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ABSTRACT

Alcohol use disorders (AUDs) are complex, devastating disorders with a
significant impact on individuals and society. AUDs arise from the interplay of genetic
and environmental factors. Binge drinking is a particular form of excessive intake,
defined as a pattern of drinking that results in intoxicating blood alcohol levels. Binge
drinking is associated with AUDs, but is also a high-risk behavior separate from a
diagnosis with an AUD. As with AUDs, binge drinking is presumed to have genetic and
environmental risk factors that contribute to this behavior. The High Drinking in the Dark
(HDID) mouse lines were selectively bred for drinking to intoxicating blood ethanol
concentrations (BECs) in order to begin to address the question of what biological
substrates underlie genetic risk for binge-like drinking. There are two ongoing,
independent replicate selections for the HDID lines (HDID-1 and HDID-2), and these
mice represent a genetic model of risk for drinking to intoxication. In the experiments in
this dissertation, HDID mice were tested for behaviors and neurobiological changes that
might be related to their binge-like drinking phenotype. Chapter 1 is an overview of the
background data needed to provide context for the present studies. In Chapter 2, data are
presented showing that HDID selection has resulted in replicate-specific alcohol drinking
microstructures that both result in the same selection phenotype of high BECs. In
Chapters 3 and 4, several possible motivational factors are assessed for their potential
roles in driving HDID drinking to intoxication. In Chapter 5, neuropeptide Y is examined
molecularly and behaviorally as a possible neurobiological candidate that may underlie
part of the HDID-1 drinking phenotype. Finally, Chapter 6 provides a general discussion
of the findings presented here and what they indicate about the HDID mice as a genetic

model of binge-like drinking.



Chapter 1: General Introduction

Alcohol use disorders and binge drinking

Alcohol use disorders (AUDs) encompass both alcohol abuse and alcohol
dependence. The DSM-V classifies AUDs as mild, moderate, or severe depending on the
number of diagnostic criteria met. Criteria for a diagnosis of an AUD include such
behaviors as drinking more than intended, trying unsuccessfully to reduce drinking,
continuing alcohol use in spite of negative consequences from drinking, tolerance to
alcohol, and withdrawal symptoms upon ceasing alcohol use (Diagnostic and Statistical
Manual version 5, American Psychological Association, 2013). AUDs are a significant
public health concern, with excessive alcohol consumption costing an estimated $223.5
billion in a given year in the United States due to alcohol-related accidents and injuries,
health care expenses, and lost workplace productivity (Bouchery et al., 2006). Because of
this major cost to affected indiviuals and society as a whole, AUDs are an area of intense
interest and study. There are currently few treatments available for AUDs, and existing
treatments have shown only modest efficacy at treating all affected individuals (for
review, see Franck & Jayaram-Lindstrom, 2013). Consequently, it is of great importance
that we continue to investigate novel treatment options in order to combat AUDs.

Though alcoholism was once seen as a social or moral issue, it is now widely
accepted that AUDs arise from a complex interaction between genetic and environmental
risk factors. By studying AUD rates in fraternal and identical twins, the heritability (i.e.,
the proportion of variability in AUD diagnosis that is attributable to genetics) of AUDs

has been estimated to be approximately 50% (Goldman et al., 2005). This indicates that



genes play a significant role in the development of AUDs. Consequently, identifying
what genetic factors promote alcohol use and abuse will be integral to understanding
AUDs and developing better strategies for prevention and treatment.

Not all risky alcohol intake qualifies a person for a diagnosis with an AUD.
However, this does not mean that these other forms of intake are harmless. Risky
drinking has several definitions, but it generally refers to drinking and intake that are
potentially harmful or that put a person at risk for developing an AUD. Binge drinking is
a specific form of risky drinking. Binge drinking refers to a pattern of consumption that
results in intoxicating blood alcohol (ethanol) concentrations (BECs). In humans, this is
any BEC at or above 0.08 g% and is often thought of as drinking “too much, too fast.” In
general, this relates to four standard drinks in two hours for women, or five drinks in two
hours for men (NIAAA, 2004). Binge drinking is associated with significant short- and
long-term health risks. For example, binge drinking is associated with increased risk of
traffic accidents, personal injury, and risky sexual decisions (Dawson et al., 2008;
Flowers et al., 2008; Hutton et al., 2008). It is also associated with more protracted risks
such as certain cancers and liver disease (Gupta et al., 2010; Zakhari & Li, 2007).

Binge drinking is extremely prevalent, with one in six adults in the U.S. reporting
four or more binge drinking sessions per month (Centers for Disease Control [CDC],
2012). Furthermore, at least 50% of the total alcohol intake in the U.S. occurs during
binge drinking sessions (U.S. Department of Justice, 2005) and almost 75% of the
alcohol misuse-related costs are attributable to binge drinking (Bouchery et al., 2011).
Although binge drinking is frequently thought of as a behavioral issue specific to

adolescence and emerging adulthood, there is much evidence pointing to binge drinking



occurring throughout the lifespan. Binge drinking is most prevalent and has the greatest
reported intensity (i.e., drinks per binge) in people ages 18-24, but people over the age of
65 actually report more frequent binge drinking than any other age group, with an
average of 5-6 binge episodes per month (CDC, 2012). Due to its prevalence and
associated risks, it is clear that binge drinking is a considerable public health concern on
its own. However, binge drinking is also known to be associated with AUDs. Binge
intake is related to future risk of problem drinking and alcohol abuse (e.g. Bobo et al.,
2013; Chassin et al., 2002). Additionally, individuals with AUDs have been shown to
have alcohol intake that exceeds the criterion for binge drinking, and drinking to
intoxication is undoubtedly a frequent experience in alcoholism (e.g. Mello &
Mendelson, 1970).

Alcohol consumption survey data are most commonly collected and reported as
intake over a given period of time, such as drinks per day or week (Leeman et al., 2010).
However, this tells us little about the presence or frequency of binge drinking unless
binge episodes are specifically reported. Additionally, the patterning of intake within a
drinking session (e.g. time between drinks, total length of drinking session, etc.) affects
BEC and subsequently whether alcohol intake produces significant intoxication. The
specifics of within-session drinking pattern should therefore be of great interest to
researchers studying binge drinking. Different components of the drinking pattern may
also be differentially predictive of various outcome measures such as risk of AUDs or
alcohol-related problems. For example, a high number of total drinks per day is positively
associated with AUD diagnosis (Saccone et al., 2000), and even with substance use and

abuse in an individual’s offspring (Malone et al., 2002). Similarly, maximum dose per



drinking session may be a better predictor of alcohol related problems than drinking
frequency or annual intake (Bobak et al., 2004). Drinking pattern also represents a
potential target for limiting excessive alcohol intake. Behavioral interventions aimed at
preventing harmful drinking have shown successful reductions in total intake by
promoting decreases in drinks per session, even if drinking session frequency does not

change (Baer et al., 2001).

Motivation to consume alcohol

In human research, self-reported information about drinking motivation can be
readily collected from participants, most commonly using variations of the Drinking
Motives Questionnaire (Cooper et al., 1992, 2014; Stewart et al., 1996). This inventory
includes numerous potential motivating factors for alcohol drinking and differentiates
between classes of motives such as social vs. coping determinants of drinking (e.g. Gire,
2002; Hussong, 2003; Kuntsche et al., 2008; Stewart & Chambers, 2000). However, self-
reports always come with some risk of unreliability. Using both self-reported data and
tasks with measurable behavioral outcomes, such as willingness to work to obtain alcohol
or preference for alcohol over a placebo, provides a more objective and complete
measure of reward. Such assessments can be achieved through laboratory studies of self-
administration and through the incorporation of behavioral economic analyses (e.g.
Amlung & MacKillop, 2015; Leeman et al., 2013; Skidmore et al., 2014). Drinking
determinants can also be assessed more indirectly by measuring sensitivity to the

motivational effects of alcohol, as described below.



Rewarding and aversive effects of alcohol

Like many drugs of abuse, alcohol use can produce both rewarding and aversive
effects (Verendeev & Riley, 2013). In general, the rewarding or positive effects of
alcohol are associated with ratings of drug liking, euphoria, and stimulation, whereas
aversive or negative effects are associated with drug disliking, dysphoria, and sedation
(Martin et al., 1993; Morean et al., 2013). Sensitivity to the subjective effects of alcohol
has been widely studied in current drinkers and those with a family history of AUD. In
individuals with a family history of AUDs, assessments of sensitivity to alcohol’s
subjective effects have shown mixed results; some studies have reported a lower level of
response in family history-positive individuals, whereas others have found an increased
alcohol response (e.g. McCaul et al., 1990; Schuckit 1984). These differences in findings
appear to be due to when assessments are made in relation to alcohol intake (i.e., during
the ascending or descending limb of the BEC curve) and which measures are used (e.qg.
body sway, sedation, stimulation, subjective rating of intoxication). When taking timing
factors into consideration, a consistent relationship emerges wherein a family history of
AUDs appears to produce increased sensitivity to alcohol effects as BECs rise and
decreased sensitivity as BECs fall (Newlin & Thomson, 1990). There is also evidence for
a similar pattern of sensitivity in heavy current drinkers, but not light drinkers (King et
al., 2002; 2011; Rueger et al., 2015). Alcohol effects experienced during the ascending
limb of the BEC curve tend to include those associated with reward, and descending limb
alcohol effects are those associated with aversion (Martin et al., 1993). Thus, both genetic
risk and current alcohol experience appear to influence sensitivity to alcohol’s subjective

effects and therefore the balance between perceived reward and aversion. This



combination of enhanced rewarding sensitivity and impaired aversive sensitivity seems to
result in higher motivation to consume alcohol and relates to binge drinking and AUD

diagnosis (King et al., 2011).

Self-medication hypothesis of alcohol use

In addition to its positive rewarding effects, alcohol can also have negative
reinforcing effects. That is, alcohol intake can produce reward through the alleviation of
an existing negative affective state such as anxiety or depression. Alcohol is a potent
anxiolytic (e.g. Gilman et al., 2008), and AUDs and anxiety disorders are frequently
comorbid (Blanco et al., 2011; Kessler et al., 1997; Kushner et al., 2000). One potential
explanation for this relationship is that high-anxiety individuals self-medicate through
alcohol use, which can subsequently develop into problem drinking. There is some
evidence to suggest a causal relationship between anxiety and alcohol consumption
(Bolton et al., 2006; DeMartini & Carey, 2011). This relationship may hold particularly
true for individuals with social anxiety disorders, wherein alcohol is used to counteract
the high anxiety state produced by social situations (Buckner & Heimberg, 2010; Miller
et al., 2014; Terlecki et al., 2014). It is also possible that anxiety disorders and AUDs
share similar underlying genetic contributions, and that this is the reason for the observed
comorbidity. Family and twin studies suggest possible common transmission of anxiety
disorders and AUDs, and this may reflect shared genetic risk (Tambs et al., 1997).

Similarly, depression and AUDs also show a high degree of comorbidity (e.g.
Grant & Harford, 1995; Hasin et al., 2005). As with anxiety disorders, there is evidence
that depression may precede AUDs and that drinking may be motivated at least in part by

an attempt to alleviate depression symptoms (Abraham & Fava, 1999; Gilman &



Abraham, 2001; Holahan et al., 2003). There is also evidence that depression and AUDs
may have shared genetic liability. Twin studies suggest that there might also be a genetic
association between major depression and AUDs (Lyons et al., 2006; Prescott et al.,
2000), and this could explain in part the frequent comorbidity of these disorders. This
pattern of findings is similar to those seen for anxiety disorders, and the negative
reinforcing effects of alcohol should therefore be considered alongside more traditional
rewarding/aversive effects as potential motivators of alcohol consumption.

In addition, alcohol use itself may lead to an increase in negative affective states.
In one theory of addiction known as “allostasis,” repeated excessive alcohol use leads to
a shift over time from drinking that is primarily motivated by the positive reinforcing
effects of alcohol to drinking that is motivated by the negative reinforcing effects (for
review, see Koob & Le Moal, 2001). This model postulates that neuroadaptations in brain
stress and reward systems occur with chronic drinking and alcohol withdrawal, and that
these adaptations may contribute to feelings of anxiety and depression experienced with
alcohol dependence. Alcohol consumption may then be continued in an attempt to
alleviate these increases in negative affect, and this could reflect a mechanism by which
alcohol use is maintained. Thus, the relationship between affective state and motivation
to drink is complex and includes potential shared genetic contributions as well as a

bidirectional relationship between AUDs and mood disorders.

Behavioral genetics strategies for alcohol research

Given the significant costs of AUDs and binge drinking, there is much interest in

trying to understand better the underlying causes of these behaviors as well as potential



treatments. There has been much productive research done in human populations, both
with active alcohol users and those at risk for future AUDs (i.e., individuals with a
positive family history for AUDs). However, there is still much we do not know about
the complex etiology of risky drinking. Genome-wide association studies (GWAS) have
helped to identify some potential genetic variants related to AUD diagnosis and various
drinking behaviors (e.g. mutations in the alcohol dehydrogenase genes) (Kapoor et al.,
2013; Park et al., 2013; Treutlein et al., 2009). However, these variants likely represent a
small percentage of the genetic risk for AUDs. This is due to such factors as limitations
in the current ability of GWAS to detect rare variants and epistatic effects (i.e., gene-by-
gene interactions), as well the contributions of epigenetics and gene-by-environment
interactions (for review, see Eichler et al., 2010 and Parker & Palmer, 2011).
Additionally, alcohol use is extremely prevalent in many societies and it can therefore be
difficult to find research participants who are alcohol-naive. Thus, alcohol research using
human subjects is frequently confounded by prior alcohol exposure and it is challenging
to determine whether behavioral and neurobiological differences are due to genetic
susceptibility to alcoholism, or are consequences of alcohol use itself.

Because of the issues faced in human research, animal models of alcohol use and
related behaviors are a useful alternative and complementary method. Many human
behaviors such as voluntary alcohol drinking and sensitivity to alcohol (e.g. stimulation
and sedation) can be readily modeled in laboratory animals ranging from invertebrates
like Drosophila and C. elegans, to non-human primates (e.g. Barr, 2013; Cowmeadow et
al., 2005; Davies et al., 2004; Kaun et al., 2011). Animal models therefore provide an

excellent way to replicate discrete aspects of AUDs to examine the determinants of



specific behaviors in a controlled environment. Mouse models are particularly valuable
for genetic studies of alcohol consumption and related behaviors. The mouse genome has
been completely sequenced and shares a high degree of homology with the human
genome, meaning that genetic risk factors identified in mouse studies are likely to be
informative for human research. Mice are also an ideal system for generating specific
genetic manipulations like gene knockouts or overexpressing transgenic animals. Though
the technology to produce these changes in other species such as rats has increased
rapidly in recent years, it is still most readily accomplished in mice. Large-scale selective
breeding efforts are also more attractive with mice due to the lower monetary and space
requirements needed to house a large number of animals. However, of the three broad
behavioral genetics strategies described below, all have been successfully implemented
with rats and mice and data from both species will be discussed.
Inbred strains

Inbred mouse and rat strains have been developed over repeated generations
through brother—sister matings so that all same-sex animals within a strain are assumed to
be genetically identical. Genetic variation is therefore held constant across subjects,
providing an excellent means of examining environmental contributions to alcohol-
related traits and gene by environment interactions. Panels of inbred strains can also be
tested for a given trait to determine whether that trait shows genetic variation (e.g.
Crawley et al., 1997; Yoneyama et al., 2008). Greater variation in the trait across strains
than within strains indicates that there is a significant genetic component, and heritability
values for a particular trait in a panel of strains can be calculated from the data. Similarly,

inbred strain panels can be given a battery of behavioral and physiological tests to



determine genetic correlations between traits. Genetic correlation refers to the proportion
of variance shared between two traits that is due to common genetic factors. With inbred
strain panel data, the existence of shared genetic contributions between traits can be
inferred from similar strain rankings in performance on the traits. With this method, each
genotype (strain) functions essentially as an individual data point, and a correlation
between two traits can be calculated using these strain means. Given the presumed
complexity of genetic contributions to alcoholism, it is preferable to use a large number
of inbred strains to include more genetic variation and to provide a greater ability to
detect a statistically significant genetic correlation between traits. Inbred strains also
provide an opportunity for studying differences in brain morphology and neurochemistry
between strains with innate differences for alcohol-related traits, and this approach has
been used to gain greater insight into biological factors promoting AUDs. For example,
the C57BL/6J (B6) and DBA/2J (D2) inbred mouse strains represent opposite ends of the
spectrum with regard to voluntary oral consumption of alcohol, with B6 mice readily
drinking large quantities and D2 mice consuming very little (e.g., Lé et al., 1994). Many
studies have utilized these two strains to study biological and behavioral factors that
might explain the difference in alcohol consumption. However, this approach is
inherently weaker than using a panel of inbred strains because it is essentially looking for
a correlation between only two data points, and it does not necessarily follow that any

traits differing between B6 and D2 are related to their drinking phenotypes.

Single gene manipulations
Specific genes of interest can also be studied in animal models (particularly

invertebrates and mice) by targeted manipulation of the gene (e.g. Pich & Epping-Jordan,
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1998; Schumann et al., 2003; Sora et al., 2010). This can include knockout or knockdown
studies in which the gene is removed or disabled, or its expression is reduced,
respectively. In another technique, transgenic experiments use increased gene expression
or the insertion of a particular polymorphism or mutated version of the gene to determine
the effect on the phenotype of study. Candidate genes for transgenic and knockout studies
in animals can be identified from human gene-expression and linkage studies, and this is
one approach for translating genetic findings between species (for review, see Foroud et
al., 2010). Studies with knockout animal models must be interpreted with care, however,
because the total absence of genes can have profound effects on development and may
result in unanticipated compensations by other systems (e.g. Sora et al., 1998).
Increasingly, techniques are available that allow for a greater degree of spatial and
temporal control of genetic manipulations (e.g., inducible knockout systems, short-
interfering RNA, CRISPR/Cas systems). For example, Cre/lox inducible knockout mice
can be developed so that gene knockout is limited to a specific tissue, or can be turned on
and off at a chosen time in development (for review, see Sauer, 1998). Short-interfering
RNA can produce selective knockdown of gene expression in targeted brain areas by
using the existing cellular RNA interference pathways to repress mRNA translation (e.g.
Bahi & Dreyer, 2012). CRISPR/Cas systems involve the use of engineered nucleases to
produce efficient targeted genome editing and can be used to develop transgenic and
knockout models in a variety of species and genetic backgrounds (for review, see Hsu et
al., 2014). As technology continues to improve, these methods should provide a way to
bypass the limitations of conventional knockout strategies and increase our understanding

of specific gene influences on alcohol behaviors.
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Selective breeding

Selective breeding of rodent lines is another method used for studying genetic
contributions to alcoholism. Beginning from a genetically diverse population, a behavior
or physiological trait of interest is identified and animals are tested for this trait and bred
on the basis of their level of response (e.g. Phillips et al., 1989; Morato & Morato, 1993).
Two divergent lines of animals can be produced using bidirectional selection, wherein
high responders are bred with high responders and low responders with low responders
across repeated generations. This strategy typically results in two distinct lines of animals
that differ significantly for the selection trait. Sometimes a control line is developed as
well, consisting of animals from the founding population that are bred and maintained
without selection, but using the same population restrictions as the selected lines (e.g.
number of families). In unidirectional selection, a single selected line of animals is
produced by selectively breeding for only high or low response. In this type of selection,
unselected animals from the founding population or a control line are typically used for
comparison. Selective breeding can be either short-term or long-term. Short term
selection generally involves few breeder pairs and individual selection (highest/lowest
responders chosen for breeder pairs without regard to family or relatedness). This
approach is desirable for quick turn-around on heritability estimates or quantitative trait
loci (QTL) mapping experiments, as this procedure can produce a significant selection
phenotype more quickly than long-term selections (e.g. Belknap et al., 1997). However,
this maximization of selection pressure is at the expense of increased genetic drift, and
short-term selections are therefore only viable for a limited number of selection

generations (e.g. Hitzemann et al., 2008). Long-term selection involves significantly
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more breeder pairs and is used to produce selectively bred lines of animals that can be
maintained over numerous generations of selection and which can serve as long-lasting
animal models (e.g. Crabbe et al., 2009; Grahame et al., 1999). Long-term selection may
use within-family selection (highest or lowest responders within each family are chosen
for breeders), individual selection, or a combination.

Selective breeding strategies can be used to demonstrate the heritability of the
selection trait, and also to identify the genetic relationship between the selection trait and
other behaviors. If selection results in changes to another behavior or trait other than the
selection phenotype of interest, this is referred to as a correlated response to selection and
it suggests a shared genetic component between the selection trait and the correlated
response. Testing lines bred for divergence on a given trait (such as alcohol intake) for
performance on other measures, therefore, is a useful technique for identifying the
genetic relatedness of various behaviors. For example, the numerous pairs of alcohol
preferring/nonpreferring and high-alcohol-drinking/low-alcohol-drinking selected rat
lines show selection-related differences on such traits as locomotor stimulation in
response to alcohol and an alcohol-conditioned taste aversion, as well as on biological
factors such as endogenous neurotransmitter levels (Bell et al., 2006; McBride et al.,
2014; Stewart & Li 1997). The development of replicate lines can be another strength of
selective breeding. Replicate lines refer to independent repeated selections using the same
selection procedure and phenotype. The resulting replicate pairs of lines can then be
tested for correlated responses to selection. If both replicates show similar divergence in
related behaviors or neurobiological changes, this provides strong evidence for the

genetic relationship between these features and the selection phenotype.
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Although correlated responses to selection suggest similar underlying genetic
factors between traits, spurious correlations can be seen as well. Selection trait-irrelevant
genes may become fixed and give rise to what appears to be a correlated response to
selection. These correlations are unlikely to occur by chance multiple times, and therefore
can potentially be identified by their presence in only a single replicate line. Correlated
responses can also be due to linkage disequilibrium, wherein alleles are transmitted
together more often than would be expected by random assortment (for review, see
Slatkin, 2008). Linkage disequilibrium can arise from physical proximity of alleles on a
chromosome. Therefore, what may appear to be a shared genetic factor between two
traits could actually be two separate loci that are closely situated and thus inherited
together.

Advantages and disadvantages of selected lines and inbred strains

Selective breeding can be advantageous over the use of individual inbred strains
because selected animals have a greater degree of genetic diversity. Founding populations
for selected lines are by definition heterogeneous stocks (HS), ranging in genetic
diversity from two-way inbred strain crosses (e.g. a B6 x D2 F2 generation) to HS
populations derived from eight or more inbred strains. Some of these HS populations
included wild-derived progenitor strains (lancu et al., 2010), which further increases the
genetic diversity available. This genetic variation is important for identifying novel risk
alleles for the behaviors of interest that may not be present in the more widely studied
inbred strains. Because all animals of an inbred strain are presumed to be genetically
identical, the extensive alcohol research that has been conducted using B6 mice has

essentially involved the study of a single individual. This is extremely useful if our
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interest is in understanding why the B6 mouse drinks alcohol, but is of less utility for
identifying the determinants of alcohol intake in broader populations. Consequently,
selected lines provide an excellent option for examining genes and behaviors associated
with alcohol phenotypes of interest. Inbred strains, however, are advantageous when
wanting to study specific gene by environment interactions, or when doing targeted
genetic manipulations. The lack of genetic diversity is a strength in this type of study,
because only the effects of the experimental manipulations will vary systematically
across animals. This allows for enhanced ability to detect an effect of the treatment. Thus,
the choice to use selected lines or inbred strains will be best determined by the specific

question being asked and whether genetic variation will be a help or a hindrance.

Modeling binge drinking in rodents

Limited access vs. continuous access drinking procedures

A majority of the alcohol research done in rodent models has used 24 h
continuous access, two-bottle choice drinking procedures where animals are offered the
choice between water and an alcohol solution (frequently 10%). This procedure has been
used to select multiple lines of rats (P/NP, HAD/LAD, AA/ANA) and mice (HAP/LAP)
for high preference ratio for alcohol (i.e. alcohol consumed divided by the total fluid
intake) (for review, see Crabbe, 2008). A strength of this procedure is that it mimics the
situation of human drinking in that alcohol is consumed during concurrent access to
water and the animals can drink as little or as much they choose. Additionally,
intermittent access in this procedure has been shown to produce escalations in intake

(Hwa et al., 2011; Melendez, 2011; Simms et al., 2008), which is another frequent feature
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of alcohol use in humans. These procedures therefore appear to be able to model some of
the neuroadaptations that occur with chronic alcohol drinking. However, two-bottle
choice, continuous access drinking has several limitations as well. For example, induction
of drinking in this procedure sometimes requires sucrose fading in order to establish
alcohol intake, particularly in rats (e.g. Samson 2000). Additionally, there is evidence
that rodents drinking in this paradigm may pattern their drinking in such a way that
intoxication is experienced only as transient episodes (Dole & Gentry, 1984; Murphy et
al., 1986). This suggests that the high alcohol preference exhibited by some of these high-
preferring mice and rats may not be motivated by alcohol’s pharmacological effects, but
rather by other factors such as taste. In B6 and D2 mice, for example, the significant
genotypic difference in alcohol intake can be partially attenuated when animals self-
administer alcohol either intravenously or intragastrically, thereby largely bypassing any
influence of olfaction or taste (Fidler et al., 2012; Grahame & Cunningham, 1997). B6
and D2 mice differ in their sensitivity to bitter and sweet tastants, and this genotypic
difference in pre-ingestive sensitivity may account in part for their markedly different
preferences for alcohol (Blizard, 2007; Boughter et al., 2005). Recently there has been
evidence from a high alcohol-preferring selected mouse line to suggest that these specific
animals do reach consistently high BECs during a two-bottle choice test (Matson &
Grahame, 2013). Rat lines selected for high alcohol preference have also shown evidence
of intoxicating levels of consumption in continuous drinking procedures (McBride et al.,
2014).

Because of the likelihood that significant intoxicating BECs may not be reached

by most mice in two-bottle choice procedures, other drinking tasks have been developed
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to model a more binge-like pattern of intake. These procedures are designed to provide
limited access to alcohol under conditions that promote high intake. One example is
scheduled access to alcohol drinking. In this procedure, animals are given daily short (30
min) limited access alcohol sessions coupled with 21-hour fluid restriction (Cronise et al.,
2005). B6 mice in this test drink sufficient quantities of alcohol to demonstrate behavioral
intoxication as measured by ataxia on the rotorod at the end of the drinking session.
However, the translational relevance of this procedure is somewhat limited due to the
fluid restriction required to produce the binge-like phenotype.

Probably the most frequently used test of binge-like drinking for rodents is the
drinking in the dark, or DID test (Rhodes et al., 2005). This is a limited access procedure
wherein mice are given a single tube of 20% alcohol during the period of the dark cycle
when consummatory behaviors are highest. During the initial development of this test, a
variety of drinking session lengths (2 or 4 h) and time points (0, 1, 2, 3, or 4 h after lights
off) were systematically evaluated (Rhodes et al., 2005) in order to determine a limited
access window during the consummatory (dark) phase during which mice would drink to
intoxicating BECs. Binge-like intake was seen most reliably when access to alcohol was
provided for two hours on the first three days, and then for four hours on the final day.
Using this protocol, B6 mice have been shown to reach intoxicating BECs following the
four-hour drinking session (Rhodes et al., 2005; 2007), and this has become the standard
DID procedure. The DID test models the human definition of binge drinking, wherein
there are both temporal and intake components. This test has been widely used and shows
similarly high intake in B6 mice across laboratories (for review, see Thiele & Navarro,

2014). Additionally, it provides an efficient means of testing potential therapeutic agents
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for their ability to reduce intake. Several drugs shown clinically to reduce alcohol
consumption and also two-bottle choice drinking have been shown to reduce DID as well
(e.g. Gupta et al., 2008; Kamdar et al., 2007). This indicates that the DID test is a viable
alternative to two-bottle choice procedures for high-throughput screening of compounds
with possible clinical relevance.

Although the DID test does successfully promote binge-like alcohol intake in
high-drinking mice, there are several limitations as well. These are discussed in detail
elsewhere (Chapter 6). Briefly, the primary limitation is that only alcohol is provided,
meaning that animals have no fluid choice available. Because DID takes place during the
period of greatest consummatory activity, offering only alcohol means that intake may
reflect general prandial drinking patterns rather than alcohol-specific motivations for
consumption. Additionally, intake in the DID test across days shows a strong correlation
between Days 2-4, but no relationship between intake on Day 1 with intake on
subsequent days (Rhodes et al., 2005). Initiation of drinking in this model (i.e., Day 1
intake), therefore, does not seem to be a useful predictor of subsequent consumption even
over the limited number of days of drinking.

High Drinking in the Dark selection

Because intoxicating BECs were a feature of previous high drinking rodent
models that had been lacking, we sought to selectively breed mice that drink to high
BECs. To do this, mice were selected based on their BECs at the end of a modified two-
day DID test where alcohol access was given for two hours on the first day and four
hours on the second day. The starting population for this selection was a genetically

heterogeneous stock of mice developed from a systematic 8-way inbred strain cross
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(progenitor strains: A/J, AKR/J, BALB/cJ, C3H/HeJ, C57BL/6J, CBA/J, DBA/2J, and
LP/J) known as HS/Npt or HS (see Crabbe et al., 2009 for details). Selection was
unidirectional, with mice that reached high BECs being bred together over successive
generations. For the first five generations, selection used a within-family breeding
approach, but due to slow response to selection, individual selection was initiated with
the selection of breeders for generation S6 (Crabbe et al., 2009). These selection
procedures resulted in a High Drinking in the Dark (HDID) line of mice that readily
drinks to intoxicating BECs in the DID test. The unselected HS mice have shown
consistently modest DID intake and BECs (Crabbe et al., 2009; 2014), and these mice are
used as a comparator control line. Two independent replicate lines were developed
successively using the same breeding procedure, with the second replicate initiated after
seven generations of selection had been completed for the first replicate. The selection
procedure for the second replicate line was the same as that used for the first, except that
individual selection was used for all selection generations (Crabbe et al., 2009). We now
have two replicates of HDID mice (HDID-1 and HDID-2), which allow us better to probe
potentially correlated responses to selection. The realized heritability of high BECs after
DID is relatively low (h? = 0.08-0.09), but selection has successfully increased BECs
across generations (Crabbe et al., 2009). A recent report of this selective breeding effort
(Crabbe et al., 2014) shows that BECs have increased 4.7-fold across 27 selected
generations in HDID-1 mice (average BEC = 1.4 mg/mL; 80% of mice reach

BECs > 1.0 mg/mL) and 4-fold in HDID-2 mice after 19 selected generations (average
BEC = 1.1 mg/mL; 50% of mice reach BECs > 1.0 mg/mL). The rate of elimination of an

acute injection of alcohol has been assessed in these lines and has been found not to differ
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between the HDID lines and the HS mice (Crabbe et al., 2009; 2014). This indicates that
the higher BECs of the HDID animals are not principally due to differences in alcohol
metabolism. HDID mice also drink significantly more alcohol than HS mice (g/kg of
body weight) and their intake is highly correlated with BEC. This provides further
evidence that the high BECs reached are primarily the result of their binge-like alcohol
intake. Additionally, HDID mice have been shown to be behaviorally intoxicated after
the DID test, as assessed by a measure of ataxia (Crabbe et al., 2009). Given this strong
phenotype in both HDID replicates, we believe that the HDID mice now represent a

useful model of genetic risk for binge-like alcohol drinking

Alcohol drinking microstructure

Because we are interested in alcohol drinking that results in intoxication, the
timing and patterning of drinking during the DID session is particularly important for
understanding the phenotype. Binge drinking itself has a temporally specific definition,
but the rate of intake during a binge session can significantly affect the BEC
reached. Rodents drink fluids in discrete bursts, with clusters of sustained and rapid
licking separated from each other in time (Johnson et al., 2010; Rushing et al., 1997;
Smith, 2001). In order to quantify and analyze this drinking pattern, a drinking bout can
be defined as some minimum number of licks separated by no more than a given amount
of time. This allows for the quantification and analysis of the bout features or bout
'microstructure’ of drinking. Drinking microstructure has numerous components (size and
number of drinking bouts, time between bouts, rate of intake during a bout, etc.) and
these factors all influence overall rate of intake during an alcohol drinking session and

ultimately the BEC reached (e.g. Barkley-Levenson & Crabbe, 2012; Rhodes et al.,

20



2007). In addition, studies in pairs of rat lines selectively bred for high and low alcohol
preference show that the number and size of drinking bouts in a session is generally
greater in the high preferring line (Samson, 2000). This suggests some degree of genetic
relationship between these bout features and high intake. Research from the non-human
primate literature has also shown a relationship between large, quick bouts (a 'gulping’
phenotype) and subsequent heavy drinking (Grant et al., 2008). It has also been
postulated that animal microstructural elements might map onto more human constructs

such as loss of control of drinking and alcohol craving.

Measuring other alcohol-related behaviors in animal models

Although alcohol intake is obviously one relevant behavior to model when
studying AUDs, there are many other alcohol-related behaviors that are important for
understanding alcohol consumption and disordered drinking. As mentioned above, a large
area of research is dedicated to investigating the motivational factors driving alcohol
intake. Producing animals that drink significant quantities is an important first step, but
the true utility of these models lies in identifying what drives their intake and finding
ways to reduce the motivation to drink excessively. In animal research, we do not have
the luxury of self-reported reasons for drinking, and motivation to drink must be inferred
from behavior. Willingness to work to obtain alcohol can be measured using operant self-
administration tasks. Access to alcohol has been shown to maintain operant responding in
rats and mice (e.g. Lopez & Becker, 2014; Samson et al., 2000). With operant
conditioning procedures, sensitivity to the rewarding effects of alcohol can be assessed

by changing response requirements (e.g. number of lever presses or nose pokes) so that
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the “cost” of alcohol changes, and then determining the effect on responding. Similarly, a
progressive ratio procedure can be used in which the response requirement increases with
each reinforcer given until the animal is no longer willing to work to obtain alcohol. This
is known as the breakpoint, and changes in breakpoint can be used as a measure of
changes in the perceived rewarding strength of alcohol (e.g. Czachowski & Samson,
1999).

Sensitivity to alcohol reward and aversion can be readily assessed in rodent
models using procedures such as place and taste conditioning (for review, see
Cunningham et al., 2000). These procedures use Pavlovian conditioning techniques to
pair alcohol exposure with a conditioned stimulus such as a novel physical cue or tastant.
If alcohol is rewarding to the animal, we would expect a preference for the alcohol-paired
cue. In contrast, alcohol aversion is shown by an avoidance of the alcohol-paired cue. In
this way, it is possible to determine differences between groups (e.g. genotypes) in
sensitivity to the motivational effects of alcohol. Alcohol conditioned behaviors have
been studied across inbred strains and selected lines of animals to determine if there are
genetic relationships between these behaviors and alcohol intake. A review of rodent
studies found that conditioned taste aversion (CTA) is significantly negatively correlated
with home cage alcohol consumption (Green & Grahame, 2008). In contrast, conditioned
place preference showed a less consistent genetic relationship, with some studies showing
a positive genetic correlation with intake, and some showing a negative correlation or no
relationship. A study using a panel of 15 inbred strains found a significant negative
genetic correlation between alcohol conditioned place preference and sweetened alcohol

consumption (Cunningham, 2014). One possibility for the mixed findings across studies
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is that the genetic relationship between conditioned place preference and alcohol intake
may be affected by procedural variations (e.g. alcohol sweetening). In contrast, the more
consistent findings for conditioned taste aversion suggest that environmental factors may
play a lesser role in mediating the relationship between intake and conditioned taste
aversion.

As noted before, it is important to keep in mind that ‘reward’ actually may
represent a multifaceted sensation. That is, the experience of euphoria could produce the
same subjective sense of pleasure as the alleviation of anxiety, but these two outcomes
may represent different actions of alcohol at the level of the brain. Therefore when testing
animal models of alcohol intake, it is necessary to assess potential differences in
alcohol’s ability to alleviate negative states, like anxiety and depression, when identifying
contributions to drinking. In this thesis, | chose to focus on anxiety-like behavior, but
depression-like behavior is equally relevant and can also be measured in rodent models.
Anxiety-like behavior can be assessed in rodents in a number of ways, but the most
common tasks involve measuring the willingness of an animal to enter an anxiogenic
region of a test apparatus. Mice and rats tend to prefer dark, enclosed areas, so more time
spent in bright or exposed regions suggests lower anxiety. Common tasks for assessing
anxiety-like behavior include the elevated zero and plus mazes, the light-dark box, and

the open field test.

Neurobiology of binge alcohol drinking

Limited access binge-like alcohol drinking and continuous access two-bottle

choice drinking undoubtedly have shared genetic components, but there is evidence that
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these traits have distinct genetic contributions as well. Specifically, QTL mapping efforts
have identified only minimal chromosomal overlap between QTLs implicated in
continuous access two-bottle choice drinking and DID (lancu et al., 2013; Phillips et al.,
2010). Although the genetic and neurobiological factors that underlie binge drinking are
not yet as widely studied as those involved in preference drinking, there have been
significant efforts made to assess various neurotransmitter systems for their involvement
in alcohol DID. There is considerable evidence for glutamatergic, GABAergic,
dopaminergic, and opioidergic system modulation of DID intake (for review, see Sprow
and Thiele, 2012). Additionally, there is increasing evidence for involvement of other
neurotransmitter systems in DID. The endocannabinoid system, for example, has been
implicated in DID (Linsenbardt & Boehm, 2009). There is also evidence for a role of
stress-related peptides like corticotropin-releasing factor and urocortin (Lowery et al.,
2010; Ryabinin et al., 2008), and feeding-associated peptides like ghrelin and
melanocortins (Kaur & Ryabinin, 2010; Navarro et al., 2009). As with continuous access
drinking studies, much of this work has been done only in B6 mice. It therefore remains
to be seen what other genotypes may tell us about the neurobiology of binge-like intake.
Many of these neurotransmitter systems have also been implicated in continuous access
two-bottle choice drinking, and it is not yet clear which neurobiological features are

specific to binge-like alcohol drinking.

Neuropeptide Y and binge drinking

One neuropeptide that has been implicated in DID and is of particular interest in

the HDID mice is neuropeptide Y (NPY). NPY is a 36 amino acid peptide that is
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expressed widely throughout the brain and the periphery. Identified as behaviorally
relevant first as a pro-feeding peptide (Levine & Morley, 1984), NPY is produced in the
arcuate nucleus of the hypothalamus (Morris, 1989). NPY goes through several steps of
posttranslational modifications, beginning as a large precursor molecule (pre-pro-
peptide). NPY can also be further processed by cleavage at various points, which results
in altered affinity at the NPY receptors (Grandt et al., 1996). The NPY receptors are G
protein coupled receptors, each with seven transmembrane domains and coupled to Gjj.
There are six known receptor subtypes (Y1-Y®6), with the Y1, Y2, and Y5 subtypes
believed to be the major receptors relevant for signaling in the brain (for review, see
Michel et al., 1998). The Y1 and Y5 receptors (Y1R and Y5R, respectively) are thought
to be post-synaptic receptors, whereas the Y2 receptor (Y2R) is found presynaptically.
Y1R and Y5R have a greater affinity for intact NPY than the cleaved forms, and Y2R has
greater affinity for C-terminal fragments than whole NPY (Michel et al., 1998). Y2R is
primarily thought of as an autoreceptor (i.e., ligand binding decreases NPY release from
the cell), but there is evidence that it can also function as a heteroreceptor and influence
the release of other neurotransmitters (e.g. Gilpin et al., 2011).

NPY has been implicated in a wide array of behaviors including pain sensitivity,
circadian rhythms, feeding, stress and anxiety response, and drug and alcohol abuse (e.g.
Ciccocioppo et al., 2009; Cleary et al., 2014; Roseboom et al., 2014; Wiater et al., 2011).
Studies have shown a variety of effects of NPY on alcohol intake, with the literature
containing examples of NPY increasing, decreasing, and not affecting alcohol drinking
(for review see Thiele et al., 2004) Studies on the roles of various NPY receptor subtypes

in alcohol drinking have been similarly conflicting. However, much of the work done
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examining NPY effects on alcohol consumption has used knockout and transgenic
animals in which NPY or a given NPY receptor subtype is absent everywhere. Similarly,
pharmacological studies have predominately used intracerebroventricular (i.c.v.)
administration of NPY and receptor agonists and antagonists. Because of the widespread
expression of NPY and its variety of functions, these broad approaches may contribute to
the lack of conclusive answers about the role of NPY in alcohol drinking. Brain region-
specific targeting with NPY and its receptor ligands will likely be more useful for
determining the role of discrete aspects of this system in modulating alcohol intake. A
further complication is that NPY effects have also been shown to vary based on genetic
background and alcohol experience. NPY’s effects on alcohol intake are more
pronounced in animals genetically-predisposed to drink (e.g. selected rodent lines, B6
mice) and animals with a history of dependence than in low-drinking or alcohol-naive
animals (Badia-Elder et al., 2007).

NPY has been less extensively characterized for its role in binge-like alcohol
drinking than in continuous access drinking procedures. However, there is evidence that
central administration of NPY can reduce intake and BECs in B6 mice when given before
a DID test (Sparrow et al., 2012). In the same study, Y2R and Y1R antagonists were
found to have opposite effects on DID intake and BEC, with Y2R antagonism decreasing
DID and Y1R antagonism increasing it. However, NPY infusions into the amygdala of
non-dependent Long-Evans rats showed no effect on binge-like drinking (Henderson &
Czachowski, 2011). Thus, NPY effects on binge-like drinking appear to be similar to
those seen with continuous access preference drinking and may be contingent upon a

history of dependence or genetic risk for excessive intake. Despite this variation in
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results, NPY does appear to play a role in some instances of alcohol intake, and
continued exploration of the region-specific contributions to drinking in various genetic
and procedural models is needed. NPY is of particular interest in the HDID lines because
a gene expression study in naive animals found significantly higher Npy mRNA levels in
the extended amygdala of HDID-1 than HS male mice (Zhang et al., 2011). This
expression difference, coupled with the previously described evidence from the literature,

led to the identification of Npy as a candidate gene for study in the HDID mice.

Dissertation goals

The HDID mice are a novel genetic model for studying binge-like drinking to
intoxication. Now that both replicate lines show a strong established selection phenotype,
the next critical step is to develop a more complete picture of what these mice are
actually modeling—what behavioral and neurobiological traits have been altered through
selection and what is the ultimate utility of the HDID mice? This dissertation represents
one of the first major efforts to produce a comprehensive study of the HDID lines. It
focuses on three key questions related to the HDID phenotype: (1) how do the HDID
mice drink to intoxicating BECs, (2) what are the motivational factors that drive their
drinking to intoxication, and (3) can a candidate gene approach be used to identify one
specific neurobiological effect of selection and potential therapeutic targets in these
mice? Chapter 2 addresses the first question by examining the drinking bout
characteristics and drinking patterns of both HDID replicates and HS control mice during
variations of the DID test. In Chapters 3 and 4, the motivational drive behind HDID

drinking is explored in relation to the rewarding and aversive effects of ethanol in these

27



lines (Chapter 3), and their basal and alcohol-related anxiety phenotypes (Chapter 4).
Chapter 5 provides an example of a candidate gene approach for identifying specific
neurobiological differences in the HDID mice that may underlie binge-like drinking by
describing studies examining the relevance of NPY to the HDID phenotype. Finally, the
dissertation concludes with a general discussion in Chapter 6 of the larger implications of
the behavioral phenotype of the HDID mice and how best to utilize them as a model as

we continue moving forward in alcohol research.
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Chapter 2: Distinct ethanol drinking microstructures in two replicate lines of mice
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Abstract

The High Drinking in the Dark (HDID) mice have been selectively bred for high blood
ethanol concentrations (BECs) following the limited access Drinking in the Dark (DID)
test. We have shown previously that mice from the first HDID replicate line (HDID-1)
drink in larger, but not longer, ethanol drinking bouts than the low-drinking HS/Npt
control mice when both genotypes are consuming modest amounts in the DID test
(Barkley-Levenson & Crabbe, 2012). In the present studies, we investigated whether this
bout size difference persists during excessive binge-like intake, and whether it can be
explained by changes in either lick rate or lick volume. We also tested HDID mice from
both replicates (HDID-1, -2) and HS mice for drinking microstructure in three different
DID tests to determine whether there are selection-dependent changes in drinking bout
features. In Experiment 1, HDID-1 and HS male mice were given sequential water and
alcohol DID tests in lickometer chambers. In Experiment 2, HDID-1, HDID-2, and HS
mice of both sexes were housed in shoebox cages connected to the BioDAQ Episodic
Intake Monitor system (Research Diets Inc.), which continuously records fluid
consumption. Mice were tested sequentially on three 4-day DID procedures: single-bottle
ethanol drinking (20%), two-bottle choice preference drinking for ethanol (20%) and
water, and single-bottle saccharin drinking (3.2mM). HDID-1 in the lickometer chambers
had larger ethanol bouts than HS mice, due to a larger lick volume in the HDID-1 mice
than the HS. In Experiment 2, HDID-1 and HDID-2 mice had different drinking
microstructures that resulted in both high intake and high BECs. HDID-1 mice drank in
larger ethanol bouts than HS, whereas HDID-2 mice had smaller bouts but drank more

frequently. This pattern was the same for two-bottle choice drinking as well, although the
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group differences were more modest. HDID-2 mice had a high bout frequency for all
fluid types tested (ethanol, water, and saccharin). In contrast, the large bout size
phenotype of the HDID-1 mice was specific to alcohol. These findings suggest that
selection for drinking to intoxication has resulted in two distinct drinking microstructures,

both of which lead to high BECs and high ethanol intake.
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Introduction

Binge drinking as defined by the National Institutes of Health is a pattern of
alcohol (ethanol) intake that results in intoxicating blood ethanol concentration (BECs).
In humans this is generally considered to be 4 standard drinks in 2hr for women and 5 for
men (NIAAA, 2004). Binge drinking is a frequent component of alcohol use disorders
(Esser et al., 2014), but it is also a dangerous behavior because it is associated with
significant short- and long-term risks such as motor vehicle accidents, liver disease, and
risky sexual behaviors (e.g. Dawson et al., 2008; Flowers et al., 2008). One aspect of
binge drinking that can affect the BEC reached (and thus the degree of risk associated
with the drinking session) is the patterning of intake during the drinking period.
Furthermore, there is evidence from the animal and human literature that drinking is
episodic, and the size and number of bouts during a drinking session (i.e., the drinking
‘microstructure’) is related to overall intake and risk of heavy drinking (Bobak et al.,
2004; Grant et al., 2008; Samson, 2000).

We have selectively bred the High Drinking in the Dark (HDID) lines of mice for
reaching high BECs after limited access drinking. These mice readily drink to
intoxicating blood levels when offered access to a single tube of 20% ethanol duringa 4 h
period. Alcohol intake during DID and the more commonly used 24 h, two-bottle choice
preference drinking procedures show only a moderate correlation and likely have some
distinct underlying genetic contributions (lancu et al., 2013; Phillips et al., 2010). HDID
mice represent a novel genetic model of risk for binge-like drinking. There are two
replicate lines — the HDID-1 and the HDID-2, and these genotypes were produced in

independent experiments using the same foundation breeding stock and selection
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criterion (Crabbe et al., 2009; 2014). Initiation was staggered, and HDID-1 are currently
in generation S30 and HDID-2 in Generation S24. Although these lines show similarly
high BECs and ethanol intake in the DID test, it is not known whether these animals
pattern their intake during the DID test in the same way, nor whether they differ in any
aspect of their drinking microstructure. We have shown previously that male mice from
Generations S19-21 of the HDID-1 line differ from low drinking control HS mice in
several bout features, most notably in having a larger bout size (Barkley-Levenson &
Crabbe, 2012). However, HDID-1 mice in that study only showed a moderate level of
intake with few animals reaching actual binge levels of BEC. Thus, it is not clear what
ethanol drinking microstructure might look like in these mice under more binge-like
conditions.

In the present studies, we were interested in several different aspects of the
drinking patterns and structures of the HDID and HS lines. Since we have previously
reported microstructural differences in ethanol intake between the HDID-1 and HS mice
when HDID-1 mice had only moderate levels of consumption, the first goal was to
determine whether these line differences extended to the characteristic binge intake of the
HDID-1 mice. HDID-1 and HS mice were tested for ethanol DID using lickometer
chambers to acquire more temporally and volumetrically sensitive measures such as lick
rate and lick volume during binge-like drinking. A second goal was to determine whether
the ethanol drinking structure of the HDID-1 male mice would extend to the HDID-2s
(i.e., if enhanced bout size is a correlated response to HDID selection) and to female
mice. Mice of both sexes and all three genotypes were tested for 4-day single-bottle

ethanol DID in continuous consumption recording BioDAQ cages. We were also
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interested in how ethanol drinking microstructure and pattern might change across and
within DID sessions, and we compared microstructure variables on Day 1 and Day 4 of
the DID test to address this question. The final goal of these studies was to assess
microstructure during binge-like exposures to two-bottle choice ethanol drinking and to
another palatable rewarding substance (saccharin) to determine which microstructure

features may generalize across drinking solutions and procedures.

Materials and Methods

Animals and husbandry

Male and female mice of the HDID-1, HDID-2, and HS lines were bred and
housed in the Veterinary Medical Unit of the Veterans Affairs Portland Health Care
System (Portland, OR). Mice were weaned at 3 weeks of age and were reared with both
dam and sire until weaning. After weaning, mice were housed in groups of 2-5 with
same-sex littermates or with mice of the same genotype when necessary to avoid single
housing. All mice were between the ages of 56 and 91 days old at the start of testing and
were experimentally naive. Mice were housed in standard polycarbonate shoebox cages
on Bed-o-cob bedding and received ad libitum access to food (Purina 5001 chow,
LabDiet, St. Louis, MO) and water unless otherwise specified. Experiment 1 used HDID-
1 male mice from selection generation S23. Experiment 2 used HDID-1 male mice from
selection generations S25 and S26, HDID-1 female mice from generation S27, HDID-2
male mice from generation S18, and HDID-2 female mice from generations S20 and S21.
HS mice are the starting population from which the HDID-1 mice were selected and are

the product of a systematic 8-way cross of inbred strains described in detail elsewhere
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(Crabbe et al., 2009). HS mice are maintained without selection and are used as a control
comparator line for the HDID animals because HDID selection was unidirectional and a
corresponding low-drinking line does not exist. HS mice had a low level of ethanol intake
when tested at Generation SO for the initiation of the HDID selection, and drinking and
BECs remained low in these mice when tested concurrently with selection of Generation
S14 of the HDID-1 mice (Crabbe et al., 2009; 2014). Mice were kept on a reverse 12 h/12
h light/dark cycle with lights on at 21:30 for all experiments. At the beginning of each
experiment, mice were singly-housed either in lickometer chambers placed inside
standard shoebox cages with Bed-o-cob bedding (Experiment 1) or in BioDAQ-
compatible polycarbonate shoebox cages with Bed-o-cob bedding (28.5 x 17.5 x 12 cm)
(Experiment 2) and allowed to acclimate for 5-7 days. All procedures were approved by
the local Institutional Animal Care and Use Committee and were conducted in

accordance with the NIH Guidelines for the Care and Use of Laboratory Animals.

Continuous fluid consumption recording

Two different apparatus were used in these experiments to record fluid intake
continuously during the DID tests. Lickometers from Med Associates (St. Albans, VT)
were used to record intake in Experiment 1. Lickometer chambers consisted of plastic
boxes with ventilated lids (dimensions: 17.8 cm x 10.2 cm x 10.2 cm) that rested on top
of stainless steel grid floors. Each chamber had a hole in the rear wall through which a
sipper tube was inserted. The grid floors were each connected to ground and an electrode
was connected to the portion of the sipper tube outside of the plastic chamber such that a
mouse drinking from the tube closed an electrical circuit. Each circuit closure (i.e. lick)

was time-stamped and recorded by Med Associates software.
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In Experiment 2, fluid intake was measured using the BioDAQ Episodic Intake
Monitoring System (Research Diets Inc., New Brunswick, NJ). Details of use of this
system to record fluid intake have been reported elsewhere (Barkley-Levenson & Crabbe,
2012). Briefly, the BioDAQ consists of hoppers resting on force and weight sensors that
continuously record the weight of the fluid hopper and register changes in weight to a
sensitivity of 0.01 g. Drinking solutions were provided in 10 ml drinking tubes with
volumetric markings readable to the 0.05 ml. These tubes were a modified version of our
laboratory’s standardly used 10 ml drinking tubes and were designed to eliminate the
reduced intake in the BioDAQ system that we previously reported (Barkley-Levenson &
Crabbe, 2012). The drinking tubes were fitted with 3 inch curved stainless steel ball
bearing sipper tubes and situated in the hoppers such that the spouts projected into the
cage. Pilot studies with these sipper tubes showed ethanol intake consistent with levels

seen in our standard home cage DID tests.

DID procedure

For these experiments, a 4-day version of the DID test was used. In this
procedure, animals are weighed on each experiment day approximately 1 h before the
start of testing. Testing begins at 3 h into the dark cycle (12:30PM) at which point water
bottles are removed and replaced with 10 ml drinking tubes. The fluid levels of these
tubes are read, the recording system is started (BioDAQ or lickometer depending on
experiment), and the tubes are left in place for the duration of the drinking session. At the
end of the session, fluid levels are read again and the continuous recording is stopped.
Drinking tubes are removed and water bottles are returned to each cage. On Days 1-3,

drinking sessions are 2 h long. On Day 4, the drinking session is 4 h long, with an
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additional fluid level reading taken at the 2 h point. For DID tests where ethanol is being
consumed, a 20 pl blood sample is taken from the peri-orbital sinus at the end of the 4 h
drinking session in order to determine BEC. Blood samples are processed according to
standard lab protocol and are analyzed by gas chromatography as described elsewhere

(Rustay & Crabbe, 2004).

Experiment 1: lickometer assessment of water and ethanol DID microstructures

This experiment used 24 HDID-1 and HS male mice (n=12/genotype). Only
HDID-1 mice were tested here because this experiment was intended to follow-up bout
size differences found between the first replicate and the HS mice in the previous paper
(Barkley-Levenson & Crabbe, 2012). In this study, mice were housed in the lickometer
chambers and allowed to acclimate for one week. Mice then received a 4-day DID test
with a single bottle of tap water. Mice received two days off and then were tested on a

standard 4-day single bottle ethanol DID test with 20% ethanol.

Experiment 2: drinking microstructure of ethanol DID, 2-bottle choice DID, and
saccharin DID

One hundred and nine HDID-1, HDID-2, and HS mice of both sexes were used in
this experiment (n=16-31 /sex/genotype). Mice were tested in cohorts of 15-16. Due to
animal availability, male mice of each HDID replicate were tested in separate cohorts
(HDID-1 vs. HS and HDID-2 vs. HS), whereas all three genotypes of mice were tested in
each cohort for female mice. Animals were tested sequentially on the three DID tests,
with at least one week off between tests. The ethanol DID consisted of the presentation of
a single tube containing 20% ethanol using the standard 4-day DID protocol as described

above. For the two-bottle choice DID, technical limitations of our BioDAQ system
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allowed for only a subset of 12 mice (n=4-6/genotype) to be tested at a time. The mice
not given this test received no experimental manipulation during the two-bottle choice
DID phase of the experiment. For those being tested, mice were given access to two tubes
concurrently — one containing 20% ethanol and one containing tap water. Tube positions
were counterbalanced across animals such that half of the animals received water on the
left and ethanol on the right each day, and half the animals received the fluids in the
inverse positions. In the final DID phase, all 109 animals were given a 4-day single bottle

DID test with 3.2 mM saccharin solution.

Drugs

Ethanol (200 proof; Deacon Laboratories, King of Prussia, PA) was diluted in tap
water (20% v/v). Saccharin (Sigma-Aldrich, St. Louis, MO) was diluted in tap water to a
concentration of 3.2mM (0.066%). This concentration of saccharin has been previously
shown to be preferred by all three genotypes in a 24 h two-bottle choice procedure

(Crabbe et al., 2010).

Drinking microstructure analysis

In Experiment 1, a bout was defined as at least 20 licks, with no more than a
minute between licks. This bout definition has been used for ethanol drinking bout
analysis in previous studies (e.g. Ford et al., 2008; Rhodes et al., 2007). Total intake was
determined from volumetric fluid level readings taken from the drinking tubes. Bout
variables analyzed were the number of bouts in the drinking session, the average
interbout interval (IBI), the average bout size (number of licks), the average bout length,
and the average lick rate during bouts (licks/min). We also analyzed the total number of

licks per drinking session and used this number to calculate the average lick volume in
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ml/lick (total session intake/total session licks). In instances of group differences in lick
volume, the average bout size was also converted to a g/kg or ml/kg measurement using
the average lick volume.

In Experiment 2, a bout was defined as at least a 0.02 g change of weight in the
fluid tube and no more than a minute between recorded weight changes. This was
consistent with the bout definition used previously (Barkley-Levenson & Crabbe, 2012).
Bout variables analyzed were the number of bouts in the drinking session, the average
IBI in minutes, the average bout size (g/kg body weight dose for ethanol, or ml/kg body
weight for water and saccharin), and the average bout length in seconds. For the two-

bottle choice DID, bout features were determined for each fluid type separately.

Statistical analyses

Drinking volume data were converted to g/kg dose for ethanol and ml/kg intake
for water and saccharin. Because we were interested in patterning of drinking during the
initial ethanol exposure and the 4hr test session, intake on Days 1 and 4 was also
separated into 20 min bins. Exploratory analysis analyzed smaller (10 min) and larger (30
min) bin sizes and found no change in results due to bin size, so the 20 min bin size was
arbitrarily chosen for ease of data presentation. The binned data were analyzed by
repeated measures analysis of variance (ANOVA) using a within-subjects factor of time
bin and between-subjects factors of sex and genotype. Our primary interest, however,
was in drinking on Day 4 of the DID tests because these drinking sessions are expected to
result in binge levels of intake. While intake data for Days 1-3 are presented graphically,
in most instances these data were not analyzed and discussion will focus only on Day 4

intake and drinking variables. Day 4 intake, BEC, and each bout feature were analyzed
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using two-way ANOVA with factors of genotype and sex. Significant genotype x sex
interactions were followed up using one-way ANOVAs for genotype within each sex.
Main effects of genotype were followed up using the Tukey HSD post-hoc test. For all

tests a=0.05. Statistical trends are discussed for p values > 0.05 and <0.1.

Results

In some instances, equipment malfunction resulted in unusable data for an animal

on a given drinking day. These instances were identified by the presence of physically or

physiologically improbable data points (e.g. increases in recorded BioDAQ bottle weight

or excessive number of total session licks) and in these cases, only the affected data were

excluded from analysis while the remaining valid data points for the animal were
included. Excluded data made up less than 2% of all data points on any given day.
Figures show data collapsed on sex except for instances where there were significant

interactions between sex and another variable.

Experiment 1

Figure 2-1 shows ethanol consumption and BECs in the lickometer DID study.
HDID-1 mice showed significantly greater ethanol intake on Day 4 (F12,=16.973,
p<0.001) and higher BECs (F12,=75.911, p<0.001) than HS mice. Figure 2-2 shows
ethanol bout features for Day 4 of the lickometer DID test. The number of bouts did not
differ between the genotypes while the HDID-1 mice had significantly larger average
bout size (licks per bout) than the HS mice (F120=4.388, p=0.049). There was also a
statistical trend toward a significant effect of genotype on total number of licks

(F12:=4.017, p=0.058), with HDID-1 mice having more licks than HS. There was no
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significant difference between the genotypes for IBI, bout length, or lick rate (p>0.1 for
all, data not shown). HDID-1 and HS mice differed significantly in average lick volume,
with HDID-1 mice having a larger lick volume (ml/lick) than HS mice (F; 2,=8.393,
p=0.008). Analysis of water intake and bout features showed no significant differences

between the lines for any of the variables (p>0.1 for all, data not shown).

Experiment 2

Ethanol intake and Day 4 BEC for the single-bottle DID test are shown in Figure
2-3. Analysis of Day 4 intake showed the expected significant main effect of genotype
(F2103=28.193, p<0.001), with HDID-1 and HDID-2 mice consuming significantly more
ethanol than HS mice. There was no significant main effect of sex and no significant
genotype x sex interaction (p>0.1 for both). Analysis of BEC also showed a significant
main effect of genotype (F,;=28.204, p<0.001), with HDID-1 and HDID-2 mice having
significantly higher BECs than HS mice (p<0.001 for both). There was a trend toward
higher BECs in males (F1g7=2.940, p=0.09), but no significant genotype X sex interaction
(p>0.1).

Figure 2-4 shows the bout features of ethanol intake on Day 4 of the single-bottle
DID test. Analysis of the number of drinking bouts found significant effects of both
genotype (F2,101=15.347, p<0.001) and sex (F1 101=4.112, p=0.045), but no significant
genotype x sex interaction (p>0.1). Male mice had a greater number of drinking bouts
than female mice, and HDID-2 mice had a greater number of drinking bouts than HDID-
1 and HS mice (p<0.001). Analysis of IBI also showed significant main effects of
genotype (F2,5=3.932, p=0.023) and sex (F1 gs=5.846, p=0.018). Male mice had a longer

average I1BI than female mice, and post-hoc analyses showed HDID-2 mice had
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significantly shorter 1BIs than HS mice (p=0.025), but HDID-1s did not (p=0.110).
Analysis of bout size showed only a significant main effect of genotype (F293=5.513,
p=0.005), with post-hoc analyses showing that HDID-1 mice had significantly larger
bouts than both HDID-2 and HS mice (p<0.035). For bout length, there was only a
significant main effect of sex (F196=37.779, p<0.001) with female mice having
significantly longer bouts than male mice.

We were also interested in patterning of intake during the Day 4 drinking session
and possible changes in bout structure across the 4 day DID test. Figure 2-5 shows the
cumulative record of ethanol intake for all three genotypes during the 4 hr test. Repeated
measures ANOVA was used to analyze Day 4 intake in 20-min time bins. There were no
significant interactions of time and sex or time and genotype, and no significant 3-way
interaction. There was a significant effect of time (F11112,=2.710, p=0.003 [Greenhouse-
Geisser correction]). Bonferroni-corrected post-hoc comparisons of intake during each
time bin showed that intake in the first 20-min bin was significantly lower than the intake
during bins 4, 5, 6, 7, and 12 (p<0.031 for all).

Bout number and bout size change scores are shown in supplemental figure S2-1.
We computed a change score for bout number by subtracting the number of bouts on Day
1 from the number of bouts in the first 2 h of drinking on Day 4. The average change
score for each genotype was negative, indicating that the number of bouts in 2 h
decreased from Day 1 to Day 4. Analysis of change scores showed statistical trends
toward main effects of line (F,,103=2.824, p=0.064) and sex (F1,103=2.816, p=0.096), but
no statistically significant effects or interactions. Bout size also changed between Day 1

and Day 4, with all genotypes increasing bout size across the DID test. Analysis of bout
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size change score showed significant main effects of genotype (F29=6.609, p=0.002) and
sex (F1,89=4.588, p=0.035). Male mice had greater change scores (i.e., larger increase in
bout size) than female mice, and post-hoc analyses showed that HDID-1 mice had greater
change scores than either HDID-2 or HS (p<0.021 for both).

Two-bottle choice ethanol intake and water intake are shown in Figure 2-6. Total
ethanol intake analysis on Day 4 revealed main effects of genotype and sex (F-
264>3.805, p<0.027), and no significant interaction. Tukey post-hoc analyses showed that
HDID-1 mice drank significantly more ethanol than HS mice (p=0.026) and male mice
drank more ethanol than female mice (p=0.009). For water intake during the two-bottle
choice test there was a significant main effect of genotype (F;63=13.051, p<0.001), with
HDID-2 mice consuming more water than either HDID-1 or HS (p<0.014 for both).
There was no significant effect of sex and no significant genotype x sex interaction
(p>0.1 for both). Analysis of ethanol preference ratio (ethanol intake/total intake) yielded
a significant main effect of sex (F163=41.877, p<0.001) and a significant main effect of
line (F2,63=7.252, p=0.001). Male mice had a greater ethanol preference ratio than female
mice (meanszSEM: 33.695+4.367 and 25.744+3.923, respectively). Tukey post-hoc
analyses showed that HDID-1 mice had a greater preference ratio than both HDID-2 and
HS mice (p<0.01 for both). A combination of low g/kg ethanol intake and technical
issues with the gas chromatography assay during the two-bottle choice DID resulted in
only a negligible number of animals registering non-zero BECs and BEC was therefore
not analyzed for this test.

Figure 2-7 shows ethanol and water bout features for the two-bottle choice DID

test. There was a significant main effect of sex (F; 62=5.319, p=0.024) and a trend toward
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an effect of genotype (F264=2.831, p=0.066) for the number of ethanol bouts. Male mice
had more ethanol bouts than female mice (mean+SEM: 5.806+0.718 and 3.676+0.534,
respectively), and HDID-2 mice tended to have more bouts than the other genotypes. For
the number of water bouts, there was a significant main effect of line (F;4=15.588,
p<0.001); HDID-2 mice had significantly more water bouts than HDID-1 and HS mice
(p<0.003), and HS mice had more water bouts than HDID-1 mice (p=0.024). Analysis of
ethanol bout size found a significant main effect of genotype (F265=3.49, p=0.036), with
HDID-1 mice having larger ethanol bouts than HS mice (p=0.047) and a trend toward
larger bouts than HDID-2 mice (p=0.058). Analysis of water bout size found only a
significant genotype x sex interaction (F,65=5.082, p=0.009). Follow-up ANOVAs
showed that this was due to a significant main effect of genotype in the male mice only
(F2,33=4.575, p=0.018). HDID-2 male mice had significantly more water drinking bouts
than HS mice (p=0.015). Supplemental figure S2-2 shows IBI and bout length data for
ethanol and water. Analysis of average ethanol IBI found significant main effects of
genotype (F2,5,=6.434, p=0.003) and sex (F15,=9.216, p=0.004). Female mice had longer
IBIs than male mice (mean+SEM: 54.918+8.073 and 34.194+3.633, respectively), and
post-hoc tests showed that HDID-1 mice had longer IBIs than HDID-2 mice (p=0.002).
For average water IBI there was only a significant main effect of genotype (F,,6,=3.937,
p=0.025), with HDID-1 mice again having longer 1BIs than HDID-2 mice (p=0.021).
Analysis of average bout length found no significant effects or interactions for either
ethanol or water.

Saccharin intake is shown in Figure 2-8. Analysis of total intake on Day 4 showed

a main effect of genotype (F,83=18.919, p<0.001) and a significant genotype x sex
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interaction (F53=6.996, p=0.002). Follow-up one-way ANOVAs for genotype were run
for each sex. For males, there was a statistical trend toward a main effect of genotype
(F2,55=3.005, p=0.058). For female mice, there was a significant main effect of genotype
(F2,28=16.386, p<0.001) and post-hoc analyses showed greater saccharin intake by HDID-
2 mice than either HDID-1 or HS (p<0.001 for both).

Figure 2-9 shows saccharin bout features for Day 4. For the number of drinking
bouts, there were significant main effects of genotype (F25,=9.023, p<0.001) and sex
(F1,82=8.541, p=0.004). HDID-2 mice had more drinking bouts than either HDID-1 or HS
mice (p<0.018 for both), and male mice had more drinking bouts than female mice, with
no significant interaction. Analysis of IBI showed a significant main effect of genotype
(F282=12.15, p<0.001) and a trend toward a significant main effect of sex (F; s,=3.34,
p=0.071). Post-hoc analyses showed that HDID-2 mice had shorter IBIs than HDID-1
and HS mice, and HS mice had shorter IBIs than HDID-1 mice (p < 0.048 for all). There
was no significant genotype x sex interaction. For bout size, there was a significant main
effect of sex (F1,,=17.046, p<0.001) and a significant genotype x sex interaction
(F282=11.313, p<0.001). Follow-up one-way ANOVAs were run for each sex with
genotype as the factor. Male mice showed a significant main effect of genotype
(F2,54=4.634, p=0.014) with HDID-2 mice having significantly smaller bouts than HS
(p=0.01). For female mice there was also a significant main effect of genotype
(F2,28=4.969, p=0.014). This effect differed from the pattern of the males, however, with
HDID-2 female mice having larger bouts than HS (p=0.013) and a trend toward larger
bouts than HDID-1 as well (p=0.07). Analysis of bout length found significant main

effects of genotype (F,s,=4.344, p=0.016) and sex (F1s,=21.31, p<0.001), and a

45



significant genotype x sex interaction (F,g,=4.636, p=0.012). Follow-up one-way
ANOVA:s for each sex found a significant effect of genotype for female mice
(F228=4.169, p=0.026), but no significant effect for male mice (p>0.1). Post-hoc analyses
showed that female HDID-2 mice had longer bouts than HS mice (p=0.032) and a trend
toward having longer bouts than HDID-1 mice as well (p=0.062).

Discussion

In these experiments, we identified specific features of the ethanol drinking
microstructure that have changed as a result of HDID selection. Specifically, we found
that the HDID-1 and HDID-2 replicate lines differ in their ethanol bout structures while
not differing in total ethanol intake or BEC. The HDID-1 mice appear to achieve high
intake and high BECs primarily through taking in a large ethanol dose per bout. These
mice have a similar number of ethanol bouts compared with the HS mice, but their g/kg
intake per bout is significantly larger. The increase in bout size, however, is not
accompanied by a change in the length of the bout. This bout size phenotype is consistent
with what was previously observed in these mice at sub-binge levels of intake (Barkley-
Levenson & Crabbe, 2012), but the findings here show that their greater bout size is also
present during binge-like drinking. Furthermore, the results from Experiment 1 shed light
on how the HDID-1 mice achieve their greater g/kg intake per bout. While there was no
significant difference between the HDID-1 and HS mice in their average drinking rate
(licks/min), the HDID-1 mice were found to have a significantly larger lick volume, i.e.
these mice consume more ethanol per each lick of the sipper tube. This greater lick
volume in the HDID-1 mice was specific to ethanol, with no difference seen between the

lines for water lick volume. Thus, HDID-1 mice appear to be more “efficient’ at drinking
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ethanol than the HS mice, taking in a larger quantity of ethanol than HS mice with each
lick. This difference in lick volume also probably explains the significant line difference
in g/kg intake in the absence of a significant difference in total licks during the session. In
contrast to the findings for HDID-1, Experiment 2 showed that HDID-2 mice do not
significantly differ from HS mice in ethanol bout size. Instead, high ethanol intake and
BECs in the HDID-2 mice appear to result from a greater number of drinking bouts
during the session. Thus, HDID-2 drinking phenotype shows enhanced drinking
frequency as compared with the enhanced drinking efficiency of the HDID-1 mice.
Differences in the number of drinking bouts (8.3 + 0.46 for HDID-2 vs. 4.2 £+ 0.64 for
HS) or drinking bout size (0.51 = 0.04 for HDID-1 vs. 0.36 + 0.04 for HS), therefore,
cumulatively appear to explain significant differences in overall phenotype (g/kg intake
and BEC) between the HDID and HS mice. While these differences appear relatively
small in absolute magnitude, they represent a 50% reduction in number of drinking bouts
and a 29% reduction in bout size. It has been suggested that drinking microstructure
variables in animals such as bout size and IBI might serve as models for more complex
behaviors such as loss of control of drinking or alcohol craving, respectively (Samson,
2000). The distinct drinking microstructures of the HDID replicates could consequently
suggest underlying deficits in drinking termination (HDID-1s) or dysregulated appetitive
mechanisms (HDID-2s), and these possibilities will need to be explored in future studies.
In the two-bottle choice DID test, a similar pattern of results was seen with regard
to the ethanol bout structure differences between the lines. However, the genotypic
differences were weaker, with several significant only at trend levels. This presumably

reflects the attenuated HDID phenotype that is seen here and in previous studies during

47



two-bottle choice DID wherein ethanol intake and BEC are lower than that seen with
single-bottle DID (Barkley-Levenson & Crabbe, 2012; Crabbe et al., 2012a, 2012b).
Continuous access two-bottle choice preference drinking and DID have been shown to be
largely genetically distinct traits (Crabbe et al., 2012a, 2012b; Phillips et al., 2010).
However, the present results suggest that the bout structure of ethanol intake does appear
to generalize across procedures. HDID-1 mice had a larger ethanol bout size than HS
mice in both the single-bottle DID test and the two-bottle choice procedure, although the
effect was more modest when water was also present. Interestingly, the HDID-2
enhanced drinking frequency was also observed for water bouts (and saccharin, see
below). This indicates that a greater bout number may be a feature of HDID-2 drinking
regardless of fluid type. In contrast, the HDID-1 mice did not have a larger water bout
size than the other genotypes and their enhanced ethanol bout size appears to be fluid
specific.

Saccharin DID showed that all three genotypes are capable of similarly large bout
sizes when drinking a different palatable rewarding solution. The genetic differences in
ethanol bout size are therefore not likely due to some sort of ingestive deficit in the
HDID-2 and HS mice. The HDID-2 mice did have significantly more saccharin bouts
than the other genotypes, however, providing further evidence that this drinking pattern is
not specific to ethanol. Additionally, an interesting genotype x sex interaction was found
for saccharin DID intake. Female HDID-2 mice consumed significantly more saccharin
than the other genotypes and sexes. These mice do not differ in their saccharin preference
during a 24-h two-bottle choice test (Crabbe et al., 2011), so this difference appears to be

specific to binge-like saccharin exposure and/or the time period tested (i.e. the early part
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of the dark cycle). It is not certain why this effect was seen only in the female HDID-2s.
In rat lines selectively bred for saccharin preference, female rats consume more saccharin
than male rats (Carroll et al., 2008), so it may be that this is an expected sex difference in
high-saccharin consuming animals. Sucrose DID has not yet been tested in any of these
genotypes, but it would be an interesting follow-up to determine whether the sex and
genotypic differences in total intake and microstructure extend to caloric sweet solutions
as well. Sweet preference and alcohol consumption have been shown to be genetically
related in some rodent lines selected for high vs. low alcohol preference (Sinclair et al.,
1992) as well as in human alcoholics (Kampov-Polevoy et al., 2003). The HDID-2
female mice may then provide a good model for this association between sweet intake
and ethanol intake, but specific to a binge-like pattern of consumption. The presence of
this phenotype in only one of the HDID replicate lines, however, suggests that binge-like
saccharin consumption is not a correlated response to selection per se and that the genetic
relationship between alcohol drinking and sweet preference is not a necessary component
of the HDID selection phenotype.

Changes in bout microstructure were also evident across the 4 days of ethanol
DID. Specifically, all genotypes showed an increase in bout size from Day 1 to Day 4,
and this increase was significantly greater in the HDID-1 mice than HDID-2 or HS. The
number of bouts in 2 h of drinking also decreased from Day 1 to the first 2 h of Day 4 in
all animals, but the magnitude of this decrease was not significantly different between the
genotypes. The higher number of bouts on Day 1 may be due to the novelty of the
drinking solution, and thus declines over the DID test. We have shown previously in a 2-

day DID test that HDID mice will drink to intoxicating BECs during the initial 2 h
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exposure to ethanol on Day 1 (Crabbe et al., 2014). The decline in bout number across
days could therefore also suggest the development of a conditioned taste aversion
resulting from high ethanol intake on Day 1. Intake on the first day of a 4-day DID does
not correlate with intake on subsequent days, although intake on Days 2—4 show
significant correlations with each other (Rhodes et al., 2005). Therefore, the changes in
microstructure between Days 1 and 4 seen here may simply reflect distinct drinking
patterns inherent to each session (or to initial vs. repeated exposure to ethanol) that
underlie the unrelated intake on these 2 days. It is not yet known how microstructure
might continue to change with repeated ethanol exposures. The HDID mice have been
shown to be largely resistant to escalation of drinking induced by offering ethanol
intermittently during limited access (Crabbe et al., 2012b), but they do escalate their
drinking in a two-bottle choice procedure with longer exposures (Rosenwasser et al.,
2013), and HDID-1 mice showed increased two-bottle choice DID-like drinking over
many weeks (Crabbe et al., 2011). Thus, future studies will be needed to determine how a
more chronic drinking schedule may alter bout structure and patterning in these mice.
The patterning of ethanol intake during the DID session in the HDID mice shows
an interesting contrast with previous reports of drinking timing in the inbred B6 mice. B6
mice have repeatedly been shown to drink with a characteristic ‘front-loading’ behavior
wherein most of their intake occurs during the early part of the drinking session, and the
rate of this early session drinking has been seen to increase with repeated ethanol
experience (Griffin et al., 2009; Linsenbardt & Boehm, 2014; Rhodes et al., 2007;
Wilcox et al., 2014). In Experiment 2, HDID and HS mice showed fairly consistent rate

of intake throughout the initial 2-h drinking session on Day 1 of the single-bottle DID
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test. On Day 4, intake rate remained consistent for much of the session, although mice of
all three genotypes showed their lowest rate of consumption at the beginning of the
session and drank significantly less ethanol in the first 20 min than in some of the later
time points. This difference in drinking pattern between the HDID and B6 mice shows
that multiple ethanol drinking patterns are related to high intake and high BECs during
limited access drinking.

There are several procedural considerations that might have an effect on the
results seen in these experiments. First, there is the potential issue of the within-subjects
design of Experiment 2. In this experiment, animals were tested sequentially on two to
three DID procedures. The testing procedure was designed to try to minimize any
potential carry-over effects by including sufficient water-only washout periods between
each DID procedure, and also by testing saccharin last so as to prevent confounds due to
prior sweet tastant experience. However, we cannot be certain that repeated testing had
no effects. Consequently, it may be beneficial to test preference drinking DID and
saccharin DID again in separate experiments with naive animals to ensure that the group
differences do not change. Additionally, animals across both experiments were from a
range of selection generations, and the HDID-2 mice in general are not as far along in the
selection procedure as the HDID-1 mice. It is possible, therefore, that observed replicate
differences are simply the result of less advanced selection in the HDID-2 mice. Genetic
variance has been shown to be lower in the HDID-1 mice as compared with the HDID-2,
presumably due to increased inbreeding and fixation of alleles from the greater number of
selections (lancu et al., 2013). Greater genetic variation in the HDID-2 mice could

explain greater variation in behavior, such as the generalized enhanced bout frequency
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across DID tests and fluid types. However, HDID-2 mice show a robust selection
phenotype with over 50% of the mice in Generation S19 reaching BECs of 1.0 mg/ml or
higher. It is therefore uncertain whether the drinking microstructures of the HDID-2 will
change as selection continues. It may be necessary to repeat these experiments again in
the future after the HDID-2 mice are farther along in selection.

The HDID selection for high BECs following binge-like drinking has resulted in
two distinct drinking patterns that both lead to the selection phenotype and drinking to
intoxication. This parallels findings from human research that suggest there are numerous
ways to pattern intake to result in intoxication and harmful drinking. Consequently, the
replicates of the HDID lines will be useful for teasing apart the specific genetic
contributions to different aspects of drinking structure (drinking bout size and lick
volume vs. drinking frequency) and how drinking microstructure might relate to other
behaviors. Furthermore, we have recently undertaken the start of an additional HDID line
by crossing the HDID-1 and HDID-2 replicates using the strategy successfully employed
with the high and low alcohol preferring mice (Oberlin et al., 2011). This cross should
result in an enhanced HDID phenotype by capturing the specific genetic contributions to
the selection phenotype in each replicate line. As the HDID replicates arrive at high
BECs via different bout structures, we might expect that the HDID cross mice will have a
combination of these drinking structures with both an increased bout size and bout
number. Future testing of the ethanol drinking microstructure of the HDID cross will
show whether this is the case, and whether it promotes even higher intake and BECs

during ethanol DID.

52



Acknowledgments

The authors would like to thank Stephanie Spence and Andy Jade Cameron for assistance
with analysis of blood samples for BEC determination. We would also like to thank Drs.
Matthew Ford and Marcia Ramaker for expert assistance with lickometer data collection
and analysis, and Dr. Tamara Phillips for generous sharing of her lickometer equipment.
These studies were supported by NIH-NIAAA grants AA13519, AA10760, and by a
grant from the Department of Veterans Affairs (101BX000313). AMB-L was supported
by NIH-NIAAA grants AA02009 and AA007468, the Achievement Rewards for College
Scientists foundation, and an Oregon Health & Science University Graduate Research

Scholar award.

53



6 —e— HDID-1 * % % b) 18 - * %k k

—o—HS

5 E 16 1
£} 14
D 4 =12
(0]
5 ‘gw.o-
£’ G 08
E o -
g 2 M 06
L
£
w 04 |

1,

02 ﬁ
0 ‘ 00 | :

> 3 & &> HDID-1 HS

Figure 2-1. Daily ethanol DID intake (a) and Day 4 BECs (b) in the lickometer for
HDID-1 and HS male mice in Experiment 1. Ethanol intake (g/kg) is shown for each 2 h
drinking session (D1-D3) and for the final 4 h drinking session (D4). BEC (mg/ml) was
determined after drinking on Day 4. Means +SEM shown. N=12/line. *** indicates

statistically significant difference from HS mice (p<0.001).
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Figure 2-2. Ethanol bout features on Day 4 of the lickometer DID test for HDID-1 and

HS male mice in Experiment 1. Panel a shows the number of bouts, panel b shows the

bout size in licks (inset shows g/kg bout size), panel ¢ shows the total number of licks in

the session, and panel d shows the average lick volume. Means £SEM shown. N=12/line.

* indicates statistically significant difference from HS mice (p<0.05), ** indicates

p<0.01.
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Figure 2-4. Ethanol bout features on Day 4 of the BioDAQ single-bottle ethanol DID test.
Drinking structure variables recorded were the number of drinking bouts (a), the average
inter-bout interval (b), average g/kg bout size (c), and average bout length (d). Means
+SEM shown. N=31-65/line. * indicates statistically significant difference from HS mice
(p<0.05; *** indicates p<0.001). +++ indicates statistically significant difference from

HDID-1 (p<0.001). { indicates statistically significant difference from HDID-2 (p<0.05).
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Abstract

Both rewarding and aversive effects contribute to alcohol consumption. Animals
genetically predisposed to be high drinkers show reduced sensitivity to the aversive
effects of alcohol, and in some instances, increased sensitivity to alcohol’s rewarding
effects. The present studies tested the High Drinking in the Dark (HDID) selected lines, a
genetic model of drinking to intoxication, to determine whether intake in these mice was
genetically related to sensitivity to alcohol aversion or reward. Male HDID mice from the
first and second replicate lines (HDID-1 and HDID-2, respectively) and mice from the
heterogeneous progenitor control population (HS/Npt, or HS) were conditioned for a taste
aversion to a salt solution using 2 doses of alcohol, and lithium chloride (LiCl) and saline
controls. In separate experiments, male and female HDID-1, HDID-2, and HS mice were
conditioned for place preference using alcohol. HDID mice were found to have an
attenuated sensitivity to alcohol at a moderate (2 g/kg) dose compared to HS mice, but
did not differ on conditioned taste aversion to a high (4 g/kg) dose or LiCl or saline
injections. HDID and HS mice showed comparable development of alcohol-induced
conditioned place preference. These results indicate that high blood alcohol levels after
drinking in the HDID mice is genetically related to attenuated aversion to alcohol, while
sensitivity to alcohol reward is not altered in these mice. Thus, HDID mice may find a
moderate dose of alcohol to be less aversive than control mice and consequently may

drink more because of this reduced aversive sensitivity.
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Introduction

Alcohol (ethanol) has some seemingly paradoxical effects, as ethanol treatment
can produce responses indicating both reward and aversion. In humans, ethanol’s
rewarding effects are frequently associated with euphoria, stimulation, and drug liking. In
contrast, aversive effects are often associated with dysphoria and sedation (Martin et al.,
1993; Morean et al., 2013). These rewarding (positive) and aversive (negative) stimulus
effects of ethanol can be present at the same time (for review, see Verendeev & Riley,
2013). Thus, perception of the motivational value of ethanol is presumably determined by
an individual’s relative sensitivity to the rewarding versus aversive effects. In this
manner, sensitivity to both ethanol reward and aversion can modulate ethanol intake.

In animal studies, these motivational effects of ethanol can be readily assessed
using procedures based in Pavolvian conditioning such as conditioned place preference
(CPP) and conditioned taste aversion (CTA). Previous research has shown that the degree
of ethanol-CTA is negatively genetically correlated with home cage preference for
ethanol in a panel of inbred strains (Broadbent et al., 2002). Similarly, short-term selected
mouse lines bred for strength of ethanol CTA were found to differ in their ethanol
consumption, with low CTA mice consuming more ethanol than high CTA mice (Phillips
et al., 2005). Mouse lines selected for high and low alcohol preference also show this
inverse relationship between drinking and strength of CTA (Chester et al., 2003). In all
these studies, the correlated traits are tested in separate groups of naive animals, an
advantage of inbred strains and selectively bred lines.

The genetic relationship between ethanol drinking and ethanol CPP has also been

examined, but the results are more variable than those seen for CTA (Green & Grahame,

67



2008). Short-term selected mouse lines for high and low ethanol drinking show divergent
place conditioning, with the high drinkers having a greater expression of ethanol CPP
(Phillips et al., 2005). However, studies of other mouse and rat lines selected for ethanol
preference have failed to show this line difference for CPP (Gauvin et al., 2000), and
some have shown no difference or even the opposite relationship depending on the
conditioning dose used (Grahame et al., 2001). More consistent results have been seen
with relating single gene effects to drinking and CPP. For example, studies of mu opioid
receptor (Hall et al., 2001), dopamine D2 receptor (Cunningham et al., 2000), and
cannabinoid receptor 1 knockout mice (Naassila et al., 2004; Houchi et al., 2005) have
shown that knockout mice of all genotypes have reduced intake and weaker CPP as
compared to wild-type controls. Overall, there appears to be a modest, but inconsistent,
positive relationship between home cage ethanol consumption and ethanol CPP.

Of the studies examining the genetic relationship between ethanol drinking and
the motivational effects of ethanol, most have utilized a continuous access two-bottle
choice test of ethanol versus water to measure ethanol consumption. Because ethanol
intake is distributed across the entire day, this assay may not result in intoxication even in
high drinking animals (Dole & Gentry 1984, but see Matson & Grahame 2013). Limited
access binge-like drinking, which results in intoxicating blood ethanol concentrations
(BECs), has been much less well studied in relation to ethanol reward and aversion. One
study of inbred strains (Rhodes et al., 2007) showed a negative genetic correlation
between drinking on the final day of a limited access Drinking in the Dark (DID) test and
published strain data on ethanol conditioned taste aversion (Broadbent et al., 2002),

consistent with the findings from two-bottle choice experiments. Very few studies have
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examined both CPP and ethanol DID, but one study did find that histamine H3 receptor
knockout mice have reduced DID intake and also diminished CPP as compared to wild-
type mice, suggesting a positive genetic relationship (Nuutinen et al., 2011).

In the present studies, we sought to extend these findings by assessing ethanol-
motivated behaviors in animals that have been specifically bred for drinking to
intoxication. The High Drinking in the Dark (HDID) lines have been selected for
reaching high BECs during the DID test and can be thought of as a genetic model for
binge-like drinking (Crabbe et al., 2009). Mice of these genotypes regularly drink to
intoxicating BECs in the DID test (i.e., above 0.8 mg/ml) and the high intake and BECs
have been shown not to be due to underlying differences in ethanol metabolism (Crabbe
et al., 2009; 2014). Here, we tested naive mice of both replicate lines (HDID-1 and
HDID-2) and the control heterogeneous progenitor line (HS/Npt, or HS) for ethanol CTA
and ethanol CPP to determine whether changes in sensitivity to ethanol aversion or
reward have arisen as correlated responses to selection. We predicted that reduced
aversive sensitivity and/or increased ethanol reward sensitivity might be present in the
HDID mice and might therefore be related to their high BEC and high drinking

phenotype.

Materials and Methods

Animals and Husbandry
Mice in the CPP study were bred and housed at Oregon Health & Science
University (Portland, OR) and mice in the CTA studies were bred and housed in the

Veterinary Medical Unit of the Veterans Affairs Portland Health Care System (Portland,
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OR). Mice were weaned at 3 weeks of age and were reared with both dam and sire until
weaning. After weaning, mice were housed in groups of 2-5 with same-sex littermates or
with mice of the same genotype when necessary to avoid single housing. Mice were
housed in standard polycarbonate shoebox cages on Bed-0-cob bedding and received

ad libitum access to food (Purina 5001 chow, LabDiet, St. Louis, MO) and water unless
otherwise specified. All mice were between 50 and 78 days of age and were
experimentally naive at the start of testing. 50 day old mice were used in the CTA
experiments because the habituation and fluid-restriction phases were relatively long and
all mice were fully mature by the start of conditioning phase. HDID-1 mice from the 21
selection generation were used for the CTA experiment. The HDID-2 CTA experiment
was run in 2 separate passes, with the first pass using mice from selection generation 14
and the second pass using mice from selection generation 17. The CPP experiment used
offspring from breeder pairs taken from the 19" and 12" selection generations for HDID-
1 and HDID-2 mice, respectively. HS/Npt mice were used as the control comparator line
for the HDID mice in all experiments. HS/Npt mice are the starting population from
which the HDID lines were selected and are the product of a systematic 8-way cross of
inbred strains described in detail elsewhere (Crabbe et al., 2009). These mice can
therefore be considered an outbred heterogeneous stock, and are bred with no selective
pressure and thus maintain random assortment of genes. Mice were kept on a 12 h/12 h
light/dark cycle with lights on at 07:00 for the CPP study, 08:00 for the HDID-1 CTA
study, and 06:00 for the HDID-2 CTA studies. All procedures were approved by the local
Institutional Animal Care and Use Committees and were conducted in accordance with

the NIH Guidelines for the Care and Use of Laboratory Animals.
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CTA procedure

The taste conditioning procedure was adapted from that used by Broadbent and
colleagues (2002). Testing consisted of 3 phases: habituation, fluid restriction, and
conditioning. At the start of the habituation phase (Days 1-7), mice were singly housed
and provided with water via a 25 ml graduated cylinder fitted with a stainless steel
drinking spout or a polycarbonate bottle with a stainless steel drinking spout fixed to the
screw-top lid depending on experiment. Water consumption was monitored to ensure that
mice learned how to drink from the sipper tube. During the fluid restriction phase (Days
8-14), water bottles were removed and access to water was provided during a 2 h period
at the same time each day. Mice were weighed daily and water consumption was
recorded for the fluid access period. On the first day of the conditioning phase (Days 15-
27), mice were weighed and then provided with a drinking tube containing a 0.2 M
sodium chloride (NaCl) solution for 1 h. After 1 h, fluid consumption was recorded and
tubes were removed. Approximately 5 h after removal of the tube, mice received 30 min
of access to water to prevent dehydration. On the second day of conditioning, mice
received 2 h of water access as during the fluid restriction phase. This alternating pattern
of NaCl conditioning trials and water access was continued such that NaCl was presented
on Days 15, 17, 19, 21, 23, 25, and 27 and water was provided on the intervening days.
NaCl was presented without a paired injection on Day 15 to allow familiarization of the
animals with the novel drinking solution. On the remaining conditioning trials, removal
of the NaCl solution after the hour of drinking was immediately followed by
intraperitoneal (IP) injection with saline, 2 g/kg ethanol, 4 g/kg ethanol, or 3 mEqg/kg

lithium chloride (LiCl) as determined by drug group assignment. Saline injections were
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used as a control for changes in NaCl consumption over time or due to handling. LiCl
injections were designed to serve as a positive control to determine whether the
genotypes differ in their ability to condition a taste aversion, as this LiCl dose has been
shown to produce CTA in mice (Risinger & Cunningham, 2000). CTA was assessed by
comparing NaCl solution consumption on the first injection-paired trial (Day 17) to
consumption on the last conditioning trial (Day 27). A decrease in NaCl consumption
across conditioning trials was considered to indicate the development of a taste aversion.
This procedure is preferable to conditioning a taste aversion to ethanol itself because it
eliminates the potential influence of pre-absorptive effects such as taste and olfaction.

HDID-1 and HDID-2 mice were tested in different experiments (see below) at
different times due to animal availability and procedural necessity. Separate control
groups of HS mice were consequently tested with each experiment, and the HDID-1 and -
2 mice are only compared to the control group that was tested concurrent with their

respective line.

Experiment 1: CTA in HDID-1 and HS

Eighty male mice were used (n=10/genotype/drug group) for this experiment. Due
to the number of variable groups (four doses and two genotypes), testing both sexes
would have resulted in a procedurally unfeasible number of animals. Consequently, only
male mice were tested here and in Experiment 2, and female mice will need to be tested
at a future date. The taste conditioning procedure was performed as described above.
Drinking sessions took place between 12:30-14:30 on water days and between 12:30-

13:30 on conditioning days.
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Experiment 2: CTA in HDID-2 and HS
The first pass of this experiment used 79 male mice and the second pass used 77
male mice (n=9-10/genotype/drug group for each pass). Drinking sessions took place

between 10:30-12:30 on water days and between 10:30-11:30 on conditioning days.

Conditioned Place Preference apparatus

The apparatus used is described in detail elsewhere (Cunningham et al., 2006).
Briefly, twelve conditioning boxes (30 x 15 x 15 cm) made of acrylic and aluminum were
each enclosed in a light- and sound-attenuating chamber (Coulbourn Instruments Model
E10-20). General activity and the time spent on each side of the box was recorded by six
sets of infrared photo emitters and detectors mounted 2.2 cm above the floor at 5-cm
intervals along the wall. The experiment was conducted with no light in the chamber.
The conditioning stimuli (CS) consisted of interchangeable grid and hole floor halves.
The grid floor was made out of 2.3-mm stainless steel rods mounted 6.4 mm apart in
acrylic rails. The hole floor was made out of perforated stainless steel sheets (16 gauge)
consisting of 6.4-mm round holes with 9.5 mm staggered centers. These cues were
chosen based on previous studies showing that naive DBA/2J mice spend equal amounts

of time on each cue (Cunningham et al., 2003).

Experiment 3: Ethanol CPP

One hundred and thirty-eight male and female HDID-1, HDID-2, and HS mice
were used. Although sex differences were not anticipated for either CPP or CTA, female
mice were readily available at the time of CPP testing and could be easily included in the
experimental design and were therefore tested here in order to attain as complete a dataset

as possible. All genotypes and sexes were tested at the same time. This experiment
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consisted of three phases: pretest (one session), conditioning (eight ethanol sessions and
eight saline sessions), and place preference testing (three sessions). Before each session,
mice were placed into a sex-specific weigh bucket, weighed, and received an IP injection
immediately before being placed in the apparatus. Each squad consisted of a single sex,
and the order of squads was counterbalanced.

The pretest was conducted to confirm that there were no inherent biases to either
floor cue. All mice were weighed, injected with saline IP, and placed in the center of the
apparatus with both floors (half grid/half hole) for a single 30 min session. The position
of each floor was counterbalanced and number of beam breaks and time spent on each
floor were recorded.

An unbiased one-compartment place conditioning procedure was used
(Cunningham et al., 2003, 2006). During conditioning sessions, mice were weighed and
given an IP injection before being placed on a single floor cue for 5 min. Within the six
groups, mice were assigned to either GRID+ or GRID- conditioning subgroups (n=9-
12/genotype/sex/conditioning subgroup). The GRID+ subgroup received ethanol paired
with the grid floor (CS+) and saline paired with the hole floor (CS-). The GRID-
subgroup received ethanol paired with the hole floor (CS+) and saline paired with the
grid floor (CS-). CS+ and CS- trials alternated over 16 days (counterbalanced order),
with place preference tests performed after the fourth, sixth, and eighth pairs of
conditioning sessions. Place preference tests were performed identically to the pretest and
number of beam breaks and time spent on each floor were recorded. This procedure of
multiple preference tests was used in order to allow us to capture possible genotypic

differences in learning rate and asymptote during the acquisition of CPP.
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Drugs

Ethanol (OHSU Research Stores, Portland, OR: 20% v/v) for the CPP study was
prepared using a 95% stock solution diluted with 0.9% saline and was administered IP at
a dose of 2g/kg. This dose and administration of ethanol has been successful in achieving
CPP in DBA/2J and C57BL/6J mice (Gremel et al., 2006). Saline was administered IP at
a volume of 12.5 ml/kg. Ethanol (Decon Laboratories Inc., King of Prussia, PA: 20% v/v)
for the CTA studies was prepared using 100% ethanol diluted with saline and
administered at a 2 or 4 g/kg dose. LiCl (0.15 M; Sigma-Aldrich, St. Louis, MO) was
diluted in sterile distilled water and administered IP at a dose of 3 mEq/kg. Saline
injections were given at a volume of 10 ml/kg. NaCl drinking solution (0.2M; Sigma-

Aldrich, St. Louis, MO) was prepared by dissolving NaCl in tap water.

Statistical Analyses

Statistical analyses were carried out using multifactorial analyses of variance
(ANOVAS) in Systat (version 13; Systat Software, Inc., Chicago, IL) or StatView
(version 5.0, SAS Institute, Cary, NC). Lower order ANOVAs were used to follow up
significant interactions. Significance was set at a=0.05 for all tests unless otherwise
specified and a Bonferroni correction for multiple comparisons was used for post-hoc
analyses. Statistical trends are discussed for p values > 0.05 and <0.1. For CTA
experiments, daily intake was converted to ml per kg of body weight. CTA change scores
were computed by subtracting intake at baseline (i.e., conditioning trial 1) from intake
during the final conditioning trial. CTA daily intake data were analyzed by repeated
measures ANOVA, with between subjects factors of genotype and drug group and the

within subjects factor of conditioning trial. Baseline intake of the NaCl solution on
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conditioning trial 1 (before any injections were given) was analyzed by two-way
ANOVA with the factors of genotype and drug group to determine whether there were
any initial group differences in consumption. Change scores were analyzed by two-way
ANOVA with genotype and drug group as factors. CPP test data for time spent on the
grid floor were analyzed by three-way ANOVA for the pretest and each preference test
with genotype, sex, and conditioning subgroup as factors. A significant difference
between conditioning subgroups was used to indicate the development of a place
preference. A repeated measures ANOVA with between subjects factors of sex,
genotype, and conditioning subgroup was also used to analyze potential changes across
tests 1-3. Locomotor activity data were analyzed by two-way ANOVA for the pretest and

each preference test with genotype and sex as factors.

Results

Experiment 1: CTA in HDID-1 and HS

Six animals (1 HDID-1 animal each from the saline, LiCl, and 2 g/kg ethanol
groups, and 1 HS animal each from the saline, LiCl, and 4 g/kg groups) were excluded
from analysis because they received unintentional water access during the night prior to
conditioning trial 4. Figure 3-1 shows intake of the NaCl solution across conditioning
trials in the HDID-1 (3-1a) and HS (3-1b) mice. Statistical analyses showed a significant
main effect of genotype (F16=4.9, p=0.030), drug group (F3=37.2, p<0.001), and
conditioning trial (Fs330=119.7, p<0.001). Significant two-way interactions were found
for trial x drug group (F15330=14.3, p<0.001) and genotype x drug group (F3=4.9,
p=0.004). A significant three-way interaction of conditioning trial x genotype x drug

group (F15330=1.8, p=0.040) was also found. Follow-up ANOVAs examining each drug
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group separately showed significant main effects of genotype (F1,17=21.8, p<0.001) and
trial (Fsg5=34.6, p<0.001), and a significant trial x genotype interaction (Fsgs=4.2,
p=0.002) in the 2 g/kg ethanol treated animals. HDID-1 mice had significantly greater
NaCl solution consumption than HS on conditioning trials 3-6 (F117.1>16.4, p<0.001),
indicating that magnitude of CTA at this dose was smaller for HDID-1 than the HS
animals. For the 4 g/kg ethanol group there was a significant main effect of trial
(Fs,85=129.8, p<0.001), but only a trend toward a main effect of genotype (F117=3.7,
p=0.072) and no significant trial x genotype interaction. These results indicate the
development of comparable CTA in both HDID-1 and HS mice at this dose. There was a
significant main effect of conditioning trial (Fsgp=22.3, p<0.001) in the LiCl group, but
no significant trial x genotype interaction , indicating that LiCl CTA was similar between
genotypes. For vehicle-treated animals there was no significant main effect of genotype
or significant trial x genotype interaction. There was a significant effect of trial
(Fs,80=3.2, p=0.011), but post-hoc analyses showed this to be due solely to lower NaCl
consumption on Trial 3 than Trial 1 (p=0.027). These results indicate that the handling
and injection procedure had no systematic effect on NaCl intake over time.

Drinking on trial 1 was analyzed individually to determine whether there were
any baseline group differences in consumption of the NaCl solution. There was a
significant main effect of genotype (F166=6.1, p=0.016), with HDID-1 mice (Fig. 3-1a)
drinking more NaCl at baseline than HS mice (Fig. 3-1b). Because of this initial line
difference in drinking, we decided to also analyze CTA change score as a way to
minimize any potential impact of baseline variation. CTA change scores (intake on the

final trial minus intake on the first trial) for each group are shown in Figure S3-1. A
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significant interaction of genotype x drug group was found (F3 gs=4.5, p=0.006), as well
as a significant main effect of drug group (F366=36.3, p<0.001). Follow up ANOVAs
showed that analysis of change scores yielded the same pattern of results as the repeated
measures ANOVA, with HDID-1 mice showing a trend toward a smaller magnitude of
CTA for 2 g/kg ethanol than the HS animals, though this difference failed to reach the
Bonferroni-corrected significance threshold of a=0.0125 (F1,17=6.7, p=0.020). HDID-1
and HS mice did not differ significantly on change score for any of the other conditioning
groups, reinforcing the idea that HDID-1 mice are specifically resistant to a taste aversion
conditioned with moderate dose ethanol.
Experiment 2: CTA in HDID-2 and HS

Three mice in Experiment 2 died during the course of the study and their data
have been excluded from analysis. Figure 3-2 shows intake of the NaCl solution across
conditioning trials in the HDID-2 (3-2a) and HS (3-2b) mice. Statistical analyses showed
a pattern of results similar to that seen with the first replicate line in Experiment 1. There
were significant main effects of genotype (F1,141=36.8, p<0.001), drug group (Fs3,141=26.8,
p<0.001), and conditioning trial (Fs70s=54.1, p<0.001), as well as significant two-way
interactions of genotype X trial (Fs705=3.5, p=0.004) and drug group X trial (F15705=7.8,
p<0.001). Although the three-way interaction of genotype x drug group X trial was not
statistically significant, we chose to use the same data analysis strategy as for Experiment
1 due to our a priori interest in interpreting results across the replicate lines. Follow up
ANOVAs of each drug group individually showed a significant main effect of genotype
(F1,36=6.2, p=0.018) and trial (Fs15=11.3, p<0.001), and a significant genotype x trial

interaction (Fs180=2.8, p=0.019) in the 2 g/kg ethanol group. HDID-2 and HS mice did
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not differ in intake on trials 1-4, but HDID-2 mice had significantly greater intake than
HS mice on trials 5 and 6 (F1 37>7.9, p<0.008), indicating a reduced magnitude of CTA at
this dose. For the 4 g/kg ethanol-treated animals, there were significant main effects of
genotype (F1,34=16.0, p<0.001) and trial (Fs170=93.4, p<0.001), but no significant
interaction of genotype x trial, indicating the development of a similar CTA in both lines.
The LiCl group showed significant main effects of genotype (F135=17.6, p<0.001), trial
(Fs175=11.3, p<0.001), and a significant genotype x trial interaction (Fs175=3.2, p=0.009).
Follow-up ANOVAs showed that HDID-2 mice consumed significantly more NaCl
solution than HS mice on trials 3, 4, and 6 (F1 36>11.8, p<0.002; Bonferroni-corrected
a=0.008), indicating transiently weaker conditioning to LiCl in the HDID-2 mice. The
vehicle group showed a significant main effect of genotype (F1,3s=4.2, p=0.048), but no
significant effect of trial or significant genotype x trial interaction.

Analysis of baseline NaCl drinking on trial 1 showed no significant main effect of
drug group, a trend toward a main effect of line (p=0.076), and no significant genotype x
drug group interaction, indicating that groups were relatively well matched for baseline
intake. CTA change from baseline scores for each group are shown in Figure S3-2.
Analysis of CTA change scores showed significant main effects of genotype (F1 144=7.7,
p=0.006) and drug group (F3,144=18.5, p<0.001), and a significant genotype x drug group
interaction (F3144=2.9, p=0.035). Follow-up ANOVAs of each drug group individually
showed that HDID-2 mice conditioned with 2 g/kg ethanol had a significantly smaller
change score than HS mice (F1 3;=7.8, p=0.008). Mice in the 4 g/kg ethanol, LiCl, and

saline groups did not differ significantly between the genotypes for the CTA change
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score, although there was a statistical trend toward a greater change score for the HS mice

in the vehicle-treated group (p=0.076).

Experiment 3: Ethanol CPP

Time spent on the grid floor during the pretest and each preference test is shown
in Figure 3-3. Analysis of time spent on the grid floor during the pretest (Fig. 3-3a)
showed no significant main effect of conditioning subgroup, sex, or genotype, and no
significant interactions, indicating that animals of each group had no initial bias toward
the tactile cues (All F < 1.7). Analysis of tests 1-3 (Fig. 3-3) showed significant main
effects of conditioning subgroup (F1126>27.4, p<0.0001), but no significant effects of
genotype or sex and no significant interactions. A repeated measures ANOVA of grid
time across all CPP tests (tests 1-3) showed a significant 4-way interaction of test x
conditioning subgroup x genotype X sex (Fs252=2.4, p=0.047). A follow-up ANOVA
showed a significant 3-way interaction of test x conditioning subgroup x genotype for
males only (F413,=2.48, p=0.047). ANOVASs were run for each test for males only and
showed a significant conditioning subgroup x genotype interaction only on test 3
(F2,66=3.43, p=0.038), which was due to significant place conditioning in both HDID
lines but not in the HS males. Place conditioning on tests 1 and 2 was comparable across
genotypes. Analysis of locomotor activity during each test showed only a significant
main effect of genotype (F2.132>7.5, p<0.001), with HDID-1 mice having lower activity
than HDID-2 and HS mice on the pretest and all preference tests (Fig. 3-4).

Discussion

In the CTA experiments, both HDID replicates had weaker ethanol CTA to a 2

g/kg conditioning dose than HS mice. In contrast, all genotypes conditioned a strong
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aversion to the 4 g/kg dose, indicating that HDID mice do not simply have deficits in the
associative learning necessary to develop a CTA. Consequently, the attenuated CTA to a
moderate dose of ethanol is presumably due to a difference in sensitivity to the aversive
effects of that dose. This is further supported by the fact that HDID-1s, and to some
extent HDID-2s, developed a CTA similar to HS mice when treated with LiCl. The
specificity of the genotypic difference to the 2 g/kg ethanol dose is consistent with
previous mouse studies showing that the inverse genetic relationship between ethanol
preference drinking and ethanol conditioned taste aversion is more robust with a 2 g/kg

dose than a 4 g/kg dose (e.g. Chester et al., 2003).

There is some evidence that the HDID-2 mice also had less LiClI CTA than the
HS mice, an effect which was not seen in the HDID-1s. This could suggest that the
second replicate is less sensitive to mildly aversive drugs in general; testing additional
compounds would be necessary to resolve this. This potentially attenuated aversive
sensitivity does not seem to reflect a deficit in learning, as the HDID-2 mice readily
conditioned an aversion to the 4 g/kg ethanol dose and show no deficits in ethanol CPP.
These mice also show no significant difference from HS mice in baseline consumption of
the saline solution in the CTA test, suggesting that the present results cannot be explained
by reduced exploration or increased novelty aversion in this line. That the HDID-2 mice
show this more generalized attenuation of aversion than the HDID-1 mice is not entirely
surprising: these two lines were independently selectively bred and thus it is possible that
different combinations of genes were affected in the two iterations of the selection
experiment. The broadly-defined similarity of relative insensitivity to moderate-dose

ethanol CTA in the HDID-1 and HDID-2 lines argues strongly for the role of some of the
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same genes that lead to high binge-like drinking. However, the HDID-1 and HDID-2
lines differ for many other genes as well, due to unavoidable chance effects. Because the
genetic contributions to individual differences in ethanol CTA and high drinking in the
dark are not completely the same, the pattern of ethanol CTA results is not expected to be
identical in the two HDID lines. Additionally, linkage disequilibrium could play a role, if
there is a difference between the replicates in a gene (or genes) that is linked to the ones
influencing DID.

Alternatively, the lesser sensitivity of HDID-2 mice to LiCl on 3 of the 6 test
trials could merely reflect transient differences. The HDID-2s (14™ and 17" selected
generations) are not as far along as the HDID-1s (21* generation) in the selection
process. Because the difference between HDID-1 and HS mice in the primary selected
trait (DID-BEC) was greater than the difference between HDID-2 and HS, some putative
correlated responses to selection that appear early (i.e., in HDID-2) might not survive as
the intensity of selection increases (HDID-1). One possible explanation is that this is due
to the disruption of haplotype blocks with increasing numbers of selection generations.
We examined the data for the two passes of HDID-2 mice tested and saw a stronger
tendency for reduced HDID-2 LiCl CTA in S14 than in S17 (data not shown), which is
consistent with the hypothesis that LiCl sensitivity in HDID-2 was a “false positive”
correlate. This is supported by a difference in the selection phenotype between these
generations as well (average BECs for S14 and S17 plus/minus the standard deviation:
0.790+0.038 and 1.171+0.043 mg/ml, respectively; HDID-1 mice of S21 had a BEC of
1.22+0.057 mg/ml. Data are unpublished). Regardless, the consistent and significantly

reduced sensitivity to the 2 g/kg ethanol dose in both replicates across trials is strong
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evidence for a correlated response to selection. Thus, while it is possible that the random
assortment of genes during the HDID-2 selection has given rise to attenuated aversive
sensitivity to other drugs as well, the apparent shared genetic contributions to ethanol
aversion and drinking to intoxication are likely present in both lines.

Mice of all genotypes and sexes developed a modest but significant ethanol CPP,
indicating that ethanol is perceived as rewarding by these animals. The lack of any
difference in magnitude between the lines on tests 2 and 3 suggests that initial ethanol
reward sensitivity does not differ between HDID and HS mice. The finding of greater
time on the drug-paired floor in the HDID males than the HS males on test 4 suggests
possible subtle genotypic differences in ethanol CPP. Specifically, each CPP test
essentially acts as an extinction trial since the conditioning cues are being presented in
the absence of drug. Thus, the difference in CPP on test 4 could indicate a difference
between HDID and HS males in sensitivity to ethanol extinction, with the HDID mice
extinguishing more slowly than the HS. Future testing using an actual extinction
procedure after CPP acquisition could be used to investigate this possibility further.
Another possibility would be to perform a single CPP expression test after the full
number of conditioning trials to assess whether a genotypic difference in CPP remains in
the absence of repeated drug-free tests.

One limitation of the CPP study is that only a single dose of ethanol was tested. It
is therefore possible that at a different dose we would have been able to distinguish
genotypic differences in place conditioning, as were seen with the CTA experiments. The
place conditioning seen here seemed to reach a performance ceiling by the first test and

did not increase with additional conditioning trials, so it might be possible to see
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differences between the lines at a lower dose. However, the magnitude of the CPP was
relatively modest and CPP has been previously noted as often lacking a graded dose-
response curve (e.g. Cunningham et al., 1992), so a lower dose might simply eliminate
CPP expression entirely. It could prove useful in the future, though, to test these
genotypes of mice using a more dose-sensitive paradigm such as the reference dose
procedure (Groblewski et al., 2008) to see if we are able to observe any differences
between the lines. It may also prove beneficial to test these genotypes for CPP using a
different conditioning agent (e.g. a natural reinforcer or a different drug of abuse), to
determine whether the present results generalize to other rewarding substances.

When examining CPP data, it is important to consider the fact that locomotor
activity can affect the expression of a place preference, with higher levels of activity
impairing the demonstration of CPP (Gremel & Cunningham, 2007). We did observe a
genotypic difference in activity in the CPP tests (Fig. 3-4), with the HDID-1 mice
showing lower activity than the other two genotypes. This difference in activity is
consistent with previous findings from these lines (Crabbe et al., 2012b), but is unlikely
to have affected the CPP results since even the most active lines had locomotor activity
well below levels shown to interfere with CPP expression (Gremel & Cunningham,
2007). It should also be noted that CPP is not an entirely unambiguous measure of drug
reward, and that additional testing (e.g. ethanol-reinforced responding on a progressive
ratio) is needed in order to completely rule out possible differences in reward sensitivity.
From the present results, however, it would appear that drinking to intoxication in the
HDID lines does not reflect an alteration in perceived rewarding effects of ethanol. This

is consistent with much of the previous work from rodent selected lines that also failed to
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show alterations in ethanol CPP as a correlated response to selection for ethanol
preference or intake. Single gene effects have been shown to influence ethanol drinking
as well as CPP, and it is possible that future experiments examining individual gene
contributions to the HDID phenotype will yield similar results, but an overall genetic
relationship between drinking to intoxication and ethanol CPP does not appear to be
present.

The results of the present experiments demonstrate that the genetic relationship
between ethanol motivated behaviors and binge-like drinking is similar to that seen
previously with two-bottle choice continuous access drinking. Specifically, these findings
are consistent with the literature on the negative genetic correlation between preference
drinking and ethanol CTA in mouse and rat selected lines (e.g. Broadbent et al., 2002;
Brunetti et al., 2002; Chester et al., 2003; Froehlich et al., 1988; Phillips et al., 2005; see
review by Cunningham et al., 2009) and extend this association to another model of
ethanol intake. The consistency of findings for the binge-like and continuous access,
preference drinking traits is consistent with data suggesting a moderate genetic
correlation between these two traits. Although inbred strain correlations between DID
and preference drinking are generally high (Rhodes et al., 2007; Crabbe et al., 2012c),
HDID mice show only modestly greater preference drinking than HS (Crabbe et al.,
2010; Rosenwasser et al., 2013). Our results suggest the existence of similar genetic
contributions underlying sensitivity to ethanol aversion and drinking to intoxication
(DID), but not ethanol reward as measured by CPP. Previous work has shown little
evidence of genetic correlation between ethanol CTA and CPP (e.g. Phillips et al., 2005),

and quantitative trait loci mapping suggests only limited chromosomal overlap
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(Cunningham 1995; Risinger & Cunningham, 1998), so it is not surprising that HDID
selection has resulted in line differences in one behavior and not the other.

It is important to note that the present results demonstrate a negative genetic
correlation between the HDID phenotype and ethanol CTA. In order to determine
whether drinking to high BECs and CTA are related within a given individual, it would
be necessary to test CTA and ethanol DID in the same animals. It is possible to speculate,
however, as to how changes in aversive sensitivity could produce increased intake. In
humans, for example, heavy drinkers given ethanol in a laboratory setting report lower
sedation and higher drug “liking” than light drinkers, and individual differences in these
responses predict subsequent binge drinking frequency in the heavy drinking individuals
(King et al., 2011). In our model, it could be that a reduced sensitivity to the aversive
effects of ethanol at moderate doses such as those ingested during the DID test allows
HDID mice to drink in a manner that produces higher BECs and greater intoxication than
HS mice. We have shown previously that HDID-1 mice drink ethanol in significantly
larger “bouts” (i.e., consume a larger g/kg dose of ethanol in the same amount of time)
than HS mice during the DID test (Barkley-Levenson & Crabbe 2012). It might be that
this pattern of intake is possible for the HDID-1 mice because they are less sensitive to
the negative pharmacological effects of these large drinking bouts. Another possibility is
that the reduced aversion of the HDID mice allows them to more readily drink enough
ethanol to experience its rewarding effect. Thus, while we report here that experimenter-
administered ethanol is equally rewarding to HDID and HS mice, in a home cage
drinking situation where the mice determine the dose administered, HDID mice might be

more likely to actually experience ethanol reward which may in turn enhance motivation
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to continue drinking. The specific genetics underlying sensitivity to ethanol’s aversive
effects are not yet well understood, but the 02 subunit of GABA type-A receptors has
been implicated in mediating ethanol CTA (Blednov et al., 2013). Consequently, these
subunits could be an interesting target for future pharmacological and genetic studies in
the HDID and HS lines. Overall it remains unknown exactly what drives the high intake
and high BECs in the HDID mice, but the current studies provide strong evidence that
reduced sensitivity to ethanol’s aversive effects may be a significant contributor to the

HDID phenotype.
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Figure 3-1. NaCl solution intake in ml/kg body weight across the 6 conditioning trials.
Panel a shows intake for the HDID-1 mice and panel b shows intake for the HS mice.

Ethanol conditioning groups (2 and 4 g/kg) are shown in filled symbols and control

groups (vehicle and LiCl) are shown in open symbols. Means £SEM shown. * indicates a

statistically significant difference (p<0.001) in NaCl solution intake from corresponding

HS group.
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Figure 3-2. NaCl solution intake in ml/kg body weight across the 6 conditioning trials.
Panel a shows intake for the HDID-2 mice and panel b shows intake for the HS mice.

Ethanol conditioning groups (2 and 4 g/kg) are shown in filled symbols and control

1 2 3 4 5 6
Conditioning trial

groups (vehicle and LiCl) are shown in open symbols. Means £SEM shown. * indicates a

statistically significant difference (p<0.01) in NaCl solution intake from corresponding

HS group.
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Figure 3-3. Ethanol conditioned place preference expression during the pretest and Tests
1-3 (after 4, 6, or 8 pairings, respectively). Panels a and b show time spent on the grid
floor by male (a) and female (b) animals of each genotype. G+ indicates mice that
received 2 g/kg ethanol paired with the grid floor (GRID+ conditioning subgroup) and G-
indicates mice that received 2 g/kg ethanol paired with the hole floor (GRID-
conditioning subgroup). The difference between G+ and G- group scores reflects the
magnitude of conditioned place preference. Panels ¢ and d show percent time spent on
the drug-paired floor (collapsed on conditioning subgroup) for males (c) and females (d)
of each genotype. The dashed line at 50% indicates the point of no preference for either

floor. Means +SEM shown.
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shown.
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Figure S3-1. CTA change scores for HDID-1 and HS mice of each drug group. Change
scores are the ml/kg NaCl solution intake at baseline (Trial 1) subtracted from the ml/kg
NaCl solution intake on the final conditioning trial (Trial 6). A negative change score

indicates a reduction in intake between the initial and final trials. Means +SEM shown.
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score indicates a reduction in intake between the initial and final trials. Means +SEM

shown.
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induced anxiolysis in High Drinking in the Dark selected mice
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Abstract

Alcohol use disorders and anxiety disorders are highly comorbid in humans. In
rodent lines selected for alcohol drinking, differences in anxiety-like behavior are also
seen. The High Drinking in the Dark (HDID) lines of mice were selectively bred for
drinking to intoxication during limited access to alcohol, and these mice represent a
genetic model of risk for binge-like drinking. The present studies investigated whether
these selected lines differ from control (HS) mice in basal anxiety-like behavior or in
anxiolytic response to alcohol. We also assessed the genetic correlation between alcohol
drinking in the dark (DID) and basal anxiety-like behavior using existing inbred strain
data. Mice of both sexes and HDID replicates (HDID-1 and HDID-2) were tested on an
elevated zero maze immediately following a DID test. In general, HDID mice showed
more time spent in the open arms after drinking alcohol than HS mice, although a
significant anxiolytic effect of alcohol drinking was only seen in the HDID-1 females and
the HDID-2 males. When assessed collapsed across genotype, open-arm time was
significantly correlated with blood alcohol concentration. HDID-1 male mice also
showed less anxiety-like behavior at baseline (water-drinking controls). In a separate
experiment, HDID-1 and HS mice were tested for anxiolytic dose-response to acute
alcohol injections. Both genotypes showed increasing time spent in the open arms with
increasing alcohol doses, and HDID-1 and female mice had greater open-arm time across
all drug groups, including saline. HDID-1 control males showed lower anxiety-like
behavior than the HS control males. Inbred strain data analysis showed no significant
genetic relationship between alcohol DID and anxiety. These findings suggest that HDID

selection has not produced consistent changes in anxiety-like behavior or sensitivity to
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alcohol-induced anxiolysis, although reduced basal anxiety-like behavior was found to be
a trait of the male HDID-1 mice. Given the lack of consistent findings across replicates
and sexes, however, is does not appear that anxiety state and sensitivity to alcohol’s
anxiolytic effects contribute significantly to the high drinking behavior of the HDID

mice.
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Introduction

Alcohol use disorders (AUDs) and anxiety disorders have been shown to have a
high degree of comorbidity (for review, see Kushner et al., 2000 and Smith & Randall,
2012). Two broad hypotheses that are not mutually exclusive might account for this.
Alcohol has significant anxiolytic effects (e.g., Gilman et al., 2008), and there is evidence
that higher basal anxiety may promote greater alcohol intake which can lead to abuse
(Bolton et al., 2006). Another possibility is that anxiety disorders and AUDs may share
some of the same underlying genetic risk factors. Family and twin studies have suggested
possible common transmission of anxiety disorders and AUDs, which may represent
shared genetic risk (e.g., Merikangas et al., 1994; Tambs et al., 1997).

There is also evidence from the animal literature to suggest a relationship between
anxiety-like behavior and alcohol consumption. Rats classified as anxious by
performance on an elevated plus maze (EPM) voluntarily drink more alcohol in a
subsequent test than those classified as non-anxious (Spanagel et al., 1995). Similarly,
some rodent lines selected for high vs. low alcohol preference also show innate
differences in basal anxiety-like behavior and sensitivity to alcohol-induced anxiolysis,
with high preferring animals generally having greater basal anxiety-like behavior and/or
greater sensitivity to alcohol’s anxiolytic effects (Colombo et al., 1995; Stewart et al.,
1993). These anxiety-related behaviors appear to be correlated responses to selection for
high alcohol intake in these lines. However, this relationship is not seen for all rodent
lines selected for high vs. low drinking, with some lines showing an opposite relationship
or no relationship with drinking (Can et al., 2012; Sandbak et al., 1998). Another way of

examining this relationship is by measuring alcohol drinking in animals selectively bred
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for anxiety-like behavior. Rats selectively bred for high (HAB) or low (LAB) anxiety-
related behaviors on an EPM show differences in alcohol preference in a 2-bottle choice
test (Henniger et al., 2002). However, LAB rats have a greater rather than lesser alcohol
preference than HAB rats. The anxiolytic effect of an injection of alcohol is greater in the
HAB rats than LAB rats, which is the direction of effect that would be expected for an
anxiety-medication hypothesis of drinking. Consequently, the possible genetic
relationship between alcohol intake and anxiety-like behavior appears to be complex for
both alcohol- and anxiety-related selection phenotypes.

With the exception of the study by Can and colleagues using mice, most of the
previous work involved rat lines, and all previous studies have used animals either
selectively bred for, or tested on, 2-bottle choice alcohol preference drinking. In the
present experiments, we sought to extend these findings to another model animal species
and a test of binge-like drinking by determining the relationship between anxiety-like
behavior and alcohol drinking in mice selectively bred for blood ethanol concentration
(BEC) after drinking to intoxication. The HDID lines of mice were selectively bred for
BECs after drinking in the dark (DID), and routinely drink to intoxicating blood levels in
a limited-access test (Crabbe et al., 2009, 2014). These mice have been extensively
behaviorally phenotyped to determine correlated responses to selection and possible
factors promoting their high drinking (for review, see Barkley-Levenson & Crabbe,
2014). Here, we tested whether drinking during the DID test is sufficient to produce
alcohol-induced anxiolysis, and whether differences in anxiolytic response to alcohol or
basal anxiety-like behavior may underlie the high drinking phenotype of HDID mice. We

also used existing inbred mouse strain data sets to assess the genetic relationship between
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anxiety-like behavior and alcohol DID.

Materials and methods

Animals and husbandry

Male and female mice of the HDID-1, HDID-2, and HS lines were bred and
housed in the Veterinary Medical Unit of the Veterans Affairs Portland Health Care
System (Portland, OR). Mice were weaned at 3 weeks of age and were reared with both
dam and sire until weaning. After weaning, mice were housed in groups of 2-5 with
same-sex littermates or with mice of the same genotype when necessary to avoid single
housing. All mice were between 51 and 80 days of age and were experimentally naive at
the start of testing. Mice were housed in standard polycarbonate shoebox cages on Bed-o-
cob bedding and received ad libitum access to food (Purina 5001 chow, LabDiet,
St. Louis, MO) and water unless otherwise specified. HDID-1 mice from the 22nd and
27th selection generations were used in Experiment 1 and mice from the 23rd and 28th
selection generation were used in Experiment 2. HDID-2 mice from the 19th selection
generation were used in Experiment 1. HS/Npt (HS) mice are the starting population
from which the HDID lines were selected and are the product of a systematic 8-way
inbred strain cross (see Crabbe et al., 2009 for details). These mice are not subjected to
selection pressure and represent a genetically heterogeneous population used as a
comparator control for the HDID lines. For both Experiments 1 and 2, mice were tested
in multiple passes (replicate experiments), with some or all of the sexes and genotypes
included in each pass. For Experiment 1, all mice were kept on a 12 h/12 h reverse
light/dark cycle with lights off at 09:30. For Experiment 2, one pass of mice was kept on

a 12 h/12 h forward light/dark cycle with lights on at 06:00, and a second pass of mice
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was kept on a reverse light/dark cycle with lights off at 10:30. Both groups were tested at
approximately the same time during their circadian light phase, as our laboratory and
most others routinely test anxiety-like behavior during the light cycle. All procedures
were approved by the local Institutional Animal Care and Use Committee and were
conducted in accordance with the National Institutes of Health Guidelines for the Care

and Use of Laboratory Animals.

Experiment 1: anxiety-like behavior after DID

Seventy-nine male and female mice of the HDID-1, HDID-2, and HS lines were
used in this study (n = 6-9/line/sex/group). Mice were tested in 4 passes, with mice of all
sexes and genotypes used in each pass except that only female HDID-1 mice were tested
in the first pass. At the beginning of the experiment, mice were singly housed and
habituated to reverse light/dark for 2 weeks. During this time, mice were given water
from polycarbonate bottles with stainless steel sipper tubes attached. After the
acclimation period, mice were given a modified version of our standard 2-day DID test.
The 2-day DID was chosen because this is the test used in our selection procedure and we
were interested in whether alcohol-induced anxiolysis is experienced by these mice under
conditions comparable to HDID selection. The DID test is described in detail elsewhere
(Crabbe et al., 2009). Briefly, 2-3.5 h after lights off, water bottles were removed and
replaced with 10 ml graduated cylinders fitted with stainless steel ball-bearing sipper
tubes containing either 20% alcohol or water depending on group assignment. Start times
were staggered by 10-min intervals for every 2 mice to allow for testing on the elevated
zero maze (EZM) immediately after drinking on the second day. At the start of the

drinking session, fluid levels were recorded and tubes were left in place for 2 h. After 2 h,
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fluid levels were recorded again and tubes were removed and water bottles were returned
to the cages. The next day, the procedure was repeated identically except that tubes were
left in place for 4 h. At the end of the 4 h, mice were tested on the EZM in squads of 2
(one mouse per maze) for 5 min. Immediately following the EZM test, a 20 pL blood
sample was taken from the retro-orbital sinus of each alcohol-group mouse to determine

BEC.

Experiment 2: dose-response to alcohol-induced anxiolysis

One hundred thirty-three male and female HDID-1 and HS mice (n = 5—
10/line/sex/dose) were used in this experiment. Male mice were tested in two passes, and
female mice were tested in a single pass. Prior to the start of testing, mice were
pseudorandomly assigned to a dose group (saline, 0.5, 1, or 1.5 g/kg alcohol). Behavioral
testing in Experiment 2 started at approximately 3 h after lights-on for both passes. On
the day of testing, mice were moved into the procedure room, weighed, and allowed to
habituate for 1 h. Mice were then injected intraperitoneally (i.p.) in squads of 2 with
saline or the appropriate dose of alcohol as determined by group assignment. Mice were

placed in individual holding cages for 10 min and then given a 5-min test on the EZM.

Experiment 3: genetic correlation of alcohol DID and basal anxiety-like behavior in
inbred strains

Our laboratory has previously published 4-day DID consumption data for 23
inbred mouse strains (Crabbe et al., 2012c). Intake data for 2-day DID are not presently
available for all of these strains, so the 4-day DID data were used for the correlational
analysis. In order to correlate DID intake with anxiety-like behavior, inbred strain data

were mined from extant data sets in the lab and those available on the Mouse Phenome
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Database (MPD, The Jackson Laboratory, http://phenome.jax.org/). Criteria for selection
of data for anxiety-like behavior were: at least 10 strains in common with the DID data
set, inclusion of males and females, and a measure of anxiety-like behavior based on time
spent in the anxiogenic region of a test apparatus (e.g., open arms, center region, light
compartment). EPM data sets were excluded if the data were reported as time spent in the
closed arms, as this could not be converted to a percent of total time in the open arms
without knowing center time. Using these criteria, we selected one previously published
study from our lab (Milner & Crabbe, 2008) and two data sets from the MPD (Brown et
al., 2004, and Wahlsten & Crabbe, 2003). The anxiety measures included were open field
(OF) center time (Milner & Crabbe, 2008; Wahlsten & Crabbe, 2003), light-dark box
(LDB) light compartment time (Brown et al., 2004; Milner & Crabbe, 2008), EZM open
arm time (Brown et al., 2004; Milner & Crabbe, 2008), and EPM open arm time
(Wahlsten & Crabbe, 2003). All measures of anxiety-like behavior were converted as
needed to percent of total time spent in the anxiogenic region. Table 4-1 summarizes the

data sets included in the analysis.

EZM apparatus and testing

Two EZM apparatuses were used, each consisting of a ring-shaped plastic
walkway divided into four sections. The diameter of each EZM was 45 c¢cm, and the width
of the walkway was 5.5 cm. Two sections of the maze were enclosed on either side by
clear plastic walls 11 cm tall (closed arms) and two sections had only a 2-mm tall lip
(open arms). Mazes stood 45 cm high and were placed in plastic tubs containing pine
chip bedding to prevent injury should an animal fall. Testing was conducted under dim

lighting conditions with light levels of approximately 15 lux in the center of each EZM.
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Mice were tested on both mazes concurrently, with an opaque barrier placed between the
mazes so that the mice could not see each other. Mazes were videotaped from above and
video was scored by experimenters blinded to treatment and genotype. Videos for each
experiment were scored by only one experimenter. Variables recorded were the time spent
in the open arms as a percent of the total test time and number of line crosses. Eight lines
were overlaid onto the video image of the maze such that each arm was divided into three
equal segments by the lines. A line crossing was recorded whenever all four feet of an
animal crossed the line and this number was used as a measure of locomotor activity.
Open arm time was recorded starting when all four feet of a mouse had crossed into an
open arm and ending when all four feet of the mouse had crossed back into a closed arm.
Percent time spent in the open arms was used as a measure of anxiety-like behavior, with
more time in the open arms indicating less anxiety. Mice were placed in the EZM at the
start of the test in an open arm facing a closed arm. Between each subject, the floor and
walls of the mazes were sprayed with 10% isopropyl alcohol and wiped down to

eliminate any odor cues.

Drugs

Alcohol (Decon Laboratories Inc., King of Prussia, PA, USA: 20% v/v) for
Experiment 1 was prepared using 100% alcohol diluted with tap water. Alcohol for
Experiment 2 was diluted with 0.9% saline (20% v/v) and administered at a 0.5, 1.0, or
1.5 g/kg dose. These doses were chosen as they were expected to yield BECs in the range
of those reached during the DID test used for HDID selection. Saline injections were

given at a volume of 10 ml/kg.
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Statistical analyses

Statistical analyses were carried out in Systat (version 13; Systat Software, Inc.,
Chicago, IL, USA). EZM variables were analyzed using multifactorial analysis of
variance (ANOVA) with between-group factors of sex, genotype, and fluid group/dose
group depending on experiment. Statistically significant interactions were followed up
with lower-order ANOVAs, and significant main effects were followed up with Tukey
HSD post hoc analyses when appropriate. Alcohol drinking data were converted to a g/kg
body weight dose and water drinking data were converted to ml/kg. Day 2 intake data
were analyzed separately by fluid type by two-way ANOVAs with factors of genotype
and sex, as were BEC data. Linear regression was used to correlate BEC with open arm
time and line crossings in Experiment 1. In Experiment 3, strain means were computed
for each measure of anxiety-like behavior and Day 4 DID alcohol intake. Pearson
correlations were used to assess the relationship between alcohol DID and each of the
anxiety-like behaviors, and between anxiety behaviors within and between data sets. The
significance level was set at o = 0.05. Statistical trends are discussed for p values > 0.05

and <0.1.

Results

In Experiment 2, one female HS mouse from the 0.5 g/kg group was given an

incorrect dose of alcohol and was excluded from the analysis.

Experiment 1: anxiety-like behavior after DID
Figure 4-1 shows the Day 2 alcohol intake and BEC for each line and sex.

Alcohol intake showed only a significant main effect of line [F(2,34) = 3.976, p = 0.028],
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and post hoc analyses showed significantly greater intake by the HDID-2 mice than the
HS mice (p = 0.025). For all other main effects and interactions, F < 1.521. Analysis of
BEC data also revealed only a significant main effect of line [F(2,34) = 19.669,
p < 0.001] and post hoc analyses showed that HDID-1 and HDID-2 mice had
significantly greater BECs than HS mice (p < 0.001 for both). There was no significant
main effect of sex or significant interaction with sex for either intake or BEC. From the
EZM, we first analyzed the percent of total time spent in the open arms. There was a
significant main effect of line [F(2,66) = 4.583, p = 0.014], and a significant
line x sex x treatment interaction [F(2,66) = 3.548, p = 0.034]. Because of our interest in
assessing basal anxiety-like behavior, as well as anxiolytic response to alcohol, we next
analyzed the water-drinking group alone by two-way ANOVA. This showed a significant
line x sex interaction [F(2,31) = 3.709, p = 0.036]. Results are shown separately for
males and females in Figure 4-2. One-way ANOVA and subsequent post hoc analyses for
each sex showed that this interaction was due to a significant main effect of line only in
the male mice [F(2,14) = 4.907, p = 0.024]. HDID-1 water-drinking male mice spent
significantly more time in the open arms than HS mice (p = 0.037; Fig. 4-2, left), and
showed a statistical trend toward more time in the open arms than HDID-2 mice as well
(p = 0.052). Water-drinking female mice (Fig. 4-2, right) did not show any significant
differences in open-arm time across genotypes.

Next, to determine the anxiolytic effect of alcohol in each group, we performed
one-way ANOVAs with the factor of drinking group for each genotype and sex. A
significant anxiolytic effect of drinking was found only in the HDID-1 females

[F(1,16) = 5.734, p = 0.029] and HDID-2 males [F(1,9) = 6.09, p = 0.036], with both
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groups showing more time spent in the open arms by alcohol-drinking mice than water-
drinking mice. All other groups did not have a significant difference in open-arm time
between the water and alcohol animals (F < 0.331 for all; see Fig. 4-2).

For line crossings, analysis showed significant main effects of treatment
[F(1,67) = 14.637, p <0.001] and sex [F(1,67) = 4.376, p = 0.04], and a significant
treatment x line interaction [F(2,67) = 3.532, p = 0.035]. In order to facilitate comparison
of group differences in alcohol-induced locomotor stimulation with anxiety-like
responses, we employed the same strategy as the anxiolysis analysis above and used
one-way ANOVA with a factor of drinking group for males and females of each
genotype. HDID-2 males (Fig. 4-3, left) and females (Fig. 4-3, right) and HDID-1
females (Fig. 4-3, right) showed significant alcohol-induced locomotor stimulation
[F(1,9-17) > 7.091, p <0.016]. Both sexes of HS mice and HDID-1 male mice did not
show significant alcohol effects on locomotor activity (F < 1.751).

Regression analysis of the alcohol-drinking groups combined across all genotypes
and sexes showed a moderately strong positive correlation between BEC and percent
time in the open arms (r = 0.556, n = 40, p < 0.001; see Fig. 4-4, left), and also number of

line crosses (r = 0.623, n =40, p < 0.001; see Fig. 4-4, right).

Experiment 2: dose-response to alcohol-induced anxiolysis

Significant main effects were found for dose group [F(3,11) = 10.835, p < 0.001],
line [F(1,111) = 12.246, p = 0.001], and sex [F(1,111) = 11.270, p = 0.001], and there
were no significant interactions. Due to the lack of significant interactions with sex
(F <1.284 for all), Figure 4-5 shows the percent time spent in the open arms collapsed on

sex. Post hoc analyses showed that 1.5 g/kg-treated animals spent significantly more time
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in the open arms than all other groups (p < 0.001-0.029), and that 1 g/kg-treated animals
spent more time in the open arms than the saline group (p = 0.04). HDID-1 mice spent
more time in the open arms than HS mice (p = 0.001), and female mice spent more time
in the open arms than male mice (p = 0.001). Due to the results from the water group in
Experiment 1, we had an a priori interest in whether HDID-1 and HS male mice in the
saline group would also show a similar genotypic difference in baseline anxiety-like
behavior. Thus, we decided to also analyze open arm time in just the male saline-treated
animals. Analysis showed a significant main effect of line, with HDID-1 male mice
spending more time in the open arms than male HS mice [F(1,17) = 12.557, p = 0.002]
(Fig. 4-5 inset).

For line crossings, there was a significant main effect of dose group
[F(3,111) = 10.63, p < 0.001] and a statistical trend toward a main effect of line
[F(1,111) = 3.024, p = 0.085]. There were no significant interactions, and Figure 4-6
shows the number of line crosses made by each group collapsed on sex. Post hoc
analyses found that the 1.5 g/kg group made significantly more line crosses than the
saline and 0.5 g/kg groups, and that the 1 g/kg group made more line crosses than the

saline group (p < 0.009 for all).

Experiment 3: genetic correlation of alcohol DID and basal anxiety-like behavior in
inbred strains

Table 4-2 shows the correlation matrix for g/kg alcohol intake during DID and all
measures of anxiety-like behavior from the selected data sets. No anxiety variable
showed a significant correlation with alcohol DID across strains (Table 4-2, first column).

Several anxiety measures showed significant strain correlations with each other, both
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within data sets and between data sets. These correlations are shown in boldface in

Table 4-2.

Discussion

In these experiments, we found that selective breeding for high BECs after
limited-access drinking has resulted in replicate- and sex-specific effects on basal
anxiety-like behavior and alcohol-induced anxiolysis. In Experiment 1, HDID-1 female
mice and HDID-2 male mice showed reductions in anxiety-like behavior after a 4-h
alcohol DID session compared to water-drinking controls. These differences appear to be
due to the pharmacological effects of alcohol since BEC showed a positive correlation
with measure of anxiety-like behavior used. That is, the higher the BEC achieved
following DID, the more open arm time an animal showed. Thus, the line differences in
anxiety-like behavior seen following alcohol DID are presumably due to the difference in
intake between the HDID and HS lines. We have shown previously that alcohol intake
during DID is sufficient to produce behavioral intoxication as assessed by impairment on
the balance beam test (Crabbe et al., 2009), but this is the first study to show DID-
induced anxiolysis in these mice. The absence of an apparent anxiolytic effect of alcohol
in the HDID-1 male mice is presumably the result of a ceiling effect due to their
relatively non-anxious state at baseline (see below). It is less clear, however, why there
was no apparent effect of alcohol in the HDID-2 females, as these mice did not show low
anxiety-like behavior at baseline and had high alcohol intake. One possibility is that
female mice of this genotype have a reduced sensitivity to the anxiolytic effects of

alcohol compared to HDID-1 females and HDID-2 males. The HDID-2 mice have not yet
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been tested for anxiolytic response to acute alcohol injections, and repeating
Experiment 2 using the HDID-2 mice might help determine whether females of this line
truly show blunted anxiolytic sensitivity.

HDID-1 females and HDID-2 mice of both sexes made more line crosses after
alcohol drinking than did the HS mice, indicating that in HDID mice, alcohol intake
during DID results in significant locomotor stimulation as well. Because performance on
the EZM is activity-dependent, locomotor behavior and anxiety-like behavior can be
closely related in this task (Kliethermes, 2005). Consequently, an increase in locomotor
activity could potentially explain an apparent change in anxiety-like behavior. In this
experiment, however, the line differences in anxiety-like behavior do not consistently
parallel the activity differences, and therefore are unlikely to be solely a product of
changes in locomotion. For example, some groups showing alcohol stimulation (e.g.,
HDID-2 females) did not also show alcohol-induced anxiolysis. This is supported by the
results from Experiment 2, where genotypic differences in anxiety level were seen in the
absence of a line difference in activity.

Results from the water-drinking control group in Experiment 1 showed genotypic
differences in basal anxiety-like behavior in the males only. Specifically, HDID-1 males
showed lower anxiety-like behavior than the HS mice and trended toward a difference
from the HDID-2 male mice as well. HDID-2 and HS male mice, and female mice of all
three genotypes, did not differ in baseline anxiety-like behavior. In Experiment 2, saline-
treated HDID-1 male mice also spent more time in the open arms than saline-treated HS
male mice. It appears, therefore, that HDID-1 male mice are unique among these groups

in their relatively non-anxious basal state. However, all of the groups spent, on average,
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at least 30% of the time in the open arms, suggesting that none of the sexes/genotypes
have high baseline anxiety as assessed by this task. Previous studies with rats and mice
have shown that sex differences in baseline anxiety-like behavior are influenced by both
task and genotype (e.g., Johnston & File, 1991; O’Leary et al., 2013; Wilson et al., 2004),
and a different anxiety test could therefore produce different results. Because of the
relatively low basal levels of anxiety-like behavior, testing the animals on a more
anxiogenic procedure or on a related behavior such as stress reactivity could better
elucidate the replicate- and sex-specific differences among these lines. It should be noted
that in these studies we did not control for estrous state in the female mice. Anxiety-like
behavior has been shown to fluctuate throughout the estrous cycle in rats (Frye et al.,
2000), and it is possible that if we were to match females for estrous, we would see a
different pattern of sex and genotype effects.

In Experiment 2, HDID-1 mice showed generally lower anxiety-like behavior on
the EZM than HS mice regardless of alcohol dose, and both genotypes showed increasing
anxiolysis with higher doses of alcohol. There is the possibility of a ceiling effect in the
HDID-1s, as they started at a relatively low level of anxiety-like behavior and had little
room to show any further anxiolytic effect of alcohol. Due to the nature of the EZM, 50%
of time spent in the open arms is the maximum measure for anxiolysis, as this indicates
equal preference for (or an inability to distinguish between) the open and closed arms.
Consequently, it is difficult to determine whether there were genotypic differences in
alcohol-induced anxiolysis between HDID-1 and HS mice from these data. It might be
possible to manipulate the parameters of the EZM test (e.g., brighter lighting, shorter

open arm lip height) to make the test more anxiogenic in order to produce greater
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baseline anxiety-like behavior in the HDID-1 mice (Wahisten et al., 2003). With
genotypes equated at baseline, it could then be determined more conclusively if there are
differences in anxiolytic response to alcohol. From the current study, however, it appears
that HDID-1 and HS mice do show similar dose-dependent decreases in anxiety-like
behavior with increasing doses of alcohol.

HDID-1 mice, particularly males, may be less sensitive to the inherent anxiogenic
characteristics of the EZM than HS mice. These mice have also been shown to be less
sensitive to the aversive effects of alcohol than HS mice in a conditioned taste aversion
test that employed only males (Barkley-Levenson et al., 2015), and could potentially
have a general deficit in sensitivity to aversive stimuli. Rather than a high anxiety/stress
reactive and high drinking phenotype, the HDID-1 mice may instead show more
similarity to novelty-seeking or sensation-seeking at-risk human drinkers. Novelty
seeking and sensation seeking have been demonstrated to be associated with risk for
AUDs and excessive drinking (Lange et al., 2010; Manzo et al., 2014; Noél et al., 2011),
and it would be interesting to test the HDID-1 mice on a measure of novelty seeking to
determine whether this behavior is associated with binge-like drinking in these animals.

Work from other rodent lines selected for alcohol intake measures has shown
varied relationships with anxiety-like behavior and alcohol-induced anxiolysis. Some
lines, such as the Sardinian and Indiana alcohol-preferring rats, show higher baseline
anxiety-like behavior and greater anxiolytic effect of alcohol than the non-preferring lines
(Colombo et al., 1995; Roman et al., 2012; Stewart et al., 1993). In other selected lines,
such as the high- and low-alcohol drinking rats and the high- and low-alcohol preferring

mice, differences in anxiety-like behavior are not readily apparent or show replicate- and

112



task-dependent differences only (Badia-Elder, Stewart, Powrozek, Murphy, & Li, 2003;
Canetal., 2012). Most similar to our findings with the HDID-1 male mice are the
Finnish Alko Alcohol rats. Reduced anxiety-like behavior and enhanced exploratory
behavior and risk taking was seen in the high-drinking rats compared to the low-drinking,
Alko Non-Alcohol rats (Roman et al., 2012). The HDID-1 male finding is also consistent
with the results of the drinking experiment with anxiety-selected lines, where LAB rats
drank more alcohol than HAB rats, but showed no significant alcohol anxiolysis
(Henniger et al., 2002). Our data appear to continue the trend in the literature that
selection for high-drinking behaviors does not reliably produce consistent changes in
anxiety-like behavior.

Analysis of the data from inbred strains in Experiment 3 also supports a lack of
genetic association between basal anxiety-like behavior and DID. None of the anxiety
variables from the data sets analyzed showed a significant correlation with alcohol DID
across strains. Anxiety data used in these analyses included three different tasks and were
collected in three different laboratories, and the failure of any of these variables to
correlate significantly with DID provides strong support for different genetic factors
underlying alcohol DID and basal anxiety-like behavior in mice. However, the anxiety
measures were all based on avoidance of an anxiogenic region, and a different result may
be found with other putative anxiety-related behaviors that are not captured by these
variables (e.g., fecal boli count, defensive burying, stretch attend positions).

It should be noted that different assays of anxiety-like behavior may not always
produce similar results and that a genotype’s assessed basal anxiety is likely task-

dependent (e.g., Bouwknecht & Paylor, 2002; Griebel et al. , 2000; Milner & Crabbe,
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2008). Consequently, future experiments could look at the HDID lines on a different test
of anxiety-like behavior, such as an open field apparatus, to determine whether the
reduced basal anxiety-like behavior of HDID-1 male mice generalizes across tests and
whether anxiolytic response to alcohol still does not differ from HS. From the present
data, however, it seems that selection for drinking to intoxication has not produced
systematic changes in alcohol-induced anxiolysis, and that decreases in basal anxiety-like
behavior may only be related to selection in a sex- and replicate-specific way.
Furthermore, alcohol dependence can itself produce increases in anxiety (e.g., Breese et
al., 2005; Schuckit & Hesselbrock, 1994) and it remains to be seen whether post-
dependent anxiety-like behavior is elevated differentially between the HDID and HS

lines.
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Table 4-1: Inbred strain panels tested for anxiety-like behavior included in Experiment 3

Anxiety dataset

Anxiety variable

Number of strains
in common with

Strains included for correlation analysis

Crabbe (2003), OF

time spent in
center (>10cm
from wall)

DID data
Brown et al. Percent of total 10 12951/8vimJ, A/J, AKR/I, BALB/cByl, BALB/cI,
(2004): EZM fime spent n CASTI/Eil, C57BL/6], DBA/2I, FVB/NI, SIL/T
open arms
Brown et al. Percent of total 11 12081/8vimJ, A/T, AKR/J, BALB/cByl, BALB/cJ,
(2004):LDB time spent n C3H/Hel, CAST/Eil, C57BL/6], DBA/2], FVB/NI,
light SIL/AI
Milner & Crabbe Percent of total 14 12981/8vimJ, A/J, AKR/I, BALB/cByl, C3H/Hel
(2008), EZM time spent in C57BL/6]. C57L/I, CBA/T, DBA/21, FVB/NI,
open arms NZB/BINJ, PL/J, SIL/J, SWR/J
Milner & Crabbe Percent of total 14 12981/SvlmJ, A/J, AKR/J, BALB/cByJ, C3H/HeJ
(2008),LDB time spent n C57BL/6], C57L/I, CBA/I, DBA/2], FVB/NI,
licht NZB/BINJ, PL/J, SIL/J, SWR/J
Milner & Crabbe Percent of total 14 12981/8vimJ, A/J, AKR/I, BALB/cByl, C3H/Hel
(2008), OF time spent in C57BL/6]. C57L/I, CBA/T, DBA/21, FVB/NI,
center (>7.7cm NZB/BINJ, PL/J, SIL/J, SWR/J
from wall)
Wahlsten & Percent of total 16 12981/8vlm], A/J, AKR/J, BALB/cByI, BTBR
Crabbe (2003): time spent n T+tf/], C3H/Hel, CAST/Eil, C57BL/6J, C5TL/T,
EPM open arms DBA/2J, FVB/NJ, NOD/ShiLt], NZB/BINJ, PL/J,
SIL/T, SWR/T
Wahlsten & Percent of total 16 12951/SvimJ, A/J, AKR/I, BALB/cByJ, BTBR

T-+tf7, C3H/Hel, CAST/Eil, C57BL/6], CSTL/T,
DBA/2], FVB/NJ, NOD/Shil.tT, NZB/BINJ, PL/J,
SIL/J, SWR/I

EZM: elevated zero maze; EPM: elevated plus maze; LDB: light-dark box; OF: open

field
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Table 4-2: Correlation matrix of alcohol DID and anxiety variables for inbred mouse

strains
DID Brown Milner | Wahlsten | Brown Milner Milner
4hr g/kg EZM EZM EPM LDB LDB OF

Brown

EZM 0.014

Milner

EZM —0.118 —0.315

Wahlsten

EPM 0.114 0.010 —0.211

Brown

LDB 0.329 —0.233 —0.060 0.664

Milner

LDB 0.065 0.602 0.056 —0.143 0.268

Milner

OF 0.165 0.569 —0.871 0.142 0.123 0.305

Wahlsten

OF 0.357 —0.379 -0.137 0.543 0.315 —0.628 0.058

All anxiety variables represent percent time spent in the anxiogenic region of the

apparatus. Boldface indicates statistically significant correlation. Abbreviations: DID,

drinking in the dark; EZM, elevated zero maze; EPM, elevated plus maze; LDB, light-

dark box; OF, open field.
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Figure 4-1. Day 2 ethanol intake in g/kg body weight and blood ethanol concentration
(BEC) for males (left panels) and females (right panels) of each genotype in the ethanol-
drinking group. Means + SEM shown. There was a statistically significant effect of line
for both intake and BEC. BEC bar for HS females is absent as no animals in this group

had a measurable BEC. n = 6-9/sex/line
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Figure 4-2. Percent time spent in the open arms by males (left) and females (right) of

each genotype and drinking group. Means = SEM shown. * indicates statistically

significant difference from corresponding water group and t indicates statistically

significant difference from corresponding HS group (p < 0.05). n = 6-9/sex/group/line
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Figure 4-3. Number of line crosses made by males (left) and females (right) of each

genotype and drinking group. Means + SEM shown. * indicates statistically significant

difference from corresponding water group (p < 0.05). n = 6-9/sex/group/line
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Figure 4-4. Percent time spent in the open arms (left) displayed versus blood ethanol
concentration (BEC) immediately after testing on the zero maze and line crossings versus
BEC (right). All ethanol-drinking animals are shown (n = 12-17/line). Linear regression

lines are depicted.
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Figure 4-5. Percent time spent in the open arms across alcohol doses collapsed on sex.

Inset shows males only of the saline-treated control group. Means £ SEM shown. *

saline 0.5 g/kg 1 g/kg 1.5 g/kg

group

indicates statistically significant difference from saline group and t indicates statistically

significant difference from 0.5 g/kg alcohol group (p < 0.05). n = 5-10/sex/line/dose
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from saline group and t indicates statistically significant difference from 0.5 g/kg alcohol

group (p <0.05). n = 5-10/sex/line/dose
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Chapter 5: Evaluation of neuropeptide Y system involvement in the binge-like

drinking phenotype of the High Drinking in the Dark selected mice
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Abstract

The High Drinking in the Dark (HDID) mice have been selectively bred for drinking to
intoxicating blood alcohol levels and represent a genetic model of risk for binge-like
drinking. Presently, little is known about the specific genetic factors that promote
excessive intake in these mice. Previous studies have identified neuropeptide Y (NPY) as
a potential target for modulating alcohol intake, and Npy is differentially expressed in
HDID-1 vs. control mice (HS) in several brain regions involved in alcohol consumption.
The present studies describe the use of a candidate gene approach for identifying and
testing the contribution of a single potential gene (Npy) to the HDID phenotype. We
assessed NPY protein levels in the HDID-1 and control HS mice at baseline and after
binge-like drinking. NPY reduction in response to alcohol was blunted in the nucleus
accumbens (NAc) of HDID-1 mice, and this region was selected for targeting with
pharmacological manipulations of the NPY system. Pilot studies identified the NPY Y1
receptor antagonist BIBP 3226 and the Y2 receptor agonist NPY13.3¢ as the most likely
candidates for reducing binge-like intake. HDID-1 mice received bilateral infusions into
the NAc of BIBP 3226 or NPY 1336 immediately before drinking on the final day of a
drinking in the dark test. Antagonism of the Y1 receptor showed no significant effect on
intake or blood alcohol levels. Y2 receptor stimulation showed a trend toward reducing
blood alcohol levels, but this effect was transient and did not persist with repeated testing.
These studies show that although HDID mice have significantly blunted NPY response to
alcohol in the NAc, their binge-like drinking phenotype is resistant to pharmacological
manipulations of the NPY system in the NAc. Thus, NPY in this region does not appear

to be an ideal target for treatment in this model of binge intake.
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Introduction

Binge drinking as defined by the NIAAA is a pattern of intake that results in
blood alcohol levels at or above the legal limit of 0.08g% (NIAAA, 2004). The High
Drinking in the Dark (HDID) mice have been selectively bred for reaching high blood
ethanol concentrations (BECs) after a limited access drinking in the dark (DID)
procedure. These mice readily drink to intoxicating BECs and are a novel genetic model
of risk for binge drinking (Crabbe et al., 2009, 2014). Because the genetic and
neurobiological factors underlying binge drinking are not yet known, identifying specific
genetic contributions to the HDID phenotype may have translational value for
understanding excessive drinking in humans.

One candidate gene that is of interest in the HDID mice is neuropeptide Y (NPY).
NPY is a 36 amino acid peptide expressed widely in the brain and the periphery. It has
six known receptor subtypes (Y1R-Y6R), with Y1R and Y2R being the two most
frequently expressed in the brain (Michel et al.,1998). Y1R is found postsynaptically and
preferentially binds intact NPY. Y2R is found presynaptically and is traditionally thought
to be an autoreceptor, where binding at this receptor decreases release of NPY from the
cell. Y2R has higher affinity for C-terminal fragments of cleaved NPY than for the intact
peptide (Grandt et al., 1996; Michel et al., 1998).

Studies in humans and animal models have suggested a role for NPY in alcohol
consumption. Multiple polymorphisms in the NPY gene have been associated with
alcohol drinking and dependence in humans (e.g. Bhasker et al., 2013; Frances et al.,
2011; Mottagui-Tabar et al., 2005), although an association is not always seen (Zill et al.,
2008). Similarly, Npy gene expression and peptide levels in several brain regions differ

between lines of rodents selected for high alcohol preference and also between inbred
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strains with disparate alcohol intakes (Caberlotto et al., 2001; Hayes et al., 2005; Hwang
et al., 1999). Genetic manipulation of Npy can also alter ethanol drinking. Knocking out
Npy can increase alcohol consumption, and overexpression of Npy can decrease alcohol
consumption (Thiele et al., 1998). There is some evidence, though, that these effects may
be at least partially dependent on genetic background (Thiele et al., 2000).
Administration of NPY produces similarly mixed results. In general, intracranial NPY
treatment appears to reduce alcohol intake in animals genetically predisposed to prefer
alcohol (e.g. selected lines) and those with a history of dependence. In contrast, NPY
tends to be ineffective at altering drinking in low-preferring selected lines and alcohol-
naive animals (for review, see Badia-Elder et al., 2007). There is also evidence that
alcohol can influence NPY expression. Alcohol exposure results in decreased NPY
expression in some brain regions including the central nucleus of the amygdala (CeA)
and the hippocampus (Criado et al., 2011; Slawecki et al., 2005; Sparrow et al., 2012).
Alcohol withdrawal can produce an opposite effect, with elevated NPY levels in some
brain regions during acute and protracted withdrawal (Bison & Crews, 2003; Criado et
al., 2011; de Pauli et al., 2014). The alcohol metabolite acetaldehyde can also produce
decreases in NPY levels in the NAc and hippocampus following acute treatment, and
increases in these same regions during withdrawal (Plescia et al., 2014).

It should be noted that a majority of the previous work has been done in animals
selectively bred for, or tested on, alcohol preference in a two-bottle choice continuous
access test. However, there is evidence to suggest that NPY might be relevant to binge-
like drinking as well. Central administration of NPY reduced intake and BEC in the DID

test in B6 mice. A Y2R antagonist had a similar effect, whereas a Y1R antagonist
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enhanced intake and BEC (Sparrow et al., 2012). In the HDID mice, Npy mRNA levels
are higher in naive male mice of the first replicate line than in HS mice in the nucleus
accumbens (NACc), the CeA, and the bed nucleus of the stria terminalis (BNST), but not
in the prefrontal cortex, ventral tegmental area, or basolateral amygdala (BLA) (Zhang et
al., 2011). Npy gene expression has not yet been tested in the HDID-2 mice. However,
gene network connectivity analysis of striatal tissue from both HDID replicates and the
HS mice shows selection-dependent alteration of connectivity of the gene encoding Y2R
(lancu et al., 2013). These data suggest that the NPY system may have been altered
through selection in the HDID mice as compared to controls, and that these changes may
help explain in part their drinking to intoxication.

The present studies were designed to (1) determine the relationship between NPY
and binge-like drinking in the HDID-1 line and (2) assess whether a candidate gene
approach can be implemented in these mice to evaluate potential specific contributions to
their high-drinking phenotype. Mice from only the first replicate were tested throughout
because Npy gene expression data are not yet available for the HDID-2 mice. We
measured NPY immunoreactivity in multiple alcohol-relevant brain regions in the HDID-
1 and HS mice after both water and alcohol DID to determine whether the basal
differences in gene expression were also seen at the protein level, and to assess whether
NPY levels differed between the lines after alcohol exposure. A secondary goal of this
experiment was also to determine a target brain region where manipulation of NPY
receptors would be likely to affect binge-like drinking in the HDID-1 mice. This target
region (NAc) was then used for the site-specific pharmacology experiments testing the

ability of NPY Y1R and Y2R agonists and antagonists to modulate DID intake and BEC.
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Y1R and Y2R were chosen for targeting because these receptors are both expressed in the
NAc and have both been implicated as potentially mediating alcohol intake. Because the
gene expression data suggested that NAc NPY levels might be higher in the HDID-1
mice than the HS mice, we hypothesized that reducing NPY signaling with either a Y1R
antagonist or a Y2R agonist would attenuate alcohol drinking. In contrast, it was
hypothesized that increasing NPY signaling with a Y2R antagonist would enhance

drinking.

Materials and methods

Animals and husbandry

Male mice from the HDID-1 and HS lines were bred and housed in the Veterinary
Medical Unit of the Veterans Affairs Portland Health Care System (Portland, OR). Mice
were weaned at 3 weeks of age and were reared with both dam and sire until weaning.
After weaning, mice were housed in groups of 2-5 with same-sex littermates or with mice
of the same genotype when necessary to avoid single housing. Mice were between the
ages of 55 and 97 days old at the start of testing. Experiment 1 used HDID-1 mice from
selection generations S27 and S28, Experiment 2 used HDID-1 mice from generation
S29, and Experiment 3 used mice from generation S30. HS mice are the starting
population of the HDID selection and are the result of an 8-way inbred strain cross (see
Crabbe et al., 2009 for details). These mice are maintained without selective breeding and
are used as the comparator control line for the HDID animals. During all experiments,
mice were singly housed in standard polycarbonate shoebox cages on Bed-o-cob bedding

and were provided with ad libitum access to water and food (Purina 5001 chow, LabDiet,
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St. Louis, MO) unless otherwise specified. Mice were maintained on a 12 h/12 h reverse
light-dark cycle with lights off at 09:30 (Experiment 1) or 08:30 (Experiments 2 and 3).
All procedures were approved by the local Institutional Animal Care and Use Committee
and were conducted in accordance with the NIH Guidelines for the Care and Use of

Laboratory Animals.

Drinking in the Dark

The standard 4-day Drinking in the Dark (DID) procedure was used for these
experiments. Mice were weighed each day approximately 1 h before testing. At 3 h into
the dark cycle, the water bottles are removed from each cage and replaced with a 10 ml
drinking tube containing 20% ethanol or water depending on the experiment. Fluid levels
were recorded and tubes were left in place for 2 h on Days 1-3. On Day 4, tubes were left
in place for 4 h and fluid levels were recorded at the 2 h time point. At the end of each
drinking session, fluid levels were read again and tubes were removed and replaced with
water bottles. Immediately after drinking on Day 4, a 20 ul blood sample was taken from
the peri-orbital sinus of all ethanol-drinking animals. Blood samples were processed
according to standard lab protocols for gas chromatography determination of BEC

(Rustay & Crabbe, 2004).

Experiment 1: HDID-1 and HS NPY immunohistochemistry after water or binge ethanol
exposure

Fifty-three male HDID-1 and HS mice were singly housed and allowed to
acclimate for a week. Mice were then tested on the standard 4-day DID procedure, with
half the animals drinking 20% ethanol and half drinking water (n=13-14/group/line).

After drinking on Day 4, blood samples were collected from the ethanol group. Mice
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were then moved in squads of two-three to a separate procedure room and were deeply
anesthetized with rat cocktail (see surgical procedure) and transcardially perfused with
4% PFA in PBS according to previously published methods for NPY
immunohistochemistry (Hostetler et al., 2013). After perfusion, brains were dissected and
stored at -8 C in 15 ml conical centrifuge tubes containing 4% paraformaldehyde (PFA).
All ethanol group animals were perfused first, followed by all water animals. This was
done to minimize the time between the end of the drinking session and brain collection to

allow for more accurate correlation of alcohol intake with NPY immunoreactivity.

NPY immunohistochemistry

Brains were cut into 40 micron sections on a Leica cryostat and were stored in
0.1% sodium azide in phosphate buffered saline (PBS) until the time of assay. NPY
immunohistochemistry (IHC) was conducted according to previously published methods
(Hostetler et al., 2013). Briefly, floating sections were rinsed in PBS and then incubated
in 0.3% hydrogen peroxide for 15 minutes. Slides were then rinsed again in PBS and
incubated in a blocking solution (2% bovine serum albumin [BSA] and 5mg/ml heparin
in 0.003% Triton X100 and PBS) for 5 hours. After blocking, slices were incubated
overnight in rabbit polyclonal antibody targeted against NPY (anti-NPY N9528, Sigma-
Aldrich, St. Louis, MO; 1:10,000 dilution) in a Triton and BSA PBS solution. The next
day, slices were washed in PBS and incubated for 1 hour in biotinlyated-goat anti-rabbit
secondary antibody in PBS and Triton. Slices were washed again in PBS and then
incubated in avidin/biotin solution (Vectastain ABC kit, Vector Laboratories,

Burlingame, CA) in PBS and Triton for 1 hour. Slices were washed once more in PBS
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and then were stained using a 3,3'-diaminobenzidine (DAB) reaction. Slices were then
slide-mounted on the same day as the assay.

For each region, we aimed to analyze both hemispheres from two to four slices
per animal. Analysis was done using ImageJ (National Institutes of Health) by an
experimenter blinded to treatment and genotype. Each region of interest was selected
manually using anatomical reference points from a mouse brain atlas (Franklin &
Paxinos, 2001). Photographs were analyzed using a standardized background subtraction
and the threshold function in ImageJ (threshold was kept constant across slices within a
given region). Optical density of staining (NPY -positive fibers and cell bodies) was then
automatically quantified by the software and reported as a percent of total area (i.e.,
selected brain region). Cell bodies were counted only in the NAc as this was the only area
with a significant number of NPY -positive cell bodies and also low enough density of
fiber staining that they could be reliably counted. All NPY-positive cell bodies within
each NAc subdivision (core vs. shell) were manually counted. All optical density values
and cell counts within a given region (2-8 replicates per animal) were averaged so that

each animal had only a single data point per region.

Experiment 2: Pilot testing of intra-accumbal administration of Y1R and Y2R drugs
Based on the results of Experiment 1, the entire NAc (i.e., no distinction made
between core and shell) was chosen as the target area for NPY pharmacology. Bilateral
cannulation of the NAc was attempted in 35 HDID-1 male mice and correct placements
were confirmed for 22 animals. Mice were assigned to two experimental groups (final
group size: n=8-14/group). Animals were given six sequential 4-day ethanol DID tests,

with NPY receptor drugs given on Day 4 of each test. The compounds tested were the
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Y 1R antagonist BIBP 3226 (0.04 and 0.1 pg/animal doses), the Y2R antagonist BIIE
0246 (1.0 pg/animal), and the Y2R agonist NPY13.36 (1.0 pg/animal). These drugs and
doses were chosen based on those found to be effective for reducing DID in B6 mice
when administered centrally in a previous study (Sparrow et al., 2012). On each drug
administration day, one group received drug and one group received vehicle (artificial
cerebrospinal fluid [aCSF]: NaCl [128mM], KCI [2.6mM], CaCl, dihydrate [1.3mM],
MgCl; hexhydrate [0.9 mM], NaHCO3; [20mM], Na,HPO, dibasic anhydrous [1.3mM]).
The group receiving drug and the group receiving vehicle were switched between DID
tests to try to minimize potential carry-over effects from the repeated testing and to
counter instances of baseline group differences. Group 1 animals received in order: aCSF,
BIBP 3226 (0.04 pg), 2% DMSO in aCSF, aCSF, BIBP 3226 (0.1 ug), and NPY 13.36.
Group 2 animals received in order: BIBP 3226 (0.04 ng), aCSF, BIIE 0246, BIBP 3226
(0.1 pg), aCSF, and aCSF (see schematic below).

On Days 1 and 2 of the first DID test, mice were grasped by the scruff and any
missing stylets were replaced. On Day 3, injectors were inserted fully into each cannula
but no infusion was given. Injectors consisted of 11mm stainless steel tubes (33 Ga) that
extended 1mm beyond the end of the cannula (Vita Needle Company, Needham, MA).
Anecdotal evidence suggests that initial disruption of the tissue beyond the cannulae can
produce reductions in intake, so injectors were inserted on Day 3 in order to avoid having
this effect coincide with the first test day. During all subsequent DID tests, mice were
grasped by the scruff and stylets replaced on Days 1-3. On Day 4 of each test, mice were
infused bilaterally with a volume of 200 nl administered per side. Infusions were given

over 60 s, followed by injectors being left in place for an additional 30 s to allow
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diffusion. Animals were infused in 3 squads (11-12 animals per squad) with staggered
DID start times. All vehicle animals in a squad were infused first, followed by all drug
animals, so that drug infusions occurred as close to the beginning of the drinking session
as possible. Immediately after all animals in a squad had been infused, drinking tubes
were placed on the cages and the DID session was carried out as described above. The
infusion procedure for an entire squad took approximately 25 min.

2% DMSO in |

Group 1: aCSF | BIBP (0.04yg) | aCSF
Group2: gigp (0.04ug)| aCSF | BIIE (1pg) |BIBF’ (0.1ug) | aCSF | aCsF

aCSF | BIBP (0.1pg) | NPY 53 (1H9)

dye

Schematic of Experiment 2: Order of testing and group drug assignments are shown for each of the six 4-day DID tests.
Vertical lines represent water washout periods and the solid bar at the end represents methylene blue infusion.

Experiment 3: Intra-accumbal Y2R agonist and Y1R antagonist effects on HDID-1
ethanol and water DID

Because of the potential confound of considerable repeated testing in Experiment
2, Experiment 3 was designed to test again in naive animals the two NPY drugs/doses
identified as the most likely to have an effect on drinking (1.0 pg NPY13.35 and 0.1 pg
BIBP 3226). Bilateral cannulation of the NAc was attempted in 30 HDID-1 male mice
and was confirmed in 10 animals. The same infusion procedures were used as in
Experiment 2, but all animals were assigned to receive either the NPY receptor ligands or
aCSF across all of the DID tests (final group size: n=5/group). Mice were tested first with
NPY 1336 (Day 4) and then with BIBP 3226 (Day 13). Because NPY 13.35 sShowed a trend
toward reducing BEC mg/ml (see results), the decision was made to test mice once more
with this drug (Day 18) to determine whether the efficacy would be enhanced in animals
with a more robust alcohol history. Two water DID control tests were also conducted to

determine whether the NPY drugs had non-specific effects on consummatory behavior.
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These tests each consisted of a single 4 h DID session with a water tube following

infusion with NPY 13.35 (Day 6) or BIBP 3226 (Day 20).

Surgical procedures

Mice were anesthetized via intraperitoneal injection with “rat cocktail” consisting
of ketamine (100 mg/ml), xylazine (20 mg/ml), and acepromazine (10 mg/ml) diluted 1:6
in saline. Following confirmation of full anesthesia by lack of response to a toe pinch, the
mouse was placed in the stereotaxic instrument (Kopf Instruments, Tujunga, CA) and the
head was immobilized with ear bars. The surgical site was shaved and swabbed with
betadine and a small portion of the scalp was removed to expose the skull surface.
Bregma and lambda were identified and the distance between them measured. The
bregma-lambda distance for each mouse was divided by 3.39 to produce a correction
factor for each animal to account for differences in skull/brain size between HDID-1
mice and the B6-based atlas coordinates. This correction factor was multiplied by the
mouse brain atlas target coordinates (Franklin & Paxinos, 2001) and these corrected
coordinates were used for cannula implantation. A stainless steel anchor screw (1/8”,
Amazon.com, Seattle, WA) was inserted into the skull approximately 3 mm posterior to
the cannula target location and 0.75 mm lateral to the midline (left/right position was
counterbalanced across animals). Two independent guide cannulae (26 Ga, stainless steel,
10mm length; Component Supply, Ft. Meade, FL) were inserted aimed at the NAc
“shore” (A/P -1.34, M/L = 0.63, D/V -3.4). Cannulae were secured and the incision
sealed with dental acrylic. Stainless steel stylets (10 mm) were inserted into each cannula
to maintain patency. Mice were allowed to recover for at least 5 days before the start of

testing.
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Histology

After the completion of testing in Experiments 1 and 2, methylene blue (17mg/ml
in aCSF) was infused bilaterally (200nl per side) using the same infusion procedure as for
each drug administration. Mice were then killed via cervical dislocation and brains were
dissected out and stored in 2% PFA at -8 C. Brains were cut into 40 micron sections
using a Leica CM1850 cryrostat (Leica Biosystems, Buffalo Grove, IL) and NAc-
containing sections were thaw-mounted onto glass microscope slides. Slides were
examined by an experimenter blinded to treatment using a Leica DMLB microscope
(Leica BioSystems, Buffalo Grove, IL) and hits were determined by the presence of
either dye or injector tracts terminating in the NAc. All misses were found to be
unilateral, with one injector in the NAc and the other usually either dorsal or medial to
the target area. Data from all animals was analyzed initially in exploratory analyses, but
only animals with bilateral NAc hits (core or shell) were included in data analysis

described here.

Drugs

Ethanol (200 proof, Decon Labs, King of Prussia, PA) was dissolved in tap water
(20% v/v). The Y1R antagonist BIBP 3226 and Y 2R antagonist BIIE 0246 were
purchased from Tocris Bioscience (Bristol, UK). Y2R agonist NPY13.35 was purchased
from Abcam (Cambridge, MA). The vehicle for BIBP 3226 and NPY13.35 was aCSF, and
the vehicle for BIIE 0246 was 2% dimethyl sulfoxide (DMSO) in aCSF. BIBP 3226 and
NPY 1336 Were gently shaken until the drug/peptide went into solution. BIIE 0246 was
dissolved first in DMSO and then aCSF was added. The mixture was sonicated for

approximately 30 minutes to ensure the drug was in suspension.
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Statistical analyses

In Experiment 1, optical density of NPY staining (% area) and NPY-positive cell
counts were analyzed for each region separately using a two-way analysis of variance
(ANOVA) for treatment group and genotype. Significant group x genotype interactions
were followed up with one-way ANOVAs for each genotype separately. Alcohol intake
was converted to a g/kg body weight dose and water intake was converted to ml/kg. Day
4 intake was analyzed for an effect of genotype separately for each fluid group, and BECs
were analyzed for an effect of genotype as well. In Experiment 2, intake (g/kg) and BEC
on each final DID day were initially analyzed for an effect of treatment group. Due to the
combined between- and within-subjects design, no clear assessment of drug effects could
be made from these analyses. However, because this was a pilot experiment designed to
broadly assess drugs for potential efficacy, data were ultimately collapsed together by
treatment. That is, each Day 4 total g/kg value and each BEC value was used as an
independent data point and combined by drug treatment group (e.g. all aCSF data
averaged, all BIBP 3226 (0.1ug) data averaged, etc.). Exploratory analysis was
conducted to identify any potential drug effects in order to determine which compound(s)
should be followed up in Experiment 3. Collapsed group data were analyzed by one-way
ANOVA for drug and followed up using a two-sided Dunnett’s test to compare each drug
treatment to the aCSF control group. In Experiment 3, intake and BECs on each infusion
day were analyzed for an effect of treatment group. The significance level was set at

a = 0.05. Statistical trends are discussed for p values > 0.05 and < 0.1.
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Results

Some slices in Experiment 1 could not be quantified for NPY immunoreactivity
and were excluded from analysis, so the final group sizes for each region ranged from
n=9-13/treatment/genotype. Five animals in Experiment 2 and 1 animal in Experiment 3
did not maintain bilateral cannulae patency during the course of testing and their data
were subsequently excluded from analysis for any infusion days after bilateral patency
was lost. The final group sizes were therefore 7-10 animals per group in Experiment 2

and 4-5 animals per group in Experiment 3.

Experiment 1

Figure 5-1 shows alcohol intake (panel a) and BECs (panel b) during the DID test.
The HDID-1 and HS mice showed the expected genotypic difference in alcohol
consumption (F124=22.937, p<0.001) and BEC (F12,=37.851, p<0.001). Water intake on
Day 4 did not differ significantly between the genotypes (F; 25=1.529, p>0.1; data not
shown). Figure 5-2 shows NPY immunoreactivity and NPY-positive cell counts in the
NAc core and shell. NPY staining in the NAc core showed a significant main effect of
drinking group (F143=4.681, p=0.036), a statistical trend toward a main effect of
genotype (F1,43=3.934, p=0.054), and a significant group x genotype interaction
(F1,43=5.112, p=0.029). HS mice showed a robust decrease in NAc core NPY levels in
the alcohol group as compared to the water drinking animals (F; 2,=13.396, p=0.001),
whereas HDID-1 showed no difference between the treatment groups (F 21=0.004,
p=0.952). Analysis of NPY immunoreactivity in the NAc shell showed a significant main
effect of genotype (F143=4.904, p=0.032), a trend toward an effect of group (F1 43=2.829,

p=0.1), and a trend toward a significant group x genotype interaction (Fy 43=3.358,

137



p=0.074). Because one goal of this experiment was to identify a potential regional target
for the pharmacology studies, we chose to follow up the interaction as an exploratory
analysis in order to be able to compare group differences between the core and the shell.
Again, HS mice showed significantly lower NPY levels after alcohol drinking than after
water drinking (F12,=9.337, p=0.006). HDID-1 mice showed no difference between the
groups (F121=0.008, p=0.928). The number of NPY-positive cells in the NAc core
showed no significant main effects and no significant interaction (F; 4,<1, p>0.1 for all).
The number of NPY -positive cells in the NAc shell showed only a significant group x
genotype interaction (Fy 4,=4.462, p=0.041). Follow-up ANOVAs showed that HS mice
did not differ in the number of cells between groups, and HDID-1 mice had a trend
toward a reduction in the number of cells in the alcohol group as compared to water
(F120=3.533, p=0.075).

Figure 5-3 shows the correlations between NAc core NPY immunoreactivity and
alcohol (a) and water consumption (b) in both genotypes. Linear regression was used to
determine whether NPY levels in the NAc core and shell were related to total alcohol
intake. HS mice showed a significant negative correlation between alcohol intake and
NPY levels in the NAc core (r=-0.681, n=11, p=0.021) and a statistical trend toward a
negative correlation in the shell (r=-0.567, n=11, p=0.069). In contrast, alcohol intake
showed no significant correlation with NPY levels in either region in the HDID-1 mice
(p>0.1). Water intake showed no significant relationship with NPY levels in either the
NACc core or shell for either genotype, though there was a statistical trend toward a
positive correlation between water intake and NPY levels in the NAc shell in HDID-1

mice (r=0.511, n=12, p=0.089) (p>0.1 for all others).
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Figure 5-4 shows NPY immunoreactivity in the CeA, BLA, BNST (dorsal and
ventral), and PVN. Only NPY levels in the CeA showed a significant main effect of
genotype (F1,43=6.974, p=0.011), with HDID-1 mice having higher NPY
immunoreactivity than HS mice. No regions showed a significant main effect of
treatment group and no significant group x genotype interactions were found (Fy 40-46<1,

p>0.1 for all).

Experiment 2

Figure 5-5 shows approximate injection location for all animals with confirmed
bilateral hits in the NAc. Figure 5-6 shows Day 4 intake and BECs as an average for each
drug, collapsed across experimental group and DID test order. The aCSF bar includes
multiple data points per mouse because each animal was tested two-three times with
aCSF. Exploratory ANOVA showed a significant main effect of drug on total alcohol
intake on Day 4 (F4101=3.153, p=0.017). Post-hoc Dunnett’s test results found the
smallest p values for BIBP 3226 (1.0ug) and NPY13.36 (p= 0.148 and 0.132, respectively).
There was a significant main effect of drug for BEC (F1 10,=5.247, p=0.001), and post-
hoc Dunnett’s test again showed the largest group differences to be between aCSF and
high dose BIBP 3226 and NPY13.35 (p=0.083 and 0.042, respectively). These drugs/doses

were subsequently chosen for follow-up testing in Experiment 3.

Experiment 3

Figure 5-7 shows approximate injection locations for all animals with confirmed
bilateral hits in the NAc. Figure 5-8 shows alcohol intake and BEC for both DID tests
with NPY13.36. Analysis of Day 4 data in the first DID test showed no significant effect of

treatment on 4 h alcohol intake (F; =0.284, p=0.609), but there was a weak trend toward
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lower BECs in the drug group compared to the vehicle group (F1s=3.384, p=0.103).
After 3 cycles of DID, there was still no significant main effect of NPY3.35 treatment on
intake (F;7=0.961, p=0.360) and there was again a trend toward a drug effect on BEC
(F1,7=4.335, p=0.076). However, this time the effect was in the opposite direction
(drug>venhicle), though this appeared to be largely driven by a decrease in BEC in the
aCSF group. Figure 5-9 shows alcohol intake and BEC for the DID test with BIBP 3226.
There were no significant main effects of treatment for either alcohol intake or BEC
(F1,7<1, p>0.1 for both). Figure 5-10 shows water intake (ml/kg) during the control tests
for NPY13.35 and BIBP 3226 (0.1ug). Neither drug significantly altered water intake (F 7.
g<1, p>0.1 for both), suggesting that intra-accumbal infusion of these drugs is unlikely to
produce decreases in locomotor activity or general consummatory behavior that could

confound the interpretation of the results.

Discussion

In these experiments, we showed that selection for high BECs in the HDID-1
mice has resulted in blunted NPY response to alcohol in the NAc core and shell and
overall higher NPY levels in the CeA. This is one of the few reported examples of a
specific neurobiological difference between the HDID-1 and HS mice at the protein level
and provides possible evidence for a relationship between NPY and binge-like drinking
in these mice. Previous studies of NPY region-specific effects on alcohol intake have
been predominantly focused on the CeA and other extended amygdala structures (e.g.
Sparrow et al., 2012; Gilpin 2012). Based on this literature, the putative role of NPY in

altering alcohol drinking has been as an anxiolytic neuropeptide: high drinking, high
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anxiety animals show low levels of NPY in the CeA and treatments that increase these
levels (NPY administration, Y2R antagonism, etc.) reduce both anxiety and alcohol
intake (e.g. Primeaux et al., 2006; Schroeder et al., 2003; Sparta et al., 2004). However,
this does not appear to be the mechanism by which NPY may modulate drinking in the
HDID-1 mice as HDID-1 males actually show lower basal levels of anxiety-like behavior
than HS mice (Barkley-Levenson & Crabbe, 2014 [Chapter 4]). This is consistent with
the genotypic difference in NPY immunoreactivity in the CeA seen in Experiment 1
(HDID-1 > HS).

Much less work has been done examining the role of NPY in the NAc, but there is
some evidence that NPY in this region is relevant to reward and addiction. NPY infusion
into the NAc has been shown to condition a place preference in rats, indicating that NPY
signaling in this area is perceived as rewarding (Brown et al., 2000). Additionally, NPY
administration into the NAc shell stimulates dopamine release, which is generally
associated with reward (Serensen et al., 2009). NPY administration into the NAc shell
can also enhance morphine reward, whereas administration of Y1R antagonist BIBP 3226
decreases morphine reward (Desai et al., 2013). Thus, it is possible that the sustained
high levels of NPY expression in the NAc of HDID-1 mice during alcohol drinking could
similarly enhance the perceived rewarding value of alcohol and could promote high DID
intake. HDID-1 and HS mice have been shown not to differ in alcohol conditioned place
preference to a 2 g/kg injection (Barkley-Levenson et al., 2015 [Chapter 3]), though there
could still be differences in alcohol reward sensitivity at different doses or on a more
direct measurement of reward (e.g. progressive ratio self-administration). Furthermore,

HDID-1 and HS male mice do show robust differences in an alcohol-conditioned taste
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aversion (Barkley-Levenson et al., 2015), and there is evidence to suggest that dopamine
release in the NAc may also be involved in encoding responses to aversive stimuli (e.g.
McCutcheon et al., 2012). Altered NPY signaling in the NAc of HDID-1 mice might
therefore be involved in the reduced alcohol aversion sensitivity of these animals via
downstream effects on dopamine.

The NPY IHC findings largely did not parallel the genetic differences in Npy
MRNA levels previously reported in alcohol-naive HDID-1 and HS mice (Zhang et al.,
2011). There are many post-transcriptional processing steps in the translation of mMRNA
to peptides (for review, see Vogel & Marcotte, 2012), and it therefore should not
necessarily be expected that mMRNA and protein levels show a one-to-one relationship.
However, this does raise interesting possibilities of altered regulatory processes or
compensatory feedback mechanisms in the HDID-1 mice that allow for only limited basal
differences in NPY peptide expression between the lines. Future experiments will be
needed to tease out what these changes might be and how they could relate to the high
drinking phenotype of these mice.

Despite the significant genetic difference in NPY levels post alcohol in the NAc,
intra-accumbal manipulation of NPY receptors had little obvious effect on drinking and
BECs in the HDID-1 mice. The most promising compound was the Y2R agonist NPY 3.
36. This drug showed a potential ability to reduce BECs in Experiment 2, and there was a
trend toward an effect in Experiment 3 as well. However, it appears that any possible
effect may be transient since repeated testing after 3 cycles of DID did not replicate the
same treatment group difference. Y2R is expressed presynaptically and is primarily

thought of as an autoreceptor where high affinity binding of cleaved C-terminal
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fragments of NPY (e.g. NPY13.36) can trigger a feedback mechanism that inhibits the
release of NPY (Michel et al., 1998). One mechanistic possibility for a Y2R agonist
effect on HDID-1 drinking is that these mice have lower endogenous levels of cleaved
NPY to act at the Y2 receptors. This could result in a faulty feedback loop and the
observed blunted response of NPY levels to alcohol. This possibility fits with the
observed lack of an effect of a Y2R antagonist on drinking—Dblocking these receptors
won’t matter if there is limited endogenous ligand present to act on them in the first
place. In the present IHC study, it was not possible to differentiate between intact NPY
and the cleaved forms that act at the Y2R. However, future studies using different
techniques (e.g. high-performance liquid chromatography) could potentially determine
whether HDID-1 mice have a deficit in posttranslational processing of NPY and whether
Y2Rs actually represent a realistic target for modulation of binge-like drinking in these
animals. Additionally, Y2Rs have been shown to have heteroreceptor functions as well
and can influence the release of other neurotransmitters such as glutamate and GABA
(Gilpin et al., 2011; Silva et al., 2007), and studying Y 2R agonist effects in relation to
downstream effects of these other transmitters may reveal a more complete picture of
how NPY relates to HDID-1 drinking.

It should be noted that there are several limitations of these studies including the
use of only the first replicate of HDID-1 mice, potential carry-over effects from repeated
testing of NPY receptor ligands in the same animals, and a small sample size. HDID-2
mice have not been assessed for either mRNA or protein levels of NPY, but this would be
a logical next step to determine whether alterations in the NPY system appear to be

necessary for the HDID phenotype. As for the repeated testing issue, this type of
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experimental design always carries the risk of potential confounds due to previous
treatments. However, care was taken to include sufficient washout periods between each
drug administration. The half-lives of these compounds have not been conclusively
shown, but what little data are available suggest that they are in the range of a few hours
or less (Malmstrom et al., 1997). This does not rule out the possibility that metabolism of
these compounds is altered in the HDID-1 mice, nor that there could be other
compensatory changes (e.g. receptor downregulation) occurring as a result of the
repeated treatments. Additionally, the final sample size in Experiment 3 was small. This
could account for the difficulty in identifying any significant effect of the NPY receptor
ligands, and also the variability in findings with the Y2R agonist after 1 vs. 3 cycles of
DID. Adding more animals to this experiment in the future could potentially increase the
power to detect a significant drug effect.

An additional consideration is that the effects of the NPY compounds were only
tested in a single brain region. Although the IHC data suggested that the NAc was the
likely region to target, it may be that modulating NPY in a different area such as the CeA
or BNST would provide more fruitful results. The decision was also made to target the
entire NAc since IHC findings were similar between the core and the shell. The
coordinates for the cannulations were targeted at the “shore” region between the core and
the shell, but a majority of the hits appeared to be in the shell. Given that the genetic
difference in NPY levels was more pronounced in the core than the shell, it’s possible
that future studies targeting only the NAc core may be necessary for a significant

behavioral effect.
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Despite the limited ability of NPY receptor ligands to attenuate binge-like
drinking, these studies demonstrate the use of existing genetic and pharmacological data
to choose a candidate gene for further investigation using targeted manipulation in the
HDID-1 mice. By identification of targets through the literature and pilot gene expression
studies, we can begin to assess how various neurotransmitters, receptors, and other
biological factors promote excessive alcohol intake. In this manner, we will ideally be
able to narrow down the phenotype-relevant changes produced by selection and may

discover potential targets with translational value for reducing binge drinking.
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Figure 5-1. Alcohol intake (a) across each day of the 4-day DID test and BECs (b) after
drinking on Day 4 for HDID-1 and HS in Experiment 1. Intake data (g/kg) are shown for
each 2 h session on Days 1-3, for the first 2 h and second 2 h on Day 4, and for the total 4

h session on Day 4. Means +SEM shown. N=13/line *** indicates p<0.001
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Figure 5-2. NPY immunohistochemistry in the nucleus accumbens (NAc). Panel a shows
a representative photomicrograph of NPY staining in the NAc of an alcohol-drinking
HDID-1 animal. Panel b shows an atlas representation of NAc regions used for NPY
staining (boxed area corresponds roughly to brain region shown in panel a). Panels ¢ and
d show average NPY immunoreactivity in the NAc core (c) and shell (d) of water and
alcohol exposed HDID-1 and HS mice. Panels e and f show the average number of NPY-
positive cells for the NAc core (e) and shell (f) in both treatment groups and genotypes.

Means £SEM shown. N=11-13/line/group ** indicates p<0.01
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Figure 5-3. Correlations between alcohol (a) and water (b) intake and NAc core NPY
immunoreactivity in the HDID-1 and HS mice. Regression lines are shown for each

genotype. N=11-13/line/group
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Figure 5-4. NPY immunoreactivity in the central nucleus of the amygdala (a), bed
nucleus of the stria terminalis (b), basolateral amygdala (c), and paraventricular nucleus
of the hypothalamus (d) of HDID-1 and HS mice of both drinking groups. Means +SEM
shown. N=9-13/line/group * indicates statistically significant difference from HS

(p<0.05)
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Figure 5-5. Schematic of bilateral nucleus accumbens cannula hit approximate locations

in Experiment 2.
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Figure 5-6. Drug effects on alcohol intake (a) and BECs (b) in HDID-1 male mice on
Day 4 of a 4-day DID test shown as an average for each drug tested in Experiment 2. The
number of data points averaged for each drug group (bar) are aCSF: 78, BIBP (low): 28,

BIBP (high): 25, BIIE: 14, NPY 13.36: 12.
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Figure 5-7. Schematic of bilateral nucleus accumbens cannula hit approximate

locations in Experiment 3.
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Figure 5-8. Alcohol intake (a) across each day of a 4-day DID and BECs after Day 4

drinking (b) in HDID-1 mice tested with the Y2R agonist NPY 13.3¢ after one (top) or

three (bottom) cycles of alcohol DID. Alcohol intake is shown for each 2 h session on

Days 1-3, for the first 2 h and second 2 h on Day 4, and for the total 4 h session on Day 4.

Means SEM shown. N=4-5/group
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Figure 5-9. Alcohol intake (a) across each day of a 4-day DID and BECs after Day 4

drinking (b) in HDID-1 mice tested with the Y1R antagonist BIBP 3226 after two cycles
of alcohol DID. Alcohol intake is shown for each 2 h session on Days 1-3, for the first 2
h and second 2 h on Day 4, and for the total 4 h session on Day 4. Means £SEM shown.

N=4-5/group

155



100 - b) 100 -
—8— aCSF
—0— NPY13-36
— 80 1 80 4
2 ?
E =
E’ 60 - é
Q
< :
£ €
— 401 =
o 0
® @
2
20 A =
O T T T 0
0-2hr 2-4hr total

time

60

40 1

20 A

—8— aCSF
—0— BIBP 3226

0-2hr 2-4hr total

Figure 5-10. HDID-1 male mice water intake during 4 h DID control sessions following
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Chapter 6: General Discussion

Summary of findings

Chapter 2 presented evidence that indicates that HDID-1 and HDID-2 mice reach
intoxicating BECs in the DID test through different drinking structures. For HDID-1
mice, their unique drinking microstructure (large bout size) appears to be specific to
alcohol. For HDID-2 mice, the large number of drinking bouts was seen for all fluid
types tested. Chapter 3 showed that HDID selection has not resulted in changes to
alcohol-induced CPP in the selected lines as compared to the HS mice. In contrast,
alcohol-induced CTA was attenuated at a moderate alcohol dose in both HDID replicates.
Basal anxiety and anxiolytic response to alcohol were not found to systematically differ
between the HDID and HS mice, though there was evidence of sex and replicate specific
differences (Chapter 4). Finally, Chapter 5 described differences between the HDID-1
and HS mice in brain levels of NPY after alcohol drinking, but showed that the HDID-1
mice were largely insensitive to the effects of a site-specific modulation of NPY
receptors. Taken together, these results begin to show a more complete picture of how
and why the HDID mice drink the way they do. This discussion will address the findings
of the previous studies in the context of understanding the phenotype of the HDID mice
and what we can learn from them as a model of binge-like drinking, as well as key

directions for future research.

How do HDID mice reach intoxicating BECs?

Prior to the studies described in Chapter 2, it was not known how HDID mice

drank in order to achieve intoxicating BECs. We had shown previously that broadly-
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defined patterning of intake over the 4hr DID session is biased toward later session
drinking, with roughly 60% of alcohol intake occurring in the last two hours of the
session (Crabbe et al., 2014). However, this difference was present in the starting
generation (S0) and showed no systematic response to selection, making it unlikely to
explain the HDID phenotype. The timing of drinking in the HDID and HS mice,
however, is in contrast to B6 mice. It has been shown previously that B6 mice consume
most of their alcohol in the DID test in the beginning part of the session. This is true for
single-bottle DID (Linsenbardt & Boehm, 2013; Wilcox et al., 2014) and two-bottle
choice DID (Griffin et al., 2009). Additionally, the rate of drinking during this initial
“front-loading” period has been seen to increase with repeated alcohol experience and
may represent a mechanism by which escalation of drinking occurs over time (Griffin et
al., 2009; Linsenbardt & Boehm, 2014; Wilcox et al., 2014). B6 mice drink to
intoxicating BECs during the DID test (e.g. Rhodes et al., 2005), so early rapid drinking
appears to be an alternative to the timing of drinking of the HDID mice that also results
in intoxication. As discussed in Chapter 2, this distinction in drinking timing between
HDID and B6 mice indicates that the HDID phenotype reflects more underlying genetic
contributions than just the B6 drinking-related alleles.

Timing and rate of drinking during the DID session could potentially reflect
mechanisms of alcohol satiety. Changes in microstructure features such as decreasing
bout length, and increasing inter-bout and inter-lick intervals are associated with satiation
in rats (Allison, 1971). Thus, one possibility is that B6 drinking patterns during DID may
simply reflect satiation, as rapid early intake is then followed by modest alcohol drinking

in the rest of the session. HDID mice drink more consistently throughout the session
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(Chapter 2), and it is possible that their timing of drinking involves changes in the
mechanisms underlying alcohol satiation. Examining within-session variation in drinking
microstructure over the course of the DID test could help test this hypothesis and shed
additional light on how timing and microstructure of drinking interact to promote high
BECs.

The assessment of drinking microstructure in the HDID-1 and HDID-2 lines
showed that there are multiple ways of structuring bouts during the DID session in order
to reach intoxicating blood alcohol levels. HDID-1 mice have a larger alcohol lick
volume that results in larger g/kg intake per bout and HDID-2 mice have more frequent
bouts during the DID session. However, it is not yet clear which microstructural features
are most related to BEC in each replicate. Identifying how various features of the
drinking pattern contribute to the overall blood levels reached will be important for fully
understanding the drinking phenotypes of these lines. For example, it may be that bout
size is a less important predictor of BEC than the timing of bouts within the 4hr DID
session, or that the interbout interval is more relevant than the total number of bouts.
More in-depth statistical analysis of the relationships between structure and patterning
variables (e.g. principal component analysis) will be useful to understand how they are
related to each other and to the outcome variables of interest such as intake and BEC.
This may also help explain the observation in the HDID-2 mice of BECs increasing more
than g/kg intake across recent selection generations (Crabbe et al., 2014).

When considering the larger lick volume size of the HDID-1 mice, it should be
noted that lick volumes were calculated by dividing the total intake in ml by the total

number of licks in a session. These values, therefore, are averages and likely do not
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reflect the exact size of each lick. We also do not know what exactly a mouse is doing at
the sipper tube during a drinking bout. Although we refer to the behavior as “licks,” the
actual output measure is simply the number of closures of the electrical circuit. It’s
possible that the way in which the HDID-1 mice drink from a sipper tube results in more
prolonged physical contact than the HS mice, thereby resulting in fewer recorded discrete
“licks” and a greater average lick volume. However, there is evidence that rodents can
modulate their efficiency of fluid intake per lick. Previous studies in rats have tested the
effect of response requirement on licking efficiency (Allison et al., 1987; Allison &
Buxton, 1992; Buxton & Allison, 1990). In one procedure (Allison et al., 1987), fluid-
restricted rats were required to lever press for access to a sipper tube of water. Once the
sipper tube was available, the rats were only allowed a fixed number of licks before the
tube was retracted and lever presses again had to be made to access the tube. Two groups
were tested, one where the “cost” of each lick (i.e., number of lever presses per lick) was
high, and one where the cost was low. The high cost group made fewer lever presses and
had fewer licks than the low cost group, but the groups did not differ significantly in the
total volume consumed. This suggests that licking efficiency was enhanced as a function
of cost per lick. In a follow-up experiment, rats were trained to lick an empty spout for
access to a fixed number of licks on a water spout (Buxton & Allison, 1990). By altering
the response requirement across sessions, it was shown that increasing the cost per water
lick (i.e., number of empty spout licks needed per water lick) resulted in an increase in
licking efficiency as shown by a decrease in the number of licks per ml of water
consumed. In contrast, yoked control animals that received water spout access

concurrently with each experimental animal but had no response requirement of their
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own showed no significant difference in licking efficiency across sessions. These studies
suggest that lick volumes vary as a function of the “value” of the solution being
consumed.

If lick volume in the HDID-1 mice is similarly variable, we might expect changes
in lick volume depending on procedural differences that alter the perceived value of
alcohol (or other fluids). This could provide a potential explanation for the difference in
magnitude of genotypic difference in bout size seen between the single-bottle and two-
bottle choice DID tests in Chapter 2. HDID-1 mice had larger alcohol bouts than HS mice
in both procedures, but this difference was more pronounced in the single-bottle test. If
the presence of concurrent water reduces the perceived value of the alcohol solution, then
HDID-1 mice may reduce their licking efficiency for alcohol and thereby the g/kg intake
per bout. Testing HDID-1 and HS mice for two-bottle choice DID in the lickometers,
therefore, might be a useful follow-up experiment to examine this possibility. It is also
unknown how (and if) lick volume fluctuates throughout the drinking session in the
HDID-1 mice. One possibility is that licking efficiency may decrease with satiety. This
has been shown for rats drinking a saccharin solution in a limited access test, where
ml/lick decreased in the latter part of the session in association with other drinking
microbehaviors indicative of satiation (e.g. shorter lick length, greater pause length
between licks) (Allison, 1971). We might therefore expect HDID-1 mice to decrease their
lick volume over the course of the DID session as they become satiated. It is possible,
however, that alcohol satiety is not achieved by these mice during the DID test (see
above). An alternative hypothesis is that lick volume may instead increase during the

session. HDID mice drink more in the second half of a 4 hour DID session than in the
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first half, and it is possible that this is due in part to increasing licking efficiency. Prior to
the final day of the 4-day DID test, mice have only ever experienced 2 hour limited
access sessions. We do not currently know anything about timing abilities in these
animals, but it seems probable that the 4 hour session is noticeably longer than any
previous alcohol exposure. Alcohol may increase in relative value during the latter part of
the 4 hour session due to the anticipation and uncertainty about when this extended
access will end, thereby producing a sort of “last call” effect on drinking efficiency.
These possibilities are obviously purely speculative and will need to be tested in the
future. Lick volume changes throughout the session cannot be measured using the current
lickometer set-up, but we are currently in the process of implementing a combined
lickometer and BioDAQ system that would allow for this degree of temporal and
volumetric resolution.

HDID-2 mice have not yet been tested for DID intake in a lickometer procedure.
Because these mice do not differ from HS in the size of their drinking bouts, we would
not necessarily hypothesize that they would exhibit differences in lick volume or lick
rate. However, there is always the possibility that they do show changes in these
variables, but in such a way as to not produce overall differences in bout size. For
example, an enhanced lick rate during bouts coupled with a smaller lick volume could be
masked when considering only total intake during a bout. They might also show
differences in lick volume over time, as postulated for the HDID-1 mice. It may therefore
still be useful to assess drinking structure in these mice using the lickometer system or
combined lickometer/BioDAQ apparatus. Additionally, given the binge-like saccharin

intake the female mice of this genotype exhibited (Chapter 2), it might be valuable to
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assess how lick features relate across two palatable, rewarding fluid types (alcohol and
saccharin).

Another avenue for study will be to determine whether any microstructure
features are able to predict future consumption. HDID-1 female mice have been shown to
escalate their intake following chronic intermittent alcohol exposure involving repeated
cycles of alcohol vapor exposure and limited access alcohol preference drinking (Crabbe
et al., 2012c). Male HDID-1 mice have also shown escalation of intake with intermittent
alcohol access, but only following long-term (six weeks) daily continuous access
preference drinking. It may be the case that certain microstructural bout features are
related to greater escalation of intake in these procedures (e.g. bout size, number of
bouts). Determining which microstructure elements signal risk of escalated drinking
could be a significant area for translational research and excessive drinking prevention
strategies in humans. In the single-bottle DID test in Chapter 2, all three genotypes
(HDID-1, HDID-2, and HS) were found to increase their average alcohol bout size from
Day 1 to Day 4 of the test, but decrease their number of bouts. These two complementary
changes in microstructure can be expected to have opposite effects on total consumption,
and may help to explain why HDID mice fail to reliably show escalation of intake. It’s
possible that procedural manipulations that result in escalation of drinking in these
genotypes (i.e., long-term, daily two-bottle choice; chronic intermittent alcohol exposure)
do so by further enhancing ethanol bout size, though this will need to be tested directly in
future experiments. We have not yet examined how bout features change across a two-
bottle choice DID test, and it may be that the change in microstructure across days differs

between this test and single-bottle DID. Because preference drinking is most commonly
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used in escalation procedures, it will be relevant to determine how HDID microstructure
varies across time when water and alcohol are available concurrently. It will also be
important to examine how microstructure changes across more chronic exposure to
alcohol drinking, or in continuous-access drinking paradigms. We do not yet know what
HDID drinking pattern or microstructure looks like during 24 hour continuous access to
alcohol and water. It is possible that the distinct drinking microstructures seen here are
specific to the initiation of drinking, to limited access drinking, or to both. Thus,
including microstructural analysis of intake in a variety of drinking experiments will
undoubtedly yield a more complete understanding of how drinking microstructure has
been altered in HDID selection and which features of drinking could be useful targets for
reducing intake and BECs. For example drinking bout sizes for other palatable solutions
such as NaCl can be modulated in fluid-deprived rats drinking in short access periods by
administration of dopamine receptor antagonists (Canu et al., 2010; Galistu & D’Aquila,
2012). Certain drugs, such as the D2 receptor antagonist raclopride, appear to be able to
selectively alter bout size without changing the number of drinking bouts (Canu et al.,
2010). If this dissociability of effect on bout size and bout number extends to alcohol
drinking in the HDID lines, it will be an important consideration when trying to use
pharmacological manipulations to reduce intake in DID. Testing of any potential
pharmacological treatments should therefore be undertaken in both replicates in case

effects are limited to only an alteration in the bout size or number of bouts.
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What motivates alcohol intake in the HDID mice?

Alcohol’s motivational effects can be broadly thought of as aversion and reward,
where reward encompasses positive rewarding experiences (e.g. euphoria) as well as the
removal of aversive states (e.g. anxiolysis) (for review, see Riley, 2011). In the HDID
mice, it appears that reduced aversive sensitivity is a key contributor to their high alcohol
consumption. One of the most striking findings from these studies was that of reduced
intake of a novel fluid paired with the presumed aversive effects of alcohol in the HDID
lines compared to the HS (Chapter 3). HDID-1 and HDID-2 male mice showed
development of an attenuated CTA to a moderate (2 g/kg) dose of alcohol. As discussed
previously, there exists a robust literature demonstrating a negative genetic correlation
between alcohol intake and alcohol CTA (e.g. Green & Grahame, 2008), and the HDID
lines now provide another example of this relationship. It is still not clear, however,
whether there is a causal relationship between reduced alcohol aversion and high alcohol
drinking in rodent models. That is, are these animals actually drinking more because they
do not experience substantial aversive effects of alcohol? A set of recent unpublished
studies from the Crabbe lab tested whether alcohol drinking could produce a CTA in
these mice. These studies were based on a procedure used by Belknap and colleagues
(1978) to study B6 and D2 mice for drinking-induced CTA to alcohol. Briefly, mice were
fluid deprived and trained to drink during a limited access period. Mice were then given
ten minutes of access to water or one of five concentrations of alcohol (2-10%). Four
days later, mice were given another drinking session with the same concentration of
alcohol and the change in consumption between the pretest and posttest was used as a

score of CTA. D2 mice were found to significantly decrease their intake when given

165



alcohol concentrations from 6-10%. B6 mice, however, only showed a significant
reduction in intake at the 10% concentration. This suggests weaker alcohol CTA in the
B6 mice as compared to the D2, which is consistent with findings from traditional CTA
experiments (e.g. Broadbent et al., 2002). The same procedure was used in the HDID
mice, except that the range of alcohol concentrations tested was 5-25%. Mice of both
replicates showed a statistically significant change in consumption from the pretest to the
posttest at alcohol concentrations of 15-25%. Therefore, drinking alcohol concentrations
close to that used in selection appears to be able to produce a CTA in these mice. We
have not yet tested the HS mice in this procedure, but this is a necessary future
experiment in order to assess relevant genotypic differences in this task. Specifically, we
can hypothesize that HS mice will develop significant CTA at lower alcohol
concentrations than the HDID mice. This would indicate a lower threshold for aversive
sensitivity to alcohol and would be consistent with the results from the CTA experiment
described in Chapter 3.

Another approach for testing the causal relationship between CTA and drinking
would be to test whether activation of brain areas known to be involved in response to
aversive stimuli could reduce alcohol intake in the HDID mice. For example, the lateral
habenula has been shown to be involved in alcohol CTA and self-administration, with
lesions in this area producing reductions in CTA and increases in self-administration in
rats (Haack et al., 2014). The nucleus of the solitary tract has also been associated with
CTA learning (e.g. Thiele et al., 1996), and stimulation of this area can produce
enhancements in lithium chloride CTA (Garcia-Medina et al., 2014). Thus, we could

activate these brain areas via electrical stimulation or more targeted approaches (e.g.
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optogenetics, designer receptors exclusively activated by designer drugs [DREADDs])
and determine whether this can effectively reduce binge-like intake in the HDID lines.
Similarly, if activation of the same neurons can enhance an alcohol CTA, this could
indicate that both behaviors are related and would provide further evidence for a causal
role of lower alcohol aversion in binge-like drinking.

From the present studies, it appears that the difference in drinking between HDID
and HS mice is not driven by altered sensitivity to alcohol reward. Based on the results
from the CPP experiment (Chapter 3), HDID mice do clearly find alcohol to be
rewarding, as do HS mice. If alcohol is similarly rewarding to the HS mice, why then do
they consume less alcohol than HDID mice in the DID test? As discussed previously,
alcohol drinking-naive HS and HDID mice differ in CTA. One possibility, therefore, is
that HDID and HS mice have similar reward thresholds for alcohol, but that the HS mice
have a significantly lower threshold for experiencing the aversive effects alcohol. If this
is the case, the amount of alcohol HS mice consume in the DID test may be sufficient for
them to experience the aversive effects and subsequently terminate their drinking. In this
scenario, reward sensitivity would not factor into the genotypic difference in
consumption provided that the HS mice do not drink sufficient quantities to experience
alcohol reward. This hypothesis is consistent with findings from B6 and D2, wherein D2
mice show avoidance of lower concentrations of alcohol than B6 mice (see discussion of
Belknap et al., 1978 above), but still show a robust alcohol conditioned place preference
(e.g. Cunningham, 2014). Reward sensitivity may then still be relevant to alcohol
consumption in high drinking mice like the HDIDs, as they presumably drink enough to

experience the rewarding effects of alcohol. That is, reduced sensitivity to alcohol
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aversion could allow the HDID mice to overcome an initial barrier to drinking, and then
the rewarding effects of alcohol may maintain the drive to continue drinking alcohol
during the DID session. However, this is only one possible explanation, and it may well
be that alcohol’s rewarding effects are experienced even at low levels of consumption.
HS mice might therefore experience alcohol reward, but their heightened sensitivity to
alcohol aversion acts as the predominant subjective effect and ‘overrides’ any perceived
rewarding effects.

CPP is only one measure of reward, however, and it is not without interpretational
challenges (Cunningham et al., 2006; Stephens et al., 2010). For example, alcohol CPP
does not reliably show a graded dose-response curve, but instead tends to appear as an
“all-or-nothing” effect (e.g. Groblewski et al., 2008). Because the CPP procedure and
conditioning dose used here appeared to produce a maximal effect in all genotypes
(Chapter 3), it is unclear whether there may be differences in the reward threshold
sensitivity of these animals. Consequently, future experiments could test the HDID and
HS mice on operant self-administration of alcohol to address this possibility. In
particular, the use of a progressive ratio schedule of reinforcement would allow for
determination of how hard HDID and HS mice are willing to work to obtain alcohol. It
may be the case that genetic difference in alcohol reward sensitivity will emerge when
using a different paradigm that produces a more sensitive dose-response curve.
Additionally, nothing yet is known about extinction or reinstatement of alcohol
responding in these lines, and these behaviors represent future directions for research.

One hypothesis of high alcohol intake is that it is consumed for its anxiolytic

effects to alleviate high basal anxiety. Differences in basal anxiety or alcohol-induced
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anxiolysis do not appear to be major contributors to the HDID drinking phenotype. There
is evidence for this self-medication hypothesis in humans and selected rodent lines
(Colombo et al., 1995; Smith and Randall, 2012;Wolitzky-Taylor et al., 2015). Sardinian
P rats, for example, show high basal anxiety that is attenuated by voluntary alcohol intake
(Colombo et al., 1995). Similarly, rats selectively bred for high anxiety behavior show
greater anxiolytic response to an acute alcohol injection than the corresponding low
anxiety line (Henniger et al., 2002). In HDID mice, however, there was no evidence for
elevated basal anxiety, and HDID-1 male mice actually showed significantly lower
anxiety-like behavior at baseline than the other groups (Chapter 4). Additionally, HDID-1
mice did not show evidence of a significant change from HS mice for sensitivity to
alcohol’s anxiolytic effects as measured on the EZM. The previous rat studies, however,
used lines of animals either selectively bred for or tested on two-bottle choice drinking. It
is possible, therefore, that there is a greater degree of shared genetic contribution between
anxiety-like behaviors and preference drinking than between anxiety and binge-like
drinking. HDID-2 mice still need to be tested for anxiolytic response to acute alcohol
injection, so it remains to be seen whether there are sensitivity differences in this line that
may be related to alcohol intake. However, since the HDID-2 mice also do not exhibit
elevated anxiety-like behavior vs HS at baseline, it seems unlikely that they are drinking
alcohol predominantly for its anxiolytic effects. As discussed in Chapter 4, the low
baseline anxiety-like behavior of the HDID-1 male mice could be consistent with an
enhanced novelty-seeking phenotype. These mice also showed greater consumption of
the novel NaCl solution than HS mice on the first day of the CTA procedure (Chapter 3),

which potentially reflects novelty-seeking and/or reduced neophobia. This might explain
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in part their high alcohol consumption, particularly on the first day of the DID test,
though this seems less likely to underlie continued high alcohol intake. However, there is
evidence that for a genetic correlation between novelty-seeking and alcohol drinking
(Lange et al., 2010; Manzo et al., 2014; Noél et al., 2011), and testing these mice
explicitly for novelty-seeking behavior and neophobia may be a useful future direction
for understanding their motivation to drink.

It should be noted that all of the anxiety-like data collected in the HDID lines
have been from emergence-based assays. Although rodent models of anxiety-like
behavior have relatively limited face validity for human anxiety disorders, emergence-
based tests may most closely model “trait” anxiety and generalized anxiety disorder
(Steimer, 2011). Other anxiety disorders such as social phobia have also been shown to
be associated with alcohol use (Smith & Randall, 2012; Robinson et al., 2009).
Therefore, other tests besides emergence-based assays of anxiety-like behavior may be
needed to assess fully the relationship between anxiety-like behavior and alcohol intake
in rodents. Social phobia is an inherently human construct, but there are tasks that appear
to be relevant models, such as social avoidance or social fear conditioning (for review,
see Toth & Neumann, 2013). Future testing of anxiety-like behavior in the HDID and HS
mice could include some of these social-based tasks to develop a more complete picture
of how anxiety state may influence alcohol consumption in these lines. Additionally, a
potential positive genetic relationship between depression-like behavior and alcohol
intake has been seen in other rodent lines selectively bred for either high alcohol
consumption or depression-like behavior (Can et al., 2012; Weiss et al., 2008), and the

mood-enhancing effects of alcohol could potentially motivate intake in the HDID lines.
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Depression-like behavior in the HDID mice has not yet been assessed, but determining
whether there are selection-related changes in either basal depression-like behavior or

depression-like behavior during withdrawal represents an area for future research.

Neurobiology of HDID mice and binge-like drinking

The observed genetic differences in alcohol drinking microstructures, alcohol
CTA, and basal anxiety-like behavior presumably stem from differences between the
lines at the level of the brain resulting from HDID selection. Because binge-like drinking
is a complex trait, selection has likely altered numerous genes and subsequently
numerous neurobiological factors as well. In this dissertation, | explored the potential role
of only a single factor—NPY. The most striking finding from the NPY studies was the
blunted NPY response to alcohol in the NAc of HDID-1 mice. Specifically, HS mice
showed an alcohol-related decrease in NPY expression in the NAc core and shell after
alcohol DID as compared to water drinking controls. In contrast, HDID-1 mice showed
no difference in NPY expression between water and alcohol drinking animals. Taken
together with the limited efficacy of pharmacological manipulations of NPY to alter
binge-like drinking, this finding raises the question of whether NPY levels in the HDID-1
mice are specifically insensitive to alcohol or whether the NPY system is generally
unresponsive to any attempts at modulation. One way to explore this further could be by
testing whether alcohol withdrawal will differentially affect NPY levels in the HDID-1
and HS mice. Alcohol withdrawal has been shown to elevate brain NPY protein and
MRNA levels in several regions in rats and mice, including the NAc (e.g. Bison and

Crews, 2003; Olling et al., 2009; Sparrow et al., 2012). Therefore, if withdrawing HS
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mice showed an increase in NPY while HDID-1 mice still showed no change, this would
suggest a general decrease in the lability of the NPY system in these animals. Another
possible explanation for the limited effectiveness of the NPY receptor ligands is that the
NAC was not the correct area to target. Although this region showed the most significant
genetic difference in NPY expression, it may be that modulation of NPY receptors in an
upstream region like the CeA or BNST would be more behaviorally relevant.
Alternatively, direct genetic knockdown of Npy itself in one of the regions showing gene
expression differences (NAc, CeA, BNST) may prove to be a more useful technique for
altering HDID-1 drinking.

It is also possible that elevated NPY levels after alcohol drinking in the HDID-1
mice represent an “at-risk brain state with regard to alcohol intake. NPY system
modulation in mice and rats predominately affects alcohol intake only in animals with a
history of alcohol dependence, or those selectively bred for high alcohol intake. In non-
dependent animals and low-drinking selected lines, NPY has little impact on alcohol
drinking (for review, see Badia-Elder et al., 2007). Thus, selection-related changes in the
NPY system in HDID mice and other high-drinking selected lines may mimic the
neuroadaptation seen in post-dependent animals. This could represent a common
mechanism for both the high alcohol intake seen in selected lines and the withdrawal-
associated escalation of drinking that has been observed in animals with a history of
alcohol dependence.

It should be clear from these findings that NPY is not the only neurotransmitter
involved in binge-like drinking. Previous work has shown increased expression of the

group 1 metabatropic glutamate receptors mGLUR1and associated scaffolding proteins in
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the NAc shell of alcohol-naive HDID-1 mice as compared to HS (Cozzoli et al., 2012).
NPY has been shown to reduce glutamate release presynaptically through a Y2R-
mediated mechanism in rat hippocampal slices in vitro (e.g. Greber et al., 1994).
Increased mMGLURL1 expression in the NAc of the HDID-1 mice could therefore
potentially represent a compensatory receptor upregulation in response to decreased
glutamate release driven by high levels of NPY. Continued exploration of potential
candidate genes and neurotransmitter systems will undoubtedly uncover other
neurobiological differences between the HDID mice and the HS. It may well be the case
that NPY is relevant to the drinking phenotype, but that its involvement is largely due to
effects on other neurotransmitters and downstream systems. The gene network
connectivity study that suggested NPY system alterations in the HDID mice (lancu et al.,
2013) also found other genes that were apparently affected by selection, and some of
these genes have been previously implicated in alcohol intake or AUDs. For example, the
genes encoding the gamma-1 subunit of the GABA-A receptor and neurotensin were also
found to have selection-induced changes in connectivity, and these genes represent good

candidates to test next for their role in the HDID phenotype.

The HDID mouse phenotype as a model of binge-like drinking

Strengths and weaknesses of the model

A significant advantage of the HDID mice as a model for studying binge-like
drinking is that they readily consume enough alcohol to reach intoxicating BECs.
Furthermore, this drinking to intoxication occurs without major procedural manipulations

such as fluid restriction or sucrose-fading, and these mice will drink to intoxication
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during their initial exposure to alcohol (Crabbe et al., 2014). This is an important feature
when trying to model excessive alcohol drinking, and differs from many other rodent
models of alcohol drinking where it is uncertain whether animals are ever actually
experiencing intoxication. It has also been shown that HDID BECs correlate significantly
with alcohol intake and that the intoxicating blood levels are not due to changes in
alcohol absorption or metabolism (Crabbe et al., 2009; 2014). The HDID lines have also
been shown to not differ from the HS in preference for sweet tastants or avoidance of
bitter tastants, and are therefore unlikely to be consuming the observed large quantities of
alcohol due to differences in taste sensitivity (Crabbe et al., 2010). The alcohol intake
during the DID test has also been shown to be sufficient to produce behavioral
intoxication as demonstrated by increased ataxia (Crabbe et al., 2009). Chapter 4 shows
that intake during DID can produce locomotor stimulation in these mice, as well as
anxiolysis in a sex- and replicate-specific way. It has also been demonstrated that the
HDID show increased handling-induced convulsions during acute withdrawal after a
single DID test (Crabbe et al., 2014). Thus, these mice drink sufficient quantities during
DID in order to exhibit a number of behavioral response to alcohol. The use of limited
access drinking is also an advantage of the model, because it provides a relevant
behavioral window during which to test experimental manipulations for their effect on
drinking and BEC (as demonstrated in Chapter 5).

The HDID mice are also useful in that they are unique in their selection criterion.
No other selected rodent line has been bred specifically for the BEC reached during
drinking, making these mice the only currently existing model of genetic risk for drinking

to intoxication. In addition, the majority of alcohol-selected rodent lines are bred using a
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2-bottle choice, continuous access drinking procedure. DID and preference drinking are
believed to have distinct genetic contributions, with some studies reporting no
chromosomal overlap between QTLs for the two behaviors, and some reporting only
limited overlap depending on the population tested (lancu et al., 2013; Phillips et al.,
2010). HDID mice, consequently, provide a means to study genes relevant to excessive
drinking that may not be captured by other genetic models that were developed using 2-
bottle choice procedures. HDID mice also seem to differ behaviorally from the widely-
studied B6 mouse. As mentioned previously, B6 mice and HDID (and HS) mice have
very different timing of drinking during a limited access test. B6 mice load up on alcohol
early, completing most of their session drinking during the first 15 minutes (e.g.
Linsenbardt & Boehm, 2014; Wilcox et al., 2014). HDID mice begin to drink more
slowly, showing their lowest rates of consumption during the first hour and then steadily
ramping up their drinking and consuming about 60% of their total alcohol during the last
two hours of the test (Crabbe et al., 2014; Chapter 2). These differences between HDID
mice and B6 mice are an important finding because B6 was one of the founder strains for
the HS population. Therefore, HDID selection has demonstrated the importance to binge-
like drinking of the other genetic variation in the HS mice, since selection did not merely
recapitulate the B6 phenotype.

An additional strength of the HDID lines is the existence of the two independently
selected replicates. As mentioned previously, replicate lines are traditionally thought to
provide an easy means of testing correlated responses to selection. If a correlated trait is
seen in multiple replicates, this is strong evidence for its genetic relationship to the

selection phenotype. In practice, replicate lines often show a complex pattern of
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behaviors, with some putatively correlated responses showing concordance between the
lines and some showing differences. The HDID lines are no exception. Of the data
presented here, only reduced CTA at a 2 g/kg alcohol dose is strictly supported as a
correlated response by both replicates. However, even in this instance there are some line
differences since the HDID-2 mice may appear to have reduced general aversive
sensitivity. However, these differences between the HDID replicates are not necessarily a
disadvantage of the model. As seen with the drinking microstructure data, the two HDID
lines show divergent pathways to a similar selection phenotype. Although this may
complicate the ability to confirm correlated responses to selection, it does provide us with
the opportunity to better understand the specific genetic contributions to discrete aspects
of the binge-like drinking phenotype. For example, in HDID-1 and HDID-2, we can
study two separate complex phenotypes that both result in drinking to intoxication. In this
way, we will be able to better identify the genes and mechanisms that underlie different
components of the drinking phenotype such as bout size and number of drinking bouts.
Drinking phenotypes are similarly complex in humans, and the increased diversity in our
mouse model may help to parse the basis of these differences.

Another replicate line difference is that HDID-2 mice show a greater tendency
than HDID-1 mice for generalization of alcohol-related traits to other substances. For
example, the HDID-2s show a greater number of drinking bouts across all fluid types
tested (alcohol, water, and saccharin). In contrast, the HDID-1 mice show an enhanced
bout size only for alcohol (see Chapter 2). HDID-2 mice (females in particular) also
showed potential binge-like consumption of a saccharin solution, whereas HDID-1 mice

consumed the least amount of saccharin out of all three genotypes. Unpublished data
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from our lab suggest that the HDID replicates do not differ in preference for sweet
solutions (saccharin and sucrose) in a continuous access two-bottle choice test, so the
replicate line difference in saccharin drinking appears to be specific to a binge-like
procedure. Sucrose DID should be tested as well in these genotypes to determine whether
HDID-2 binge-like intake extends to a caloric, sweet solution as well. HDID-2 mice also
seem to have a general reduction in aversive sensitivity, showing attenuated CTAto a 2
g/kg dose of alcohol and lithium chloride (see Chapter 3). One possible explanation for
this increased generalizability of behavior in the HDID-2 mice is that they were not as far
along in selection as the HDID-1 mice for all of the tests given. Because the number of
alleles fixed due to genetic drift increases over selection generations, the HDID-2 mice
presumably had more genetic variation (both trait-relevant and trait-irrelevant) than the
HDID-1 mice at the time of each test. A lesser degree of trait-relevant fixation could
result in weaker expression of the selection phenotype and any non-spurious correlated
responses. However, it is also possible that these behaviors actually share relevant
underlying genetic factors with the HDID-2 phenotype. If this is the case, HDID-2 mice
might be a uniquely useful model for studying the comorbidity of excessive alcohol
intake with other behaviors. For example, these mice may be a good model of the
relationship between alcohol drinking and binge sweet consumption (due to the high
saccharin intake in DID), or risk for poly-drug abuse (due to generalized low aversive
sensitivity).

The main current limitation of the HDID mice is the lack of choice in the
selection phenotype. When water is offered concurrently with alcohol to these animals,

intake and BECs are much lower than when tested in the traditional single-bottle DID test
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(Crabbe et al, 2009; Chapter 2). In human AUDs, alcohol is generally consumed even
when other liquids are available. The drinking of the HDID mice therefore loses some
translational utility because the phenotype of binge-level BECs appears to be dependent
upon alcohol being the only fluid present. It is possible that continued selection will
enhance preference drinking as well, but this cannot be guaranteed and future research
will need to focus on understanding and increasing alcohol intake in the presence of
water (see below). Since DID is tested during the highest period of consummatory
behavior, the absence of a water bottle complicates interpretation of alcohol intake
because of possible prandial influences on drinking (see below).

Additionally, offering only alcohol limits the ability to assess treatment effects on
water intake, total fluid consumption, or fluid balance. Some pharmacological
manipulations can reduce alcohol intake while not altering alcohol preference in B6 mice
tested in a two-bottle choice DID (Giardino & Ryabinin, 2013), and these types of more
subtle drinking effects would be missed in a standard single-bottle DID test. Another
potential limitation of the HDID mice is that drinking occurs during a limited window of
availability, though this does have benefits as well (see above). It has been suggested that
even repeated, short exposures to the high levels of drinking seen in HDID mice may be
insufficient to produce some of the neural changes underlying the addictive process.
Thus, HDID mice might not be as useful for modeling the neuroadaptation that leads to
chronic dependence, or they may require different procedural manipulations in order to
do so. Additionally, these mice have proven largely resistant to procedures leading to
escalation of alcohol intake, which is another feature frequently seen in human AUDs

(Crabbe et al., 2012a). However, it is not necessary for an animal model of alcohol use to
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recapitulate every aspect of human AUDs, nor is it necessarily desirable. One benefit of
animal models is the ability to model discrete components of human conditions in order
to home in on the causes of specific behaviors that together form the complex traits we
are interested in understanding. HDID mice, therefore, may be most useful as a model of

initiation of binge-like drinking and genetic risk for drinking to intoxication.

Future directions

Relationship between feeding and alcohol consumption

Previous studies with rats have shown that the size of a feeding bout is positively
related to the subsequent interbout interval. That is, the larger a feeding bout, the longer
the animal waits before initiating the next bout (Le Magnen & Devos, 1980). This
relationship has been explored for alcohol drinking bouts as well in lines of rats selected
for high alcohol preference (Samson, 2000). Of the three lines tested (P, HAD-1, and
AA), none showed a significant correlation between alcohol bout size and subsequent
interbout interval. P and HAD rats did show a positive association for feeding bouts,
suggesting that the mechanisms regulating the timing of alcohol consumption were not
the same as those driving feeding pattern. This analysis has not yet been undertaken in
the HDID lines. Examining the relationship (if any) between alcohol bout size and the
following interbout interval in the HDID lines may reveal whether alcohol drinking in
these animals is regulated similarly to food intake, or if there is evidence of dysregulated
satiety mechanism for alcohol consumption. In addition, the BioDAQ apparatus is able to
record food intake and we have initiated a pilot study to record food and alcohol
consumption during a DID test in the HDID and HS mice. One goal of this and future
studies is to determine if there are prandial components to alcohol DID. Water intake in

179



rats segregates with meals (e.g. Fitzsimmons & Le Magnen, 1969), and this relationship
is particularly pronounced during the dark cycle (Johnson & Johnson, 1990).
Consequently, it could be argued that alcohol is consumed during the DID test because it
is the only fluid present and mice are simply maintaining their usual prandial drinking
with what is available. Although this seems to be an unlikely explanation for the binge
levels of intake reached by the HDID mice, it would be interesting to compare feeding-
associated water consumption versus feeding-associated alcohol consumption in the
HDID and HS lines. One might expect that HS mice would show a more similar prandial
bout structure across fluid types, whereas there could be selection-dependent changes in
the prandial component of alcohol DID in the HDID mice. A greater number of extra-
prandial alcohol bouts in the HDID mice would suggest that these animals are drinking
alcohol differently than they drink water and that alcohol is not merely substituting for
water in normal prandial fluid intake. This would be consistent with the results from the
bout structure analysis in Chapter 2 where HDID-1 mice showed a different drinking

microstructure for water than for alcohol and HS mice did not.

Drinking microstructure as a predictor of risk

In the human and non-human primate literature, drinking structure is a useful
predictor for excessive intake and alcohol-related problems. In a study with non-human
primates, for example, large bout size and high drinking rate during schedule-induced
initiation of drinking reliably predicted heavy consumption during later free-choice
drinking (Grant et al., 2008). Human epidemiological data suggest that episodic heavy
drinking may be more closely related to negative health outcomes and drinking related

problems than frequency of drinking or total intake. Low to moderate daily intake (0-2
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drinks) coupled with occasional heavy drinking shows a greater relative mortality risk
than higher daily intake (2-6 drinks) without the occasional heavy drinking component
(Rehm et al., 2001). In a study of three central and eastern European populations, a
higher average dose per drinking session was more predictive of alcohol-related problems
than drinking frequency or overall intake (Bobak et al., 2004). Human research is already
underway to assess strategies for reducing BECs and intake during a drinking session.
Brief interventions involving education on protective behavioral strategies (e.g. eating
before drinking, spacing out drinks, having a designated driver, etc.) have demonstrated
effectiveness at decreasing drinking quantity and negative consequences of alcohol use in
heavy drinking college students (Baer et al.,2001). In another study, college students with
at least one binge episode in the past month were assessed for their use of protective
health behaviors relating to drinking and their experience of negative alcohol-related
consequences. Individuals who reported using more strategies that involved moderating
their manner of drinking (e.g. avoiding mixing different types of alcohol, not
participating in drinking games, choosing drinks with lower alcohol concentrations)
showed the lowest prevalence of negative alcohol consequences (Napper et al., 2014).
Consequently, interventions to educate individuals about strategies they can use to alter
risky drinking patterns may reduce the prevalence of alcohol-related problems. These
interventions have been largely targeted at young adults at risk for harmful drinking,
however, and it remains to be seen whether this type of intervention will be beneficial to
other at-risk populations. HDID lines demonstrate two distinct drinking patterns that are
associated with binge intake. By better understanding how binge drinking occurs, it

might be possible to develop more targeted behavioral interventions. If future work with
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the HDID lines results in the identification of specific genetic risk factors for the different
binge-associated drinking patterns, this could add another element of personalization to

harmful drinking interventions.

Binge drinking across the lifespan and developmental aspects of HDID mice

Nearly all of the work done to date with the HDID mice has focused on adult
animals. One previous study examined drinking in the HS and HDID-1 in adults versus
adolescent animals, and also the effects of adolescent binge alcohol exposure on drinking
in adulthood (Metten et al., 2011). In HDID-1 mice from Generation S17, it was found
that mice that started getting daily DID sessions at 4 weeks of age drank more on a g/kg
basis than animals that began DID sessions at 9 weeks. In HS mice, DID intake that
started at 4 weeks or 8 weeks led to alcohol drinking at age 10 weeks that was higher than
at baseline (i.e., first DID experience). These data suggest that initiation of repeated
binge-like drinking during early adolescent may promote increased intake in young
adulthood. Binge drinking is a prevalent issue during adolescence and this time period
represents a critical window for brain development (for review, see Bava and Tapert,
2010). Consequently, more work needs to be done with the HDID mice to understand
how genetic risk for binge-like drinking may vary throughout development, and whether
the neurobiological effects of adolescent binge drinking are different in the HDID and HS
mice. Additionally, since binge drinking has been reported to be a frequent occurrence in
senior populations as well (see introduction), it may be prudent to study older HDID mice
as well to develop a complete idea of what the effects of binge drinking are across the

lifespan.
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Adolescent mice and rats are also less sensitive to the aversive effects of drugs
than adult animals (Holstein et al., 2011; Moore et al., 2013; Schramm-Saptya et al.,
2006). Testing adolescent HDID and HS mice for alcohol CTA may shed additional light
on how aversive sensitivity plays into the HDID phenotype. One possible hypothesis is
that HDID and HS adolescent mice will show similarly modest levels of alcohol CTA
and that the genotypic difference only appears in adulthood as HDID mice retain an
adolescent-like degree of aversion while HS mice show the expected age-related increase

in aversive sensitivity.

Binge-like drinking in a choice procedure

As mentioned above, future work with the HDID lines should focus in part on
trying to achieve binge-like BECs during a 2-bottle choice procedure. One strategy
currently underway is a dual selection for DID and preference drinking using a starting
population that is a cross between the HDID and the HAP mouse lines. The HDID
replicates were crossed with each other, and then crossed with the cHAP mouse line
generated in a similar manner from the HAP 2 and HAP 3 replicates (Oberlin et al.,
2011). These mice are then being tested on the selection procedures for the HDID and
HAP lines, and are being selected for both their BECs after DID and their preference
drinking. A goal of this selection is to capture the distinct genetics that underlie both the
HDID and HAP phenotypes, and ultimately to produce a line of mice that show drinking
to intoxication in binge and preference drinking procedures. It will likely also be
important to test the HDID mice on more chronic alcohol exposure procedures. These
mice do show withdrawal-associated escalation of intake and escalated drinking in an

intermittent access paradigm following prolonged daily drinking (Crabbe et al., 2012c;
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Rosenwasser et al., 2013), both of which involve two-bottle choice preference drinking.
Thus, future studies will be needed to fully understand what neural adaptations occur in
these mice after being made dependent or during the course of long-term drinking

experience.

QTL mapping in the HDID and HS mice

The candidate gene approach described in Chapter 5 is one method for identifying
potential specific genetic contributions to the HDID phenotype. However, there are
currently limited gene expression data available for the HDID lines, and it may therefore
prove to be an inefficient strategy. Instead, QTL mapping using the HDID and HS mice
could be a more useful future direction for finding the genes that are most relevant to
binge-like alcohol drinking. Only one previous QTL mapping experiment has been done
with the HDID and HS mice, and it used mice from selection generation S11 for both
replicates (lancu et al., 2013). This study identified three putative QTLs for high BEC
after alcohol DID, none of which overlapped with previously published QTLs for alcohol
preference drinking. Both replicate lines are now much further along in selection (S30
and S25 for the HDID-1 and HDID-2, respectively) and show a stronger selection
phenotype, and we might expect that a QTL experiment in these generations will be even
better equipped to detect significant expression differences. As with the previous study,
any QTLs identified that differ from reported QTLs for continuous access preference
drinking would be especially of interest as these are likely to reflect genetic contributions
that are unique to binge-like consumption. Future experiments could also QTL map
different aspects of the HDID drinking phenotype, such as intake during the DID test or

drinking microstructure variables like bout size. Using any putative QTLs to inform the
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choice of candidate genes for further testing could yield greater insight into the specific

genetic and neurobiological features that underlie risk for drinking to intoxication.

Conclusions

The experiments presented in this dissertation provide significant novel evidence
that the HDID selected mice are a robust model of genetic risk for binge-like drinking. It
is now known that selection for high BECs has produced distinct alcohol bout structures
that promote drinking to intoxication. Furthermore, reduced aversive sensitivity to
alcohol has been identified as a key contributor to the motivation to drink in these mice.
It has also been shown that a candidate gene approach can be implemented to test specific
neurobiological changes due to selection and suggest targets for potential treatments to
reduce binge-like drinking. However, there is still much about this model that we do not
yet understand. Some of the critical areas for future study include how HDID binge-like
drinking relates to other consummatory behaviors such as preference drinking and
feeding, and whether variation in drinking microstructure can serve as a predictor of
drinking outcomes and a marker of behavioral change across procedures (or within long-
term drinking protocols). We will also need to explore the HDID phenotype across the
lifespan to determine its relevance to developmental aspects of binge drinking. QTL
mapping using the HDID and HS mice may also be a useful tool for identifying specific
genes relevant for binge-like alcohol intake. Continuing research in these and other areas
will ensure that we can maximize the utility and translational value of the HDID lines for

understanding genetic risk of binge drinking.
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