIS|0) [eUOIIOUNY 81NJk BY) SI . HHOT-14V.

218 ‘Aep uonoalul yig ay uo auljaseq Jaye ulw Q9 03 siayal ,.8—09,, ‘Aep

uondalul pig ayy uo ainjesadwa} aul|aseq JaYe ulw Qg Sa¥edlpul ,£—0€,, ‘dinyesadwa) auljaseq woiy sbueyd se paxapul ‘93uels)o} JlwIayiodAy = ,21U0yd | H,, "(Z86T) '[B 18 8qQqelD Wiy aie 9—T S|qelieA
sUBaLW UleJ}S 0Z—8 UO paseq ale suone|allo) (200 = d) S0°0 > d ‘P10g Ul suoiie|alio)

HaM “wisIduoIyd 0T
650 YAM WoodUoIYD 6
8€°0 LG50 dameny g
(€90-) 00 TE0- Yo LAy L
900-  ¥20- €20- SO0 8-09 2O IH 9
G00- GZ0- 6T0- 8T0 60 8-0E MO IH G
91’0 §0'0- 020- <¢T0- 090 250 G-09 OO IH ¥
T} 900- ¢TI0 ¥00- €80 680 €90 G-0EMOIP IH €
z€0 600- 200 €20- GL0 €90 950 ¥L0 €092 IH ¢
V€0 600- O0T0 9T0- 990 TLO 6y0 T60 G80 €-0EMOIY IH T
01 6 8 L 9 g 4 ) z Heay

sadAjouayd [emelpyiim pue aoueIaj0) [O0YOodJ. USSMIS] SUOIRS1I00 LIRS paiqu|

T alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Curr Top Behav Neurosci. Author manuscript; available in PMC 2014 January 01.



Page 29

Crabbe et al.

866T 9qeID WOJJ ‘T 9|geL Ul PBLIOSSP Se aJe A/ U0D dIUoIyD,,

uoissiwiad yum ‘deusjag 'r pue usneiA ‘d Ag pe1onpuod saipnis paysiigndun wouy ase eleq T 8|qe. J0) PagLIOSap Se S8100S UOIS|NAU0D paonpul-Buljpuey aJe . HAM 8Indy,,
(966T "2 18 JoUe|[eD) Z00Z ' 18 UIRISIIM) SPOYIaW JUSIay4Ip 0M) Buisn ‘1s3] [9MOP 8} UO S3100S 90URIS|0} [BUOIOUN 8INJE BY) 8JE ]aMod 1V,

(966T) 'Ie 12 sdI|1yd WO1) S8109S BIXEIR I0JOWO0| BJe BIep ,1S3) P9,

(966T ‘v66T) ‘[2 18 8qQgeID Ul PagLIasap se ‘suonoslul Ajiep ssiy Jae |ouByla Jo asop palels ay o) asuodsal o1wIay10dAY 8y JO UOIeNUsNIe 8yl 01 JaJal S3|qeLIBA ,O1UoIyD 1H.,,
sueal UlellS Zg—8 U0 paseq aJe suolie|a1io) (90°0 = d) S0°0 > d ‘P10g Ul SUo1e|a1I0D)

dam o ooIyd 8
€9°0 dJamenoy L
850 (cv0) (1oyerreo) |omo@ L4V 9
V0 900 €20 (ursisaiy) |pmo@ 14V §
0T0 %20 LT0 020 SIpUD b
€710 800- T00- €00- 0Z0- By/6 pooIyd IH €
020 900 200- ¥T0 920- €T0 B/B g ooIyd IH 2
TT0 €0 T€0 T€0- SO0 220 ET0- Byfzowoip LH 1
8 L 9 S v o€ [ wed |

sadAjouayd [emelpyiim pue aoueIa|0] |0YOd|. USMIS] SUOIIR[a1I00 UTels Paiqu] JUeUIquWIodsy aXg

¢?olqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Curr Top Behav Neurosci. Author manuscript; available in PMC 2014 January 01.



