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Abstract

Background.—The effect of stress on alcohol consumption in humans is highly variable and
underlying processes are not yet understood. Attempts to model a positive relationship between
stress and increased ethanol consumption in animals have been only modestly successful. Our
hypothesis is that individual differences in stress effects on ethanol consumption are mediated by
genetics.

Methods.—We measured alcohol consumption, using the drinking-in-the-dark (DID) paradigm
in females from two inbred mouse strains, C57BL/6J (B6) and DBA/2J (D2) and 35 of their inbred
progeny (the BXD family). A control group was maintained in normal housing and a stress group
was exposed to chronic mild stress (CMS), consisting of unpredictable stressors over seven weeks.
These included predator, social, and environmental perturbations. Alcohol intake was measured
over sixteen weeks in both groups during Baseline (preceding 5-week period), CMS (intervening
7-week period), and post-stress (final 4-week period).

Results.—We detected a strong effect of CMS on alcohol intake. A few strains demonstrated
CMS-related increased alcohol consumption; however, most showed decreased intake. We
identified one nearly significant quantitative trait locus on chromosome 5 that contains the
neuronal nitric oxide synthase gene (NosI). The expression of AosZ is frequently changed
following alcohol exposure and variants in this gene segregating among the BXD population may
modulate alcohol intake in response to stress.

Conclusions.—The results we present here represent the first study to combine chronic stress
and alcohol consumption in a genetic reference population of mice. Differences in susceptibility to
the effects of stressful environments v7s a vis alcohol use disorders would suggest that the
differences have at least some basis in genetic constitution. We have also nominated a likely
candidate gene underlying the large individual differences in effects of stress on alcohol
consumption.
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INTRODUCTION

A seminal paper by Cloninger (1987) developed the idea that alcohol use disorders can be
usefully divided into at least two types. The abusive-early onset type is defined as secondary
to anti-social personality disorder, whereas the dependent type is defined as being associated
with relief from or response to stressful situations. The adult onset type includes harm-
avoidance and susceptibility to stress. Attempts to model stress-related alcohol use disorder
in animals have been challenging. Researchers have employed acute and repeated stressors,
including foot shock, cold water immersion, restraint, and social defeat, and some have
introduced genetics as a key variable in the research. The results have been mixed and no
consistent pattern has emerged. For example, in the high alcohol consuming mouse strain,
C57BL/6J (B6), acute foot shock and repeated restraint increase alcohol consumption
(Matthews et al., 2008; Farook et al., 2009), or has no effect (restraint) (Tambour et al.,
2008). Alternatively, repeated cold-water immersion decreases alcohol consumption in B6
mice (Boyce-Rustay et al., 2008). Yang and colleagues (2008) showed that repeated restraint
increased alcohol consumption in 129/SvEv but not in the B6 strain. In lines selected for
high alcohol preference, repeated foot shock increases alcohol consumption in adolescent
but not adult animals (Chester et al., 2008).

We propose that the crux of stress-related alcohol consumption requires understanding the
genetic basis for individual differences in at least two domains. One domain has to do with
appetite for alcohol. Another domain has to do with response to stress or reactivity. We
propose that the genetic basis for individual differences in one domain may only partially
overlap with the other. This hypothesis may at least partially explain inconsistencies in mice,
and even in humans (Hotopf et al., 2003). In most cases, the models address only one
domain while either ignoring or inadequately addressing the other and often without
accounting for possibly important genetic factors. A more comprehensive model must
combine: 1) a method of stress that more closely models the kinds of stressors humans
experience (i.e. unpredictable, chronic); 2) a method of alcohol consumption that can
capture a wide range of amounts consumed and that achieves intoxicating levels; 3)
physiological sequelae of the stress; and 4) a population that can be used to dissect genetic
factors modulating phenotypic response to stress, alcohol consumption and their interaction.
We have developed such a model that captures the genetic influence at the intersection of
intoxicating alcohol consumption and stress through incorporation of a drinking in the dark
(DID) alcohol intake paradigm combined with the application of chronic mild stress (CMS)
in the well characterized BXD genetic reference population.

The BXD genetic reference population is currently the largest and best characterized
recombinant inbred panel available. This population is segregating for 5 million gene
variants that distinguish the parental B6 and D2 strains, has been densely genotyped, and
includes a sufficient number of strains (~160) to power systems genetics, traditional forward
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genetics, and gene by environment (GXE) approaches. The BXDs are particularly amenable
for GXE studies because individual genotypes (strains) can be resampled under many
different conditions and the analysis of trait heritability, and subsequent quantitative trait
locus (QTL) mapping, can be improved by increasing both the number of genotypes and
individuals of each genotype that are sampled. The BXD family has also been densely
profiled for molecular, pharmacological, behavioral, and physiological traits, including
alcohol intake (Phillips et al., 1994; Rodriguez et al., 1994; Gill et al., 1996; Fernandez et
al., 1999), response to stress (Jung et al., 2017; Shea et al., 2015; Carhuantanta et al., 2014),
and gene expression in numerous tissues, including brain regions. However, the genetics of
alcohol intake in response to chronic stress has never been profiled in this, or any, model
population. Thus, using the BXD platform, we can nominate candidate genes that modulate
stress-induced changes in voluntary alcohol intake and compare our results against the
nearly 6,000 phenotypes and millions of gene expression profiles in numerous tissues that
have been generated for the BXD panel.

We have selected the DID paradigm to measure voluntary alcohol consumption in the BXD
population. Some methods of measuring alcohol intake (e.g. 2-bottle choice, 24 h
acceptance) have been criticized because it can be difficult to ascertain whether the animals
may be drinking (or not) because of taste and thus the validity of the measure as
pharmacologically relevant is questionable. DID is a modified acceptance procedure, that
takes advantage of normal circadian cycles of feeding to elicit high voluntary alcohol intake
(Rhodes et al., 2005). Thus, DID allows for binge drinking in animals so inclined. This
method has the advantage of correlating highly with other ethanol intake measures across
strains, and some animals achieve intoxicating blood ethanol concentrations (Rhodes et al.,
2007). We previously reported that DID alcohol intake in the BXD family is heritable and
variable (Mulligan et al., 2018).

Finally, we have chosen to apply CMS as the environmental factor to study the influence of
stress on alcohol intake. CMS is the application of a variety of unpredictable perturbations to
the animals (Willner et al., 1987). There are usually four classes of perturbations;
unpredictable changes in light-dark cycle, environmental challenge, social, and predator
stress. Physiological and behavioral responses to chronic stress as applied in the CMS
paradigm are strongly dependent on genetic background (Ibarguen-Vargas et al., 2008), and
behavioral changes produced by CMS can be reversed by antidepressants (for review, see
Willner, 2005). Furthermore, variation in cognitive and emotional behavior in response to
chronic variable stress is heritable among the BXDs (Jung et al., 2017; Shea et al., 2015;
Carhuantanta, et al., 2014). Here, we report changes in voluntary DID alcohol intake during
and after chronic stress exposure. We demonstrate that these changes are heritable in the
BXD population and identify genetic loci and candidate genes that moderate individual
differences in the effect of stress on alcohol consumption.

MATERIALS AND METHODS

Animals.

The study included females (aged 50 to 90 2 days at the start of the experiment) from B6,
D2, and 34 advanced intercross BXD strains (n = 1 to 6 per strain and condition, Stable 1).
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Mice were singly housed in shoebox cages with food and water provided ad /ibitum except
when the water was replaced by 20% (v/v) ethanol (see below). The ambient temperature
was 21 £ 2 °C and the light cycle was 23:00/11:00 lights on/off. The animals were weighed
weekly to assess health and to provide the basis for calculating the amount of ethanol
consumed in g/kg. All procedures were approved by the UTHSC Institutional Animal Care
and Use Committee.

Drinking in the Dark (DID).

DID consisted of four consecutive days of having the drinking water replaced by 20% (v/v)
ethanol prepared from 95% USP neutral grain spirits for 2 or 4h. For the first 3 days, the
water bottles are removed from home cages 3 h after lights out (i.e. 14:00 hours) and
replaced by 15 ml conical centrifuge tubes containing 20% ethanol fitted with sipper tubes
for 2h. On the fourth day, the same procedure was followed with the exception that the
ethanol was left on the home cages for 4h. DID was measured Tuesday through Friday for
all 16 weeks. The centrifuge tubes were refilled daily and weighed immediately before being
placed on the cages. At the end of 2 or 4h, the tubes were removed from the cages and
weighed to yield the amount of fluid consumed. The ethanol content in the fluid was
assessed and divided by body weight to give g/kg consumed. Detailed description of
methods can be found in Mulligan et al. (2018). We averaged the 2h per week and 4h across
all weeks, so there are 3X5 week data for 2h and 1X5 for 4h in baseline, 3X7 and 1X7 for
2h and 4h respectively for the CMS period and 3X4 and 1X4 for post stress, respectively.

Chronic Mild Stress (CMS).

During a period of seven weeks, mice received two disturbances per day (see Supplemental
Figure 1). These consisted of being exposed to wet bedding for 1h, 1cm of water in the
bottom of the cage with no bedding for 1h, no bedding for 1h, confinement in a 3X3X3 cm
plastic box for 15 min, tilted cage at 45° for 1h, exposure to foreign mouse or fox urine odor
for 1h. The other stressor was a complete phase shift in the light: dark cycle over each
weekend. Disruption of the light cycle (lights constantly on) occurred over the weekend
(starting Friday 11:00 AM) with the light cycle resuming at 11 A.M. on Monday (lights off).
The schedule was repeated weekly over the duration of the study.

Treatment Periods.

The entire protocol took 16 weeks to complete and was subdivided into three periods:
Baseline (initial 5 weeks), CMS (next 7 weeks), and post-stress (final 4 weeks). Alcohol was
offered as described above for all periods and experimental groups. During the intervening
7-week CMS period, control animals were subjected to normal housing and experimental
(stress) animals were subjected to CMS.

Data Analysis.

Mean 2 or 4 h intake for each period (Baseline, CMS, post-stress) was computed for each
subject. Difference scores for CMS minus Baseline (contrast 1) and post-stress minus
Baseline (contrast 2) were first computed at the individual subject level. The resulting
difference scores for each contrast were then averaged by strain and treatment (stress vs.
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control) group. The effect of stress on ethanol intake was evaluated by analysis of variance
for mean intake difference scores (CMS minus Baseline and post-stress minus Baseline) for
two between-subjects variables (Strain, Stress) experiment. However, to illustrate the
interaction effect of stress and period on alcohol consumption, we present strain effects for
the difference scores between the two treatment groups for each period comparison as
described below and in Figure 1. These effects are then used for genetic mapping of the
effect of stress on alcohol consumption.

Comparison 1 Effect of simultaneous CMS on alcohol intake: For each strain, the
mean difference values for contrast 1 were subtracted between treatment groups (stress —
control). Positive values indicate higher alcohol consumption in the stress group relative to
the control group at the end of the CMS period relative to Baseline and negative values
indicate relatively lower consumption.

Simplified: Mean Stress [CMS-Baseline] - Mean Control [Stress-Baseline]

Comparison 2 Trace effect of CMS on alcohol intake: For each strain, the mean
difference values for contrast 2 were subtracted between treatment groups (stress — control).
Positive values indicate higher alcohol consumption in the stress group relative to the control
group at the end of the post-stress period relative to the Baseline period and negative values
indicate lower relative consumption.

Simplified: Mean Stress [post-CMS - Baseline] - Mean Control [post-CMS - Baseline]

Broad sense heritability was calculated from the ANOVA results table as 0.5VG(enetic)/
(0.5VG + VE(nvironment), where the variance between strain means (ANOVA strain mean
square) is equivalent to VG and the variance within strains (ANOVA mean square error or
Residual Mean Sq) is equivalent to VE (Hegmann and Possidente, 1981; Belknap, 1998;
Petretto et al., 2006).

QTL Mapping.

Traditional QTL mapping was performed in GeneNetwork (GN, www.GeneNetwork.org) as
described in Mulligan et al. (2018). In brief, a simple regression method (Haley-Knott) was
used to compute QTL probability given BXD strain genotypes and alcohol intake traits
averaged by strain (Chesler et al., 2005; Mulligan et al., 2017). Genome-wide suggestive
(adjusted p < 0.63) and significant (adjusted p < 0.05) thresholds were determined based on
1,000 permutations of the trait data for each phenotype (GN default). A 1.5 LOD drop from
the top marker was used to define QTL confidence interval regions. Data used for QTL
mapping have been deposited to GN (Mouse BXD Phenotypes data set) as trait IDs 21307
through 21318.The HQF BXD Neocortex ILM6v1.1 (Dec10v2) Ranklnv data found on
GeneNetwork.org was used for cisQTL mapping of the phenotypes to identify candidate
genes.
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Candidate Gene Prioritization.

Lists of polymorphic genes were obtained using public D2 strain sequence data from the
Mouse Genomes Project (Keane et al., 2011) accessible at www.sanger.ac.uk/sanger/
Mouse_SnpViewer. Brain gene expression was determined by querying GN brain
microarray data sets and brain and peripheral microarray data sets publically available at
biogs.org (Wu et al., 2009). Biological function related to stress or alcohol was determined
using the Chilibot (www.chilibot.net) text-mining application (Chen and Sharp, 2004).

RESULTS

Significant effect of strain and stress on alcohol intake.

Strain averaged 2 or 4 h DID alcohol intake varied among strains at baseline and during and
after stress (Figure 2). For the 2 h and 4 h intake during the Baseline period, ANOVA
revealed a significant strain effect (F3 154=7.02 and 5.62 respectively, p<0.001 for both).
Heritability estimates are 0.78 and 0.73 for 2 h and 4 h intake respectively. During the
Baseline period, alcohol intake is increased on average over the five weeks of measurement,
although there is considerable and heritable genetic variation with some strains
demonstrating decreased alcohol intake. Variation among strains in alcohol intake during the
Baseline period has been linked to regions on Chrs 2, 4, 6, 8, and 12 and several high
priority candidate genes have been nominated. This work has been published (Mulligan et
al., 2018).

During the stress period, ANOVA showed significant strain effects for 2 h and 4 h intake
(F36,154=5.74 and 5.77 respectively, p<0.001 for both). The effects of treatment for both
were also significant (F1 154=12.55 and 11.47 respectively, p<0.001 for both). The treatment
by strain interactions was not significant (Fz4,154 = 1.28, p= 0.16) for the 2 h access period
and significant (Fz4 154 = 1.61, p < 0.05) for the 4h access period.To estimate heritabilities,
we analyzed the results for the stress and control groups separately. For the stress group, the
heritability estimate for 2h intake was 0.63 and for the controls, 0.65. For the 4 h intake, the
heritability estimate for the stress group was 0.64 and for the controls, 0.66.

For 2 h and 4 h intake during the post-stress period, ANOVA showed significant strain
effects (F3p 154=8.68 and 5.06 respectively, p<0.001 for both). The effect of treatment group
was also significant for both (F1 154=22.01 and 14.46 respectively, p<0.001 for both). There
was a suggestive interaction effect for the 2 h access period (Fz4 154=1.39, p = 0.09),
however, the strain by treatment interaction was not significant for the 4 h access period
(F<1). For the previously stressed group, the heritability estimate for 2 h intake was 0.74 and
for the controls, 0.69. For the 4 h intake, the heritability estimate for the previously stressed
group was 0.63 and for the controls, 0.58.

To better evaluate the effect of treatment on alcohol intake in the control and stress groups,
we first calculated a difference score for each subject and then averaged by strain, treatment
group and period. In the first contrast (see Figure 1) we evaluated the average strain
difference in intake for the control and stress groups between the Baseline and CMS periods
(Figure 3). There was a significant strain effect for both the 2 h (Fz¢ 154 = 4.85, p < 0.001)
and 4 h (Fzp 154 = 5.2, p< 0.001) access periods. There was also a signifiant treatment effect
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for the 4 h (F1 154 = 4.29, p < 0.05), but not for the 2 h access period (Fy 154 = 2.66, p=
0.10). There was a significant interaction effect for both the 2 h (F34 154 = 1.62, p < 0.05)
and 4 h (Fz4,154 = 1.80, p< 0.01) access periods indicating a differential effect of stress on
alcohol intake dependent on strain (genetic background). Consistent with relatively stable
drinking across periods for the control group, suggestive QTL for the difference in alcohol
intake between the Baseline and CMS periods were only identified for the stress group
(Figure 3). Suggestive QTLs included loci on Chrs 9 and 15 for the 2 h access period and a
locus on Chr 10 for the 4 h access period (Figure 3).

In the second contrast (see Figure 1) we evaluated the average strain difference in intake for
the control and stress groups between the Baseline and post-CMS periods (Figure 4). There
was a significant strain effect for both the 2 h (Fzg 154 = 3.87, p<0.001) and 4 h (F3g 154 =
4.09, p<0.001) access periods. There was also a signifiant treatment effect for both access
periods (F1 154 = 4.91 for 2 h and Fyq 154 = 5.24 for 4 h, p < 0.05). The effect of the
interaction was not significant for either access period. The lack of a significant interaction
effect for this contrast may indicate that the longer lasting effects of stress on intake are
primarily additive instead of interactive with genotype.

Because of the experimental design, we can present the effects of stress on alcohol
consumption in two ways. First, we can analyze the contemporaneous effects of stress on
alcohol intake by comparing intake in the stress and control group measured during CMS
with intake measured during Baseline (Comparison 1, Figure 1). Second, we can analyze the
trace effects of stress by comparing post-stress intake in the stress and control group with
Baseline intake (Comparison 2, Figure 1). Furthermore, we present the average difference in
intake due to period and treatment for both the 2 h and 4 h access periods for each
comparison (Figure 5).

Comparison 1, 2 and 4h alcohol intake.—CMS produced a contemporaneous effect
on alcohol intake (operationally defined as a 0.5 or 1 g/kg respective change in intake for the
2h and 4 h access periods) that was dependent on strain (Figure 5). CMS decreased 2 h
alcohol intake relative to Baseline in some strains (B6 and BXD 51, 87, 55, 44, 65, and 48)
and increased alcohol intake in other strains (BXDs 78, 79, 77, 90, 73b, and 73; Figure 5A).
Similar results were observed for the 4 h access period. CMS decreased 4 h alcohol intake
relative to Baseline in some strains (B6 and BXDs 87, 44, 63, 51, 48, and 65) and increased
intake in other strains (BXDs 24, 90, 78, 73b, and 73; Figure 5B). Suggestive loci for the
contemporaneous effect of stress (Figure 6) were identified on Chrs 5 (2 h), 10 (2 and 4 h),
11 (4 h), 16 (4 h), and 19 (2 and 4 h).

Comparison 2, 2 and 4h alcohol intake.—CMS produced a trace effect on alcohol
intake (operationally defined as a 0.5 or 1 g/kg respective change in intake for the 2h and 4 h
access periods) that was dependent on strain (Figure 5). Intake (2 h) during the post-CMS
period relative to Baseline was decreased by stress in some strains (BXDs 48a and 44) and
dincreased in other strains (BXDs 73 and 77; Figure 5C). Intake during the 4 h access period
was also decreased by stress in some strains (BXDs 83, 77, 68, 75, 48, 65, 63, 50, 44, and
48a) and increased in others (BXDs 79, 90, 78, and 73, Figure 5D). Of note, the strain
distribution for alcohol intake for the effect of contemporaneous stress (Comparison 1) is
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fairly evenly distributed. However, the distribution for trace effects (Comparison 2) is left
shifted towards decreased consumption. In both comparisons, BXD 73 is a high response
strain (increased intake). In contrast, BXDs 48a and 44 are low responder strains only when
considering trace effects of stress on alcohol intake in Comparison 2. Suggestive loci for the
trace effect of stress (Figure 6) were identified on Chrs 3 (4 h), 5 (2 h), 11 (4 h), 14 (2 h and
4 h), and 19 (4 h).

Evaluation of candidate genes.—A nearly significant (LOD > 3) QTL on Chr 5 is
located at 117.790 Mb (peak marker at rs36606069) for the 2 h access period for both
contemporaneous and trace effects of CMS on alcohol intake. B6 alleles drive higher alcohol
intake for both effects. The 1.5 LOD confidence interval for this QTL is between 117.783
and 117.811 Mb. There is only a single polymorphic gene located near this interval, Nos1
(neuronal nitric oxide synthase).

Additionally, suggestive (LOD = 3) loci on Chr 10 located at 64.7 Mb (peak marker at
rs13480625) for 2 and 4 h contemporaneous effects of CMS on alcohol intake and on Chr 3
located at 18.711Mb (peak marker at rs230252925) for trace effects of CMS on alcohol
intake were also identified. The confidence interval for the Chr 10 contemporaneous is 10
Mb (between 58.402 to 68.341 Mb) and includes 47 polymorphic genes (STable 2). The
confidence interval is slightly larger for the Chr 3 locus (between 16.490Mb to 33.754 Mb)
and includes 68 polymorphic genes (STable 2). Brain gene expression in relevent brain
regions (amygdala, hippocampus, hypothalamus, and nucleus accumbens) and biological
function were used to prioritize candidate genes from each interval that might be involved in
mediating the contemporaneous or trace effects of stress on alcohol intake.High priority
candidates for the Chr 10 region and contemporaneous stress effects include: P4hal
(alcohal), Tetl (alcohol and stress), and Asccl, Ccarl, Hk1, Jmjdlic, Lims1, Npffrl, Nrbf2,
Pcbdl, and Srgn (stress). All genes are polymorphic and expressed at moderate to high
levels in relevant brain regions. High priority candidates for the Chr 3 region and trace stress
effects include: Actl6a and Slc2a2 (alcohol), Cyp7bl, HItf, Sec 62, and Tnik (stress), and
Cp, Crh, Eif5a2, Mfn1, Nrlgn1, Pik3ca, and Pld1 (stress and alcohol).

Discussion.

We have demonstrated once again that ethanol consumption among BXD strains is highly
variable. Moreover, we have also demonstrated that ethanol consumption in response to
chronic stress is variable, heritable, and modulated by genes from several different genomic
loci. Of great interest is our observation that most of the BXD strains showed decreased
ethanol consumption in response to CMS. This result is striking as we previously reported
that most BXD strains increase DID ethanol consumption over a 5-week period in the
absence of stress (Mulligan et al. 2018). These results support the hypothesis that chronic
stress tends to reduce voluntary alcohol consumption in non-dependent individuals. In
further support of this hypothesis, a recent study by Anderson and colleagues (2016)
revealed that forced swim stress increased alcohol intake in the B6 strain only when stress
preceded a model of dependence-like drinking (chronic intermittent ethanol or CIE
paradigm; Lopez et al 2017). There was no effect of stress on DID alcohol intake or intake
using an intermittent alcohol access paradigm and stress decreased alcohol intake in a
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continuous access model. Dependence-like drinking in the CIE model has also been
measured among BXD strains. However, when comparing our 2 h drinking values (Figure 5,
GN trait 20407) for comparisons 1 (contemporaneous effects of stress on alcohol intake) or
2 (trace effects of stress on alcohol intake) with alcohol intake measures (2 h access of 15%
ethanol following CIE quantified as the percent change from baseline) in the CIE model
(GN trait 12741) the measures are uncorrelated (r154¢ = —0.1, p> 0.7 for comparison 1 and
CIE and ri54¢ = —0.3, p> 0.3 for comparison 2 and CIE). These findings suggest that
different genetic mechanisms drive stress-induced alcohol intake in voluntary alcohol intake
methods (/.e. DID) compared to those that model dependence-induced consumption (7.e.
CIE). Here we demonstrate that stress can alter the trajectory of innate high or low alcohol
intake, and in most BXD strains stress was associated with decreased intake. In the design of
this research, we chose to use the chronic mild stress model of Willner (1987;2005;2016). In
this paradigm, the composite of all perturbations is considered as a whole, and no attempts
are made to separate contributions of the various components to the criteria measures.
Consequently, we have not attempted to differentiate among the perturbations, including
altered light cycle. Whether the changes in DID were affected by light cycle perturbations
independently from the others is interesting and the topic for another study.

Despite the general observation that stress decreased DID alcohol intake in the majority of
strains, we also observed stress-related increases of at least 0.5 g/kg over 2h access in 4
strains with two related strains (BXD 73 and 73b) showing the greatest increase in the
contemporaneous comparison. more than 2 g/kg in 4h access and more than 1 g/kg increase
during 2h access. This result is particularly intriguing because BXD 73 is one of several
BXD strains that are highly related ~90% genetic background identity). This includes the 48
family (48 and 48a) and the 65 family (65 and 65b) in addition to the 73 family (73, 73a, and
73b). Each family member should demonstrate highly similar patterns of alcohol intake
throughout the study owing to their shared genetic background. However, this assumption is
not met among the 73 and 65 families (Figure 5) in which at least one family member shows
distinctly different patterns of intake (Figures 2,3,4&5). Owing to the reduced background
complexity of these strains, identification of the causal variants that produce large
phenotypic divergence in stress-induced alcohol intake can be expedited through
sequencing, generation of reduced complexity crosses, and fine mapping of candidate loci
(Ashbrook et al., 2017).

The BXD panel has been used to identify QTLs that modulate alcohol intake and stress
response independently. These previous studies in the BXD panel revealed heritable
differences in alcohol intake, endocrine function, and stress response and suggest latent
relationships between traits. For example, variation in basal levels of the neurosteroid
precursor to corticosterone were correlated with several alcohol related traits in the BXDs
(Porcu et al., 2011), suggesting a link between endocrine function, response to stress, and
alcohol response. In addition, chronic stress resulted in heritable strain variation in cognitive
performance (Jung et al., 2017; Shea et al., 2015) and emotional behavior (Carhuantanta et
al., 2014), and these traits were modulated by distinct genetic loci. Remarkably, the QTLs
identified in this study do not overlap with the stress- or alcohol-related QTLs associated
with the above studies suggesting that they are novel loci modulating voluntary intake
following stress. All of these loci are suggestive and the further testing of additional BXD
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strains will be needed to reproduce and validate these loci. However, one locus on
chromosome 5 was associated with variation in both stress-induced contemporaneous and
trace alcohol intake and was very close to reaching genome-wide significance (Figure 6).
The only candidate gene within this narrow confidence interval is the neuronal nitric oxide
synthase gene (NosZ). Rodent Nos1 expression (mMRNA and/or protein level) is frequently
changed in numerous tissue following alcohol exposure (Finn et al., 2018; Situmorang JG et
al., 2018; Silva et al., 2016; Karadayian et al., 2014; Yazir et al., 2012; Bagyanszki et al.,
2011; Naassila et al., 2003; Spanagel et al., 2002) and it may exhibit sexually dimorphic
expression following binge alcohol consumption in the B6 strain (Finn et al., 2018). The
Nos1 locus is polymorphic between the B6 and D2 strains (235 SNPs and 88 small InDels),
including a SNP in a putative splice region (rs108543252). All Nos1 variants are non-
coding, and the causal variant and genetic mechanism by which variation at this locus may
influence behavior has yet to be determined. However, the results of our genetic mapping
study combined with evidence for alcohol-induced variation across a number of model
systems strongly implicates Nos1 as a genetic mediator of stress-induced alcohol intake.

In addition to Nos 1, we also identified several salient candidate genes for the
contemporaneous and trace effects of stress on alcohol intake in the BXD population on
Chrs 10 and 3 respectively (STable 1). Several polymorphic genes in the Chr 3 region are
especially salient based on their known biological function and their moderate to high
expression in brain regions implicated in alcohol intake, addiction, and response to stress
(amygdala, hippocampus, hypothalamus, nucleus accumbens). These include Crh, Nlgn1,
and Pik3ca. All of these candidates jave a known role in both alcohol and stress responses.
Corticotropin-releasing hormone (Crh) is one of the main peptide hormones responsible for
transduction of stress responses and HPA axis activation. Alterations in Crh signaling due to
stress exposure or genetic modification are associated with changes in alcohol consumption
or seeking behavior in rodent models (Yang et al., 2018; Broccoli et al., 2018). Neuroligins
are synaptic cell adhesion proteins important for the organization of excitatory and
inhibitory synapses. Nlgn1 has been associated with the risk of alcohol dependence in
human populations (Zuo et al., 2013) and is thought to contribute to synaptic plasticity
associated with fear learning (Stork et al., 2001). The Pik3ca gene encodes the important
intracellular signaling enzyme phosphatidylinositol 3-kinase (PI3K). Chronic social defeat
stress (Deng et al., 2019) and withdrawal from alcohol (Qiao et al., 2018) both lead to
alterations in intracellular signaling cascades mediated in part through changes in the lavel
or activity of PI3K activity, suggesting that this gene may mediate the effects of both stress
and alcohol. Several candidate genes were also identified in the Chr 10 region, including the
ten-eleven translocation protein Tetl responsible for the important DNA modification, 5-
hydroxymethylcytosine. Genetic deletion of Tetl in mice resulted in lower sensitivity to the
effects of chronic restraint stress (Cheng et al., 2018). In addition, in humans, TET1 mRNA
tended to be altered in psychotic patients with comorbid chronic alcohol abuse (Guidotti et
al., 2013). Although we have identified several salient candidate genes that may mediate the
contemporaneous or trace effects of stress on alcohol intake, a caveat of this study is that we
were only able to identify suggestive QTL, and with the exception of Nos1, there are several
salient candidates within each locus. Ultimately, quantification of gene expression profiles in
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multiple brain regions from the subjects of this study will lead to identification of the main
molecular drivers of stress-induced alterations in alcohol intake in the BXD population. .

The two types of alcohol use disorders concept advanced by Cloninger (1987) and
Sigvardsson et al. (1996) has received some criticism as being too simplistic (e.g., Hall and
Sannibale, 1996), Indeed, many individuals with the disorder display behaviors of both
types. While the typology approach to understanding the disorder may have some heuristic
value, it might be better to think of alcohol use disorder etiology as continua of
complementary genetic and environmental underpinnings. So, individuals displaying
predominantly Type 2 characteristics would be influenced primarily by genetics and those
displaying Type 1 characteristics would be under the influence of both genetics and
environment and their interactions. While determining familial or genetic influence in Type
2 may be somewhat straightforward, determining such influence in Type 1 is more
problematic as the right genotype needs to be exposed to the precipitating environmental
conditions. Of course, conducting the relevant studies in humans would be fraught with
ethical concerns. This is where a carefully designed animal study would help. By subjecting
a genetic reference population of mice to chronic stressors, we have shown that the genetic
contribution to chronic stress-related alcohol consumption via heritability estimates is
importantly greater than alcohol consumption in the absence of the stress. Moreover, we
have been able to nominate several candidate genes that may contribute to the stress-related
change in alcohol consumption.

Conclusion.

Differences in susceptibility to the effects of stressful environments vis a vis alcohol use
disorders would suggest that the differences have at least some basis in genetic constitution.
The results that we present here in a genetic reference population of mice lend initial support
for the hypothesis and argue for more extensive study to identify genes and biomarkers that
confer differential risk.
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Stress Cohort

Stress (CMS)
[2 - 1]2,;1-1
[3 — 1]MTI

Control Cohort

2—4 month

old female
BXD strains 7 weeks
[2-1]..C
[3-1]..C

Concurrent stress effect: [2-1]Tx-[2-1]C
Post-stress effect: [3-1]Tx=[3-1]C

Figure 1. Study design.
C designates control group and Tx designates stress group.

Alcohol Clin Exp Res. Author manuscript; available in PMC 2021 July 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mulligan et al.

20% Alcohol Intake (g/kg)

Page 16

2H

|

Wi e

[ contra
| B

[ euleseg

lhﬂnmﬂmmmmwnﬂwm
it

SIND-1sO

il

C57BL/6J

DBA/2J

24
32

33339388 s VO D00 VDO v ® &3 W~
I¥IIvend mmwgmwm:\:\ R

C57BL/6J
DBA/2J
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Left and right panel display 2h and 4h intake, respectively. Intake for each period is shown

in rows. Alcohol (20%) intake in grams of alcohol per kilogram body weight is shown on the
y-axis. Strains are shown on the x-axis. Intake for control and stress group are displayed for
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Figure 3. Average Strain Difference in Intake for Contrast 1 (Baseline — CMS Periods).
Left and right panel display 2h and 4h intake, respectively.. Alcohol (20%) intake in grams

of alcohol per kilogram body weight is shown on the y-axis. Strains are shown on the x-axis.
Intake for control and stress group are displayed for each strain. Below each bar graph is the
corresponding interval map for the Control and Stress groups. The strength of the
association (logarithm of the odds or LOD score) is plotted on the y-axis across the genome
(x-axis). The threshold for genom-wide signifcance based on permutation is shown by the
horizontal line.
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Figure 4. Average Strain Difference in Intake for Contrast 2 (Baseline — post-CMS Periods).
Left and right panel display 2h and 4h intake, respectively.. Alcohol (20%) intake in grams

of alcohol per kilogram body weight is shown on the y-axis. Strains are shown on the x-axis.
Intake for control and stress group are displayed for each strain. Below each bar graph is the
corresponding interval map for the Control and Stress groups. The strength of the
association (logarithm of the odds or LOD score) is plotted on the y-axis across the genome
(x-axis). The threshold for genome-wide significance or suggestive loci based on
permutation is shown by the upper and lower horizontal lines, respectively.
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Figure 5. Strain Distribution of Differences for Comparisons 1 and 2.
Consumption (g/kg) represented as mean difference score on the y-axis and strain shown on

the x-axis. B6 and D2 filled in blue and red, respectively. Strain distributions organized by
rank for each trait. Error bars not shown for difference of differences. Difference in
consumption due to chronic stress (Comparison 1) shown in A for 2h intake and B for 4h
intake. Difference in consumption following chronic stress shown in C for 2h intake and D
for 4h intake. (A) Comparison 1 for 2h intake, CMS group minus control and CMS period
(mean of 7 weeks) minus Baseline (mean of 5 weeks). (B) Differences in 4h DID, stress
group minus control and CMS period minus Baseline period. (C) Comparison 2, strain
distribution of differences in 2h DID, CMS group minus control and post-CMS period minus
Baseline. (D) Strain distribution of differences in 4h DID, CMS group minus control and
post-CMS period minus Baseline. For Comparison 2, most strains demonstrate a decrease in
intake associated with chronic stress relative to baseline (negative value). Some strains,
notably BXD73, demonstrate increased voluntary alcohol intake during CMS (Comparison
1) and following CMS (Comparison 2).
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Figure 6. Suggestive loci for the contemporaneous and trace effects of stress.
QTL maps are provided for 2 h and 4 h access periods for contemporaneous (Comparison 1)

and trace (Comparison 2) effects of stress. The strength of the association (logarithm of the
odds or LOD score) is plotted on the y-axis across the genome (x-axis). The threshold for
genome-wide significance or suggestive loci based on permutation is shown by the top and
bottom horizontal lines, respectively. Suggestive loci for the contemporaneous effect of
stress were identified on Chrs 5 (2 h), 10 (2 and 4 h), 11 (4 h), 16 (4 h), and 19 (2 and 4 h).
Suggestive loci for the trace effect of stress were identified on Chrs 3 (4 h), 5 (2 h), 11 (4 h),
14 (2 hand 4 h), and 19 (4 h).
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Table 1.

Correlation matrix (pairwise Pearson product-moment correlations) of strain means of DID differences
comparing CMS minus Baseline (Comparison 1) and Baseline post-stress minus Baseline (Comparison 2)

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny
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periods.

Phenotype CMS-Baseline 2h | CMS-Baseline 4h | PostCMS-Baseline 2h
CMS-Baseline, 4h 0.91

Post-stress-Baseline 2h | 0.74 0.65

Post-stress-Baseline 4h | 0.65 0.68 0.83

p<0.001 for all, df=33
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