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Abstract
Binge drinking during adolescence may perturb the maturing neuroenvironment and increase
susceptibility of developing an alcohol use disorder later in life. In the present series of
experiments, we utilized a modified version of the drinking in the dark-multiple scheduled access
(DID-MSA) procedure to study how heavy binge drinking during adolescence alters responsivity
to ethanol later in adulthood. Adult and adolescent C57BL/6J (B6) and DBA/2J (D2) males and
females were given access to a 20% ethanol solution for 3 hourly periods, each separated by 2 h of
free water access. B6 adults and adolescents consumed 2 to 3.5 g/kg ethanol an hour and displayed
significant intoxication and binge-like blood ethanol concentrations. There was an interaction of
sex and age, however, driven by high intakes in adult B6 females, who peaked at 11.01 g/kg.
Adolescents of both sexes and adult males never consumed more than 9.3 g/kg. D2 mice
consumed negligible amounts of alcohol and showed no evidence of intoxication. B6 mice were
abstinent for one month and were retested on the balance beam 10 min following 1.75 g/kg
ethanol challenge (20%v/v; i.p). They were also tested for changes in home cage locomotion
immediately following the 1.75 g/kg dose (for 10 min prior to balance beam). Although there was
no effect of age of exposure, all mice with a binge drinking history demonstrated a significantly
dampened ataxic response to an ethanol challenge. Female mice that binge drank during adulthood
showed a significantly augmented locomotor response to ethanol when compared to their water
drinking controls. This alteration was not noted for males or for females that binge drank during
adolescence. These results highlight the importance of biological sex, and its interaction with age,
in the development of behavioral adaptation following binge drinking.
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1. Introduction
Adolescence is a major stepping-stone inmammalian development. It is a period
characterized by substantial changes in brain structure, systems and connectivity, and
includes reorganization of neurochemical networks, and increases in synaptic pruning and
myelination (Bava and Tapert, 2010; Giedd, 2004; Spear and Brake, 1983; Tamnes et al.,
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2011). The dramatic brain changes that occur at this time period may leave the central
nervous system especially vulnerable to adulteration by drugs and alcohol. Consequently,
the high rate of binge alcohol consumption in this age group elicits concern (Johnston et al.,
2007). Alcohol use during this time period may not only perturb the neuroenvironment, but
may also stunt maturation and increase susceptibility to the development of dependence and
abuse (Crews et al., 2007; Witt, 2010). Indeed, there is a strong relationship between age of
first drink and rate of alcohol dependence (Dawson et al., 2008; Hingson et al., 2006;
Pitkänen et al., 2005). Our research team has previously shown a positive relationship
between binge alcohol consumption during adolescence and higher than average
consumption of the drug during adulthood (Moore et al., 2010). Interestingly, we have also
shown that both sensitivity to alcohol during adolescence, and the effects of adolescent
alcohol exposure on adult receptivity to the drug, may be modulated by genetic background
(Melón and Boehm, 2011; Moore et al., 2010). This is not surprising, as a substantial body
of literature supports a role for genetic background in the progression from recreational drug
use or social drinking to abuse and addiction. Furthermore, though most alcohol consumers
initiate use prior to the end of adolescence, only a small percentage of those go on to
develop an alcohol use disorder. However, little is known about how the interaction between
genetics and ontogeny alters the effect of adolescent exposure on the risk of developing
addiction during adulthood.

Given the ethical limitations of human research, animal models are crucial to our ability to
clarify the independent and/or synergistic roles of genetics and ontogeny with respect to the
vulnerability to develop alcohol use problems (Zucker et al., 2008). Unfortunately, many
animal models of voluntary alcohol consumption yield higher alcohol intake among
adolescents than adults (Doremus et al., 2005; García-Burgos et al., 2009; Maldonado et al.,
2008; Moore et al., 2010; Vetter et al., 2007). Although this highlights the face and
ecological validity of these animal models in representing alcohol related behaviors seen in
human adolescents, it makes it difficult to isolate the importance of age of exposure from the
general pathological effects of high alcohol intake. Put another way, in experimental models
where adolescent rodents actually consume more alcohol than their adult conspecifics, it is
impossible to infer whether the effects seen following this early pre-exposure were due to
the age at which the animals were drinking, or to the amount of alcohol to which the animals
were exposed. With this in mind, we adapted the recently characterized drinking in the dark-
multiple scheduled access (DID-MSA) paradigm (Bell et al., 2006, 2011) in order to induce
home cage binge drinking in mice. Like the drinking-in-the-dark (DID) paradigm (Rhodes et
al., 2005, 2007), this procedure is an oral self-administration protocol that takes place in the
animal's home environment. Although the original DID-MSA protocol has been shown to
induce age-dependent binge drinking behavior in rats (Bell et al., 2011), preliminary
evidence from our laboratory suggested that this adapted access schedule could produce
similar alcohol consumption across adolescent and adult mice.

The goals of the present series of experiments were threefold: 1) to characterize the level of
consumption and intoxication achieved using the DID-MSA procedure in adolescent and
adult C57Bl/6J (B6) mice; 2) to assess whether age of exposure moderates the development
of functional tolerance to intoxication following multiple binge sessions and 3) to evaluate
whether age of exposure affects later sensitivity to alcohol. We hypothesized that this
modified DID-MSA protocol would initiate high but comparable levels of intake in B6
adults and adolescents and that later sensitivity to alcohol would be affected by age of
exposure in this strain. Given our ultimate interest in exploring the interaction of ontogeny
and genetics in moderating the effects of alcohol exposure, we also included the alcohol
non-preferring, DBA/2J inbred mouse strain to see whether this type of scheduled drinking
procedure could induce any level of relevant alcohol intake in these mice.
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2. Methods
2.1. Subjects

Male and female DBA/2J (D2) and C57BL/6J (B6) adult (PD 60±3) and adolescent (PD
30±3) mice were purchased from Jackson Laboratory (N=251 mice). Animals arrived at the
Indiana University-Purdue University Indianapolis School of Science animal facility at PD
21±3 or PD 56±3. Animals were singly housed in standard shoebox cages and were
habituated to the facility for seven days. Mice were maintained across two holding rooms,
each kept at 21±1 °C and approximately 50% humidity. An anteroom, where all mice were
moved for daily weights, separated the holding rooms. Behavioral testing and blood retrieval
also occurred in this anteroom. Food and water were available ad libitum, except during
alcohol access periods. All procedures were approved by the Indiana University-Purdue
University Indianapolis School of Science Institutional Animal Care and Use Committee
and were consistent with the Guide for the Care and Use of Mammals in Neuroscience and
Behavioral Research (National Research Council (US) Committee for the Update of the
Guide for the Care and Use of Laboratory Animals, 2011).

2.2. Drugs and drinking solution
For drinking, 95% ethanol (Ethanol; Pharmco Products Inc., Brook-field, CT) was diluted
with tap water to a 20% v/v solution. For intraperitoneal injections, 95% ethanol was diluted
with 0.9% physiological saline to a 20% v/v solution and administered by varying injection
volume for a 1.75 g/kg dose.

2.3. Experiment 1: alcohol pre-exposure using the “drinking in the dark-multiple scheduled
access” (DID-MSA) protocol

The drinking protocol was adapted from Bell et al. (2011) and is outlined in Table 1. Each
day, mice received access to water or a 20% unsweetened ethanol solution during three, 1-
hour access periods. Each access period was separated by 2 h, during which all mice had ad
libitum access to water. Immediately following lights-out, regular water bottles were
removed from all cages and replaced with a 10 mL plastic Mohr pipette affixed to a ball
bearing sipper. This modified drinking tube contained either water or the ethanol solution
and volumes were recorded before and after each hourly access period. The regular heavy
duty glass water bottles (16 mL) were placed atop the modified tubes. This helped to
reduced leakage by keeping the modified tubes in place. Additionally, two leak cages (one
with a modified tube containing water, and one with a modified tube containing the ethanol
solution) were maintained on each animal rack, and were read at the end of each access
period. An average hourly leak was calculated for each solution (water or 20% ethanol), for
the entire experiment. These constants were subtracted from all respective intake values.

2.4. Experiment 2: assessment of intoxication and blood ethanol concentration during DID-
MSA

We were interested in evaluating the level of intoxication achieved using this DID-MSA
procedure with B6 and D2 mice. Additionally, we wanted to assess the degree of functional
tolerance seen following multiple binges using this DID-MSA procedure. Therefore, mice
were assessed for signs of motor incoordination immediately following either the first (1H),
second (2H) or third (3H) hour of access to ethanol (or water) on days 7 and 14 of drinking.
Mice were pseudorandomly assigned to either group 1H, 2H or 3H. Motor incoordination
was measured using the balance beam apparatus. Given the potential confound due to size
differences between the adults and adolescents (Doremus et al., 2006; Moore et al., 2011;
Linsenbardt et al., 2009) we used one hardwood balance beam for adults (122 cm long×2 cm
wide×4 cm tall) and a second hardwood balance beam for adolescents, scaled to 3/4 the size
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of the adult beam (91.5 cm long×1.5 cm wide×3 cm tall). Each beam was affixed atop two
48 cm tall ring stands. Approximately 2 h before lights out on days 7 and 14, adolescents
and adults were trained on their respective balance beam apparatus. During this training, a
mouse was placed onto the starting edge of the balance beam to traverse the length of the
beam, to and fro. The eraser end of a pencil was used to nudge mice that paused, or
attempted to turn prematurely, along the beam. During the balance beam test, hind foot-slips
were counted by the same experimenter that performed the training earlier that morning.
Immediately after the mouse traversed the balance beam, a retro-orbital sinus blood sample
was collected (25 µL).

2.5. Experiment 3: effect of alcohol intake during adolescence on alcohol-induced motor
in-coordination and stimulation during adulthood in B6 mice

Only B6 mice were maintained for this portion of the study. Exactly one month following
the fourteen days of DID-MSA ethanol access, the same B6 mice from Experiments 1 and 2
were intraperitoneally administered a 1.75 g/kg dose of ethanol (20% v/v). Animals who
formerly consumed ethanol as adolescents were PD 73±3 and those who consumed ethanol
as adults were PD 102±3. Prior to lights out on this test day, all mice were trained on the
adult sized balance beam. Training proceeded as described earlier. Immediately following
the 1.75 g/kg ethanol administration, mice were returned to their home cages. The home
cages were placed onto a rack containing home cage activity monitoring systems (Columbus
Instruments, Columbus, OH) in order to assess locomotor activity following the 1.75 g/kg
ethanol administration. The activity monitor sampled activity in ten separate, one-minute
time bins. Immediately following the home cage activity monitoring, mice were made to
traverse the length of the balance beam and hind footslips were recorded. At the end of this
test, a retro-orbital sinus blood sample was collected (25 µL).

2.6. Blood ethanol concentration analyses
Blood samples collected following days 7 and 14 of DID-MSA ethanol consumption, and
following the 1.75 g/kg I.P administration of ethanol, were centrifuged immediately
following collection, and plasma supernatant stored at −80 °C. Samples were later analyzed
for alcohol content using an Analox Ethanol Analyzer (Analox Instruments, Lunenburg,
MA) and blood ethanol concentration (BEC) recorded as mg/dL.

2.7. Statistical analyses
DID-MSA ethanol consumption was separately analyzed for B6 and D2 mice using a three-
way mixed factor ANOVA, with age (adolescent vs. adult), sex (males vs. females), and day
(days 1 through 14; within-subjects variable) as the variables of interest. Pilot data from our
laboratory (unpublished results) using a replicate of the high alcohol preferring selected
mouse lines (HAP1, Grahame et al., 1999) suggested that this scheduled access procedure
increased consumption significantly by the seventh session of drinking. Therefore, an a
priori decision was made to assess whether B6 or D2 mice showed a similar escalation of
intake by comparing the average daily intake during the first and second weeks of access
using a two-way mixed factor ANOVA (age*sex*week). We also analyzed data for B6
separately from D2, as the B6 mice continued on to Experiment 3, whereas D2 mice were
only included in Experiments 1 and 2. Intake on days 7 and 14 (the balance beam test days)
and hind footslips were assessed separately using a three-way ANOVA with age, sex, and
solution as factors. Home cage locomotor activity and motor intoxication (balance beam
hind footslips) following the 1.75 g/kg I.P. administration of ethanol were analyzed using a
three-way mixed factor ANOVAs, with age of exposure (adolescent vs. adult), sex (males
vs. females), and solution consumed (ethanol vs. water) as independent variables. Dunnett's
or Tukey post hoc tests were used, as appropriate, to explore significant interactions. Simple
linear regressions were used to evaluate the relationship between BEC and hourly ethanol
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intake. All statistical analyses were carried out using IBM SPSS Statistics, Version 19.
Results were considered significant at p<0.05.

3. Results
3.1. Experiment 1: assessment of intake during the drinking in the dark-multiple scheduled
access (DID-MSA) alcohol pre-exposure

The total amount of ethanol consumed across the three 1-hour time bins can be seen for B6
mice in Fig. 1 and for D2 mice in Fig. 2. Data were analyzed separately for each genotype.
The variables of interest in the initial analyses were age (2), sex (2) and day (14). These data
violated the assumption of sphericity; therefore, the Greenhouse–Geisser correction was
used when assessing the significance of the F statistic. As such, the degrees of freedom
reported reflect this correction. B6 mice showed significant changes in their pattern of
drinking across the 14 days of access [Fig. 1A; F(9, 822)=37.315, p<0.0001]. Planned
comparisons support a linear trend (p<0.0001) as these mice significantly increased their
drinking over time. Ethanol consumption for B6 mice also showed a significant quadratic
trend, suggesting that this drinking was sensitive to environmental/procedural changes
associated with the behavioral test days. Changes in the pattern of ethanol intake across the
14 days was also dependent upon sex [F(9, 822)=4.133, p<0.0001]. Pairwise comparisons
reveal that, when comparing intake on day 1 to successive days of drinking, B6 males do not
show any significant increases in drinking until the 10th day of access. In contrast, B6
females begin to show a significant increase in intake by day 5. Daily ethanol drinking for
D2 mice also showed a significant effect of day [Fig. 2A; F(9.8, 853.8)=5.704, p<0.0001].
There was, however, no significant linear or quadratic trend to the drinking pattern. Instead,
this main effect represents general inconsistencies in the pattern of intake across various
days. Drinking data for D2 mice also revealed a significant interaction of day and sex [F(9.8,
853.8)=2.4, p<0.01], as the day to day variation in drinking was slightly different across
male and female D2mice.

Drinking data were also analyzed by comparing the average intake from the first week, to
that from the second week, using a mixed-3-way ANOVA (age*sex*week). For B6 mice,
this analysis revealed a significant effect of week [F(1,92)=42.5, p<0.0001], as all mice
consumed more during their 2nd week of access than their 1st (Fig. 1B and C). There was
also a significant week*sex interaction [F(1,92)=5.4, p<0.05]. Pairwise comparison clarified
that a significant sex difference in intake was only supported during the second week of
drinking (p<0.05). For D2 mice, ethanol intake did not show a significant effect of week
[F(1,87)=0.143, p=n.s], but there was a significant interaction of sex*week [Fig. 2A–B;
F(1,87)=6.05, p<0.05]. This interaction appears to be driven by a marginal decrease in
drinking seen for D2 males during the second week of access (p=0.060) that resulted in a
marginal sex difference in intake during this week (p=0.056).

The total amount consumed by control animals, who had access to water in the modified
tubes using the DID-MSA protocol, can be seen for B6 mice in Fig. 3A and D2 mice in Fig.
3B. These data were also analyzed separately for each genotype. Neither B6 nor D2 mice
showed any relationship between sex, age or day on the pattern of water consumption.

3.2. Experiment 2: assessment of intoxication and blood ethanol concentration during DID-
MSA

3.2.1. Experiment 2A: intoxication (post-drinking balance beam performance)
—The degree of intoxication, assessed as hind footslips on a balance beam, achieved each
hour was monitored on day 7 and day 14. These data are illustrated in Fig. 4. Separate
groups of animals were used for each time point and are referred to as 1H (tested following
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their first hour of ethanol access), 2H (tested following their second hourly session of
ethanol access), and 3H (tested following their third hourly session of ethanol access). Water
animals were randomly tested following the first, second or third hour of access, but are
presented and assessed as one group. Data were analyzed using a 4-factor RM-ANOVA
comparing day (7 vs. 14; repeated measures variable), sex, age and group (1H, 2H, 3H or
water). For B6 mice, alcohol intake in the DID-MSA paradigm resulted in significant
intoxication, but the mice failed to demonstrate tolerance to this intoxication across the 14
days of drinking. Specifically, there was no significant effect of day, nor was there a
significant interaction between day and any other factor. There was a significant effect of
group [F(3,110)=19.23; p<0.0001]. Dunnett's post hoc comparing each ethanol drinking
group (1H, 2H and 3H) to water drinking mice showed that mice with access to ethanol
exhibited intoxication after the binge drinking sessions (Fig. 4A; ps<0.01; data shown
collapsed across day). B6 adolescents and adults displayed the same level of intoxication
following binge drinking in this paradigm, as there was no main effect of age or an
interaction of this variable with any other factor. Similarly, although adult B6 females
consumed greater amounts of ethanol than all other groups, there was no main effect of sex
or an interaction of this variable with age or group. For D2 mice, drinking did not lead to
intoxication, as there was no main effect of group (Fig. 4B). Furthermore, performance on
the balance beam for these mice did not differ across sex or age. There was a significant
effect of day, as all D2 mice showed a decrease in footslips with subsequent exposures to the
balance beam.

3.2.2. Experiment 2B: blood ethanol concentration—Blood ethanol concentrations
achieved each hour were monitored on day 7 and day 14 and are detailed in Fig. 5.
Ultimately, we wanted to determine whether this DID-MSA protocol could produce
equivalent levels of heavy/binge ethanol consumption across adolescents and adults, in order
to facilitate our investigations on the interactive effects that genotype and early/adolescent
alcohol consumption has on later sensitivity to the drug (without the confound of disparate
drinking histories across the age groups). For this, we analyzed the intake and blood ethanol
concentration data from day 7 and day 14 using a mixed 4-factor ANOVA with day, sex,
age and group (1H, 2H, 3H) as the independent variables. These data for B6 mice are shown
in Fig. 5 and are detailed in Table 2. For this high drinking genotype, there was no main
effect of day, sex or age. Our analysis did reveal a significant effect of group [F(2,83)=3.40;
p<0.05], as mice consumed different amounts of alcohol during the 1st, 2nd and 3rd hourly
access periods. Turkey's post hoc test confirmed that intakes measured during the 3rd hour
of access were significantly greater than those from the 1st hour of access (p<0.05), but not
the 2nd. BECs achieved by B6 mice were not significantly different across these hourly
sessions. Relatedly, we found no evidence supporting an effect of age or sex on the BEC
achieved by these mice. D2 mice maintained their alcohol avoiding phenotype in this
drinking protocol, with hourly BECs all below 21 mg/dL (data not shown). This average and
its variability were not significantly affected by day of intake, sex, age or hour of access. All
groups of B6 mice had an average BEC above 80 mg/dL–the National Institute on Alcohol
Abuse and Alcoholism standard for binge drinking—in at least one of the three hourly binge
sessions.

As seen in Fig. 5A–F, BECs for B6 mice on both day 7 and day 14 were positively
associated with the amount of alcohol consumed in each hourly session. Intakes significantly
predicted BEC on days 7 (R2=0.58; p<0.0001) and 14 (R2=0.42; p<0.0001). Separate
correlation coefficients for each group (by age, sex and hour) are presented in Table 2.
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3.3. Experiment 3: effect of adolescent alcohol intake on alcohol-induced motor in-
coordination and stimulation during adulthood

3.3.1. Experiment 3A: balance beam performance following ethanol challenge
—The motor-incoordinating and stimulant responses to an ethanol challenge (1.75 g/kg;
I.P.) following one month of abstinence in B6 mice are illustrated in Figs. 6 and 7,
respectively. For motor-incoordination, the number of hind footslips made on the balance
beam was analyzed using a three-way ANOVA, with sex, age during binge drinking pre-
exposure and solution consumed (during binge pre-exposure) as independent variables.
There was a significant main effect of solution [F(1,126)=3.945; p<0.05], as mice with a
history of binge alcohol consumption displayed a dampened ataxic response to this ethanol
challenge, when compared to water drinking controls (Fig. 6). This relationship was not
altered by sex, or the age at which the binge drinking occurred.

3.3.2. Experiment 3A: home-cage activity following ethanol challenge—A
number of laboratories have demonstrated that B6 mice display a complex, biphasic
locomotor response to low dose ethanol (Crabbe et al., 1982; Melón and Boehm, 2011;
Tarragón et al., 2012). In particular, these mice often show stimulation 1–5 min following
ethanol administration and hypolocomotion by 10 min post injection. For this reason, we
chose to assess the activity data as two separate 5 min time bins. These data were subject to
a three-way ANOVA with sex, age during binge drinking pre-exposure and solution
consumed as independent variables. The analysis of the first 5 min following injection
revealed a significant interaction of sex and age [F(1,80)=13.92; p<0.0001], as females
exposed to alcohol or water as adults, all had a greater locomotor response to ethanol than
all other groups (Fig. 7A). This effect did not depend on the binge drinking history of the
females. Interestingly, females who were exposed to water during DID-MSA as adolescents,
showed a locomotor response more similar to that of males than to females exposed to water
during DID-MSA as adults. Analysis of the second 5 min following injection revealed a
significant three way interaction of sex, age of binge exposure and solution [F(1,80)=4.67;
p<0.05]. Turkey's post hoc analysis clarified that females who binge drank during adulthood
demonstrated significantly higher activity following the ethanol challenge when compared
to control females (Fig. 7B; p<0.01). These females actually had ambulatory counts
significantly higher than all other groups (ps<0.01). Post hoc analysis also clarified that
control females, during this time bin (6–10 min post injection), no longer demonstrated
greater activity when compared to other B6 mice.

4. Discussion
The present series of experiments have yielded three main demonstrations. First, we
established that the DID-MSA procedure yields intoxicating levels of binge-like alcohol
consumption in C57BL/6J (B6) and not DBA/2J (D2) mice. Second, we found that adult B6
females are particularly sensitive to this type of scheduled access, displaying a 120%
increase in their intake over the 14 days of drinking. Third, we provide evidence supporting
long term changes to ethanol responsivity following binge drinking using this protocol.

4.1. Behavioral intoxication and binge drinking during adolescence
The alcohol intake levels noted during this DID-MSA procedure are comparable to those
using other limited access drinking paradigms for all groups except B6 adult females.
Similar to other models, we found binge drinking using this procedure to be genotype
specific, as D2 mice consumed negligible amounts of alcohol and showed no evidence for
intoxication when assessed using the balance beam. In contrast to what has been
demonstrated using the DID procedure (Linsenbardt et al., 2011), binge drinking using DID-
MSA did not result in the development of functional tolerance across the 14 days of drinking
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for B6 mice. Although this was surprising, the significant drop in intake noted on the final
day of drinking suggests that data from this day should be interpreted with care, as stress
from the experimental procedures may have affected the animal's behavior on this day.
Moreover, given that mice were tested at the end of their hourly binge session, we do not
know if differences in the rate of consumption on day 7 vs day 14 obfuscate our ability to
detect changes in the degree of intoxication measured across the two days. We do attempt to
disentangle this potential confound by measuring BECs following the balance beam test and
hour of drinking that preceded it, and note statistically comparable BECs achieved following
drinking on day 7 vs day 14. Still, we contend that there are notable shifts in the correlation
between ataxia and BEC on day 7 vs. day 14. Specifically, there is a predictable relationship
between BEC and ataxia following the first session of access on day 7 only (data not
shown). We are unaware of any published studies showing a significant correlation between
BEC and ataxia following drinking. Moreover, those that do report their findings usually see
significant ataxia in ethanol drinking mice but no significant correlation between the degree
of ataxia and BEC following drinking (Sharpe et al., 2005). The fact that we do note a
significant predictable relationship between these factors and that the correlation wanes
following multiple presentations of alcohol (within day 7 and across days 7 to 14), suggests
that some form of tolerance may be developing that we do not tap into with our crude
measure. Thus, we must still conclude that we fail to support the development of behavioral
tolerance to the intoxicating effects of binge drinking within the 14 days of access to alcohol
administered using DID-MSA.

We were also unable to find differences across age or sex in the degree of intoxication noted
following each binge session. This finding adds to the currently conflicting body of
literature on age differences in sensitivity to the motor impairing effects of ethanol. Studies
in rats have generally found adolescents to be less sensitive to ethanol-induced ataxia
(Silveri and Spear, 2001; Ramirez et al., 2010; Broadwater et al., 2011). In mice, this
relationship has been shown to be dependent upon genotype and sex. Additionally, given
their fast metabolic rate, dose significantly moderates the relationship between age and
sensitivity to alcohol induced ataxia for mice. B6 adolescents have shown greater sensitivity
to ethanol induced ataxia at moderate alcohol doses (1.75 g/kg to 2.5 g/kg; Hefner and
Holmes, 2007; Linsenbardt et al., 2009). However, at the 1.5 g/kg dose, our lab has been
unable to find evidence for significant differences in sensitivity to this response across B6
adults and adolescents. As this dose better approximates the high end of the BEC range
achieved during our binge drinking procedure, we believe that our collective efforts suggest
that this genotype does not show evidence for age-related differences in sensitivity to
ethanol induced ataxia at doses relevant to binge intoxication.

4.2. Alcohol responsivity following abstinence in adolescent or adult binge drinking
Our efforts herein suggest that binge alcohol consumption perturbs the neurobiological
systems that mediate ethanol-induced hyper- and hypo-locomotion, as well as motor
incoordination, in a sex- and age-specific manner. For example, B6 mice with binge
drinking histories demonstrated dampened sensitivities to the motor incoordinating effect of
an ethanol challenge. However, expression of this reduced sensitivity did not depend upon
the age of the animal at the time of the binge alcohol exposure. Still, we were able to find
evidence of tolerance long after the cessation of binge drinking in both adolescent pre-
exposed mice and adult pre-exposed mice. On its own, this is a substantial finding. Though
functional tolerance following voluntary consumption has been demonstrated in rats (Gatto
et al., 1987; Darbra et al., 2002) and mice (Cronise et al., 2005; Linsenbardt et al., 2011),
few have been able to demonstrate long-lasting changes to ethanol induced motor-
incoordination as a function of voluntary oral preexposure. Recently, Rimondini et al.
(2008) demonstrated long-lasting tolerance that persists into protracted abstinence (3 weeks
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post alcohol cessation) in rats that had 7 weeks of intermittent ethanol vapor. The alcohol
exposure paradigm used by those authors is a well established model of dependence,
producing persistent increases in voluntary intake and documented neurobiological effects
(Roberts et al., 2000; Rimondini et al., 2003), thus we are hesitant to believe that ethanol
intakes achieved using this DID-MSA paradigm could approach those necessary to induce
comparable persistent changes. It is possible that our demonstration of persistent tolerance
may be due to intoxicated practice, which has been shown to prolong demonstration of
tolerance in rats up to two weeks post chronic alcohol administration (32 daily doses of 2 or
4 g/kg i.p; Lê et al., 1989). However, it may also be argued that the mice in the present study
did not have enough intoxicated exposure to the balance beam (2 times prior to the post-
abstinence test; each 1 week apart) to support the development of intoxicated practice,
which is shown following extensive intoxicated experience with the testing apparatus.
Future studies should clarify the duration of tolerance following abstinence from voluntary
binge-like drinking and determine whether binge consumption using DID-MSA may induce
persistent altered preference for alcohol and/or increased consumption of the drug in
unlimited/free choice paradigms (i.e. shift “too much to fast” drinking to “too much to
often”; Leeman et al., 2010).

Regarding the failure to find a specific effect of adolescent binge drinking on the degree of
tolerance demonstrated following abstinence, it is possible that the level of alcohol exposure
achieved during DID-MSA was high enough to induce adaptation in both adults and
adolescents. An alternative explanation is that the neurochemical systems important for the
expression of ethanol induced ataxia at this dose range are already developed by PD 30
(when binge drinking was initiated), such that alcohol exposure at this period would result in
an adult-like pattern of behavioral adaptation. Indeed, during the binge drinking phase,
adolescent mice showed no difference in sensitivity to ethanol induced motor incoordination
as compared to adults. Moreover, the results add to inconsistent findings from previous
works showing that the development of chronic tolerance may be greater during adolescence
(Swartzwelder et al., 1998), reduced during adolescence (Matthews et al., 2008) or not
different across adolescence and adulthood (Varlinskaya and Spear, 2007). We have
previously evaluated tolerance to the ataxic effects of alcohol following injection in mice
(Linsenbardt et al., 2009) and found that adolescents developed tolerance with higher (1.75
g/kg) but not lower (1.5 g/kg) doses. It is therefore possible that in the present studies, our
adolescents were consuming alcohol at a level that surpassed the threshold for capturing
their reduced ability to develop chronic tolerance.

The initial (first 5 min) locomotor response to an alcohol challenge (Fig. 7A) suggests that
females show unique differences in their response to the experimental procedures depending
upon their age at the start of the experiment. Among the water-drinking females (drug
naive), mice that were initiated into the experiment during adolescence do not show the
same heightened locomotor response to ethanol as females that were initiated as adults. This
is a peculiar finding, as these females are all adults at the time of the ethanol challenge
injection. However, these naive water drinkers were subjected to unique experiences
associated with the experimental design (e.g., limited access to the ball-bearing sipper tubes)
and possible stressors, at different developmental stages. Although it was not our intention
to model adolescent stress in our experiment, we do concede that the chronic isolation
required to administer alcohol and appropriately record intake may be interpreted as a
chronic stressor. Additionally, the acute stress experienced following the retro-orbital blood
sampling could have worked synergistically with the isolation stress to produce a dampened
locomotor response to ethanol noted for females that drank either water or ethanol as
adolescents when compared to those that drank as adults. Interestingly, males who started in
the experiment as adolescents show a similar locomotor response to males who started as
adults, regardless of the solution consumed. Therefore, it is possible that age and sex interact
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to modify the effects of early life stress on adult responsivity to an ethanol challenge.
Indeed, McCormick and colleagues have demonstrated that adolescent stress results in an
augmented expression of locomotor sensitization following repeated exposure to nicotine
(McCormick et al., 2004) or amphetamine (McCormick et al., 2005) later in life, and that
this occurs only in females. Although the directionality of our effect is opposite that seen by
McCormick and colleagues, the fact that we only note a difference for females is similar and
adds to the body of evidence supporting sex differences in the effect of adolescent stress on
adult responsivity to drugs of abuse.

4.3. Sex differences in binge drinking and its long-term effects
Among B6 adults, there was a clear effect of sex on the escalation of binge drinking using
this paradigm. Although not the goal of this particular series of experiments, we believe that
this DID-MSA model offers an important opportunity to study sex differences in the
acquisition of oral alcohol self-administration. For other drugs of abuse, like cocaine and
amphetamine, differences across males and females in the acquisition and maintenance of
rewarding compounds have revealed important dimorphic mechanisms underlying the
development of addiction (Carroll and Anker, 2010). For alcohol, we have long accepted
that female rodents often consume greater amounts of the compound than males, and have
made important strides in understanding what underlies this difference. Yet, aside from the
heroic efforts of a few investigators, there has been little attention paid to biological sex as
an important variable in the acquisition of alcohol consumption (Roth et al., 2004). The data
here (Fig. 1) indicates that female B6 mice may acquire heavy alcohol self-administration
faster than males, when given limited access to the drug. Of course, a number of factors
unrelated to addiction vulnerability may underlie these differences. For example, females
may show stronger habituation to the novel, ball-bearing sipper tubes used in this procedure.
Given that females do not show dramatic changes in their water consumption using the same
procedures, this is unlikely a major factor in the diergic escalation of alcohol self-
administration. Still, as alcohol access (in this protocol) initiates at the onset of lights out,
females may better adapt their activity patterns to match access to this calorie rich ethanol
solution. Indeed, mice have shown evidence for sex differences in their circadian response to
zeitgebers (Lee et al., 2004), and food anticipatory activity (FAA) has been demonstrated for
drugs of abuse, including limited-access to alcohol (Kosobud et al., 2007). However, a
notable sex difference in FAA has not been demonstrated for B6 mice (Feillet et al., 2006).
Lastly, although adolescent females show a significant increase in their consumption across
weeks (Fig. 1), they never consume more alcohol than males from either age group. Instead,
the increased intake demonstrated by the adolescent females is more a function of their low
intakes during the first 5 days of access. Therefore, the escalation noted for adult B6 females
may be said to occur following adolescence. Given the important hormonal changes that
occur around this time period (i.e. puberty), it is possible that sex differences in the
escalation of alcohol consumption for B6 mice reflect an interaction between the effects of
alcohol and the activational effects of hormones that increase their synthesis drastically
following puberty (i.e. progesterone and its neuroactive metabolites).

In addition to a sex difference in the escalation of intake, we found a marked sex difference
in the effect of binge drinking on the locomotor response to ethanol (1.75 g/kg; i.p) after one
month of abstinence (Fig. 7). There are a number of alternative explanations for the
heightened locomotor response noted for adult pre-exposed females. For example, it is
possible that the level of alcohol exposure achieved for B6 adult females was enough to
cause unique perturbations not seen for the adult pre-exposed males or pre-exposed
adolescents. Though, it should be noted that these females did not achieve significantly
higher BECs at their level of drinking. Another interpretation concerns a true sex difference
in vulnerability to adaptation following binge drinking. Clinical studies suggest that women
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show a telescoped development of alcohol addiction, progressing through the landmark
events associated with the development of alcohol use disorders faster than men (Piazza et
al., 1989; Randall et al., 1999). Preclinical studies have also demonstrated sex differences in
the development of ethanol dependence (Devaud et al., 1999, 2003, 2006; Kuhn, 2011;
Wiren et al., 2006). Preclinical studies also suggest that adult females are more susceptible
to the development of psychomotor sensitization following repeated exposure to a variety of
compounds including cocaine (Cailhol and Mormède, 1999; Hu and Becker, 2003), nicotine
(McCormick et al., 2004) and alcohol (Grahame et al., 2000). Though we did not set out to
model the development of psychomotor sensitization to ethanol in the classical sense, there
is evidence that alcohol consumption in B6 mice (24 hour, 2-bottle choice) can increase the
stimulant effects of an acute alcohol injection (Lessov et al., 2001). Therefore, we may
interpret the heightened locomotor response to the ethanol challenge noted for binge
drinking females as compared to the naive mice as an example of a between-group
sensitized response. This would suggest a sex difference in the development or expression of
sensitization following binge drinking in these mice. Further, the “sensitization” noted
following this DID-MSA binge drinking regiment appears less vulnerable to decay that
demonstrated following injection, which degrades by 17 days following the cessation of
ethanol treatment (Lessov and Phillips, 1998). Future studies should clarify whether dose,
pharmacokinetics, or genuine dimorphic adaptations to alcohol exposure underlie sex
differences in the effect of pre-exposure to alcohol on later responsivity to the drug
following abstinence.

4.4. DID-MSA as a protocol to induce binge drinking in mice
There have been a growing number of drinking protocols with the common goal of inducing
high alcohol consumption in animal models of oral alcohol self-administration. Although
this redundancy may seem unnecessary to some, these procedures offer opportunities to
study unique aspects and consequences of alcohol consumption, a surprisingly complex
behavioral phenomenon. The DID-MSA drinking procedure (adapted from Bell et al.,2011)
provides a number of advantages over currently used protocols, depending upon the
investigator's experimental design and variables of interest. Clearly, this drinking protocol
results in binge-like consumption and intoxicating levels of alcohol intake in B6 mice (Figs.
4 and 5). However, one may use the simpler and well characterized DID protocol if these are
the experimental goals (Rhodes et al., 2005, 2007; Moore et al., 2007). Given the results
presented here, the DID-MSA procedure may be useful to investigate the varied
consequences specific to adolescent binge drinking (as the procedure equates adolescent
binge-drinking with adult male intake levels) and the mechanisms underlying those effects.
Additionally, the procedure provides a unique opportunity to study sex differences in the
escalation and/or effects of binge consumption, given the dimorphic response to the protocol
by B6 adult males and females.

5. Conclusion
To conclude, the experiments presented above support an interaction of sex and age on the
effect that binge alcohol intake has on later sensitivity to the drug. These data also support
the utility of the DID-MSA paradigm for studying the isolable influence of these two
important variables.
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Fig. 1.
Females, but not males, increase binge-like ethanol consumption following limited access
using DID-MSA. A) Total daily intake across the three hourly binge access periods for
adolescent (23–24/sex) and adult (23–25/sex) B6 mice. B) Adolescent females showed an
increase in intake across the two weeks (*, p<0.05), though they consumed less than
adolescent males overall (#, p<0.05). C) Adult females consumed more than adult males (#,
p<0.01) and had greater ethanol intake during the second week of access when compared to
the first (*, p<0.05).
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Fig. 2.
D2 mice maintain their alcohol avoiding phenotype when given limited access to alcohol
using DID-MSA. A) Total daily intake across three hourly binge access periods for D2
adolescents (n=21–23) and adults (23–24). B) D2 adolescent males and females did not alter
their intake across the two weeks of access. C) For D2 adults, neither males nor females
showed a change in alcohol intake during the second week of access when compared to the
first.
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Fig. 3.
Intermittent fluid access using DID-MSA does not alter water intake in inbred strains. A) B6
adults (n=23 males and 25 females) and adolescents (n=23 males and 24 females) did not
show different patterns of water consumption in this paradigm. B) D2 adults and adolescents
showed no significant differences in their water intake across the 14 days.
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Fig. 4.
B6 (A) but not D2 (B) mice show significant intoxication following binge drinking using
DID-MSA. All ethanol drinking animals performed significantly worse on the balance beam
than water drinking controls (ps<0.05). A) B6 mice that drank ethanol (n=22–25/age/sex)
performed significantly worse on the balance beam than water drinking controls (n=8/age/
sex). This intoxication did not vary across hour of consumption or across day 7 and day 14
and data are collapsed across these variables. B) D2 mice that drank ethanol (n=21–24/age/
sex) showed no difference in balance beam performance when compared to those that
consumed water (n=8/age/sex).
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Fig. 5.
For B6 mice, ethanol drinking in DID-MSA continues to predict BEC and results in
significant behavioral intoxication in B6 mice on day 7 and day 14. Levels of ethanol intake
during the 1st hour of drinking (A and D), 2nd hour of drinking (B and E) and 3rd hour of
drinking (C and F) significantly correlate with respective BECs (n=6–11/age/sex/h).
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Fig. 6.
B6 mice with a history of binge drinking show attenuated ataxic response to ethanol, even
following 30 days of abstinence. There was a significant effect of solution consumed on the
level of impairment following 1.75 g/kg EtOH (p<0.05; inset). There was no effect of age or
sex on this display of reduced sensitivity to an ethanol challenge (n=8/age/sex for water and
n=23–24/age/sex for ethanol).
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Fig. 7.
Binge drinking using DID-MSA significantly alters locomotor response to ethanol for
female mice that binged during adulthood. A) During the first 5 min following injection,
adult B6 females, regardless of binge drinking history, display greater locomotor response to
the 1.75 g/kg ethanol challenge compared to all other groups (p<0.001). B) During the final
5 min of the ten minute test, adult females with a history of DID-MSA ethanol consumption
showed a significantly greater locomotor response to this ethanol challenge, as compared to
their water consuming controls (p<0.01). This effect was not noted for males or females that
binged as adolescents (n=6–7/age/sex for water and n=15–16/age/ sex for ethanol).
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Table 1

Diagrammatic representation of experimental methods.
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