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Abstract
Background—Perturbations in the function of core circadian clock components such as the
Period (Per) family of genes are associated with alcohol use disorder, and disruptions in circadian
cycles may contribute to alcohol abuse and relapse. This study tested ethanol consumption,
reinforcement, and metabolism in mice containing functional mutations in Per1 and/or Per2 genes
on an ethanol-preferring background, C57BL/6J mice.

Methods—Mice were tested in: (A) free-access intake with ascending concentrations of ethanol
(2–16% v/v); (B) conditioned place preference using ethanol (2 g/kg for males; 2.5 g/kg for
females) vs. saline injections; (C) recovery of the righting reflex following a 4 g/kg bolus of
ethanol; and (D) blood ethanol levels 1 hour after a 2 g/kg bolus of ethanol.

Results—All Per mutant (mPer) mice showed increased ethanol intake and condition place
preference compared to controls. There were also genotypic differences in blood ethanol
concentration: in males, only mPer1 mice showed a significantly higher blood ethanol
concentration than WT mice, but in females, all mPer mice showed higher blood ethanol levels
than WT mice.

Conclusions—Mutation of either Per1 or Per2, as well as mutations of both genes, increases
ethanol intake and reinforcement in an ethanol-preferring mouse model. In addition, this increase
in ethanol seeking behavior seems to result both from a change in ethanol metabolism and a
change in reward responding to ethanol, but not from any change in sensitivity to ethanol’s
sedating effects.
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1.1 Introduction
Circadian rhythms evolved to allow organisms to adapt to the daily rotation of our planet.
The circadian system keeps time independently of any environmental cue, but a variety of
stimuli known as zeitgebers or “timegivers” (e.g. light, food) function to keep internal time,
synchronized with external time. In mammals, the molecular clock is composed of a
network of genes that form a transcriptional/translational feedback loop in which the
transcription factors Brain and Muscle ARNT-like (BMAL)1 and CLOCK comprise the
positive arm of the feedback loop and drive the expression of two families of negative arm
proteins, PERIOD (PER) and CRYPTOCHROME. This circuit, in conjunction with post-
transcriptional and post-translational regulatory mechanisms, controls the expression of
virtually all clock-controlled genes. On a physiological level, the circadian clock governs the
timing of many homeostatic functions such as metabolism, body temperature, and the sleep/
wake cycle and disruptions in these functions are associated with a wide variety of physical,
mental, and emotional disorders, including substance abuse and dependence (Falcon and
McClung, 2009). Specifically, there are direct correlations of both sleep disruptions and
changes in circadian gene expression with increases in alcohol drinking behaviors and
increased sensitivity to alcohol (Agapito et al.; Benca et al., 1992; Falcon and McClung,
2009; Kovanen et al., 2010; Perreau-Lenz et al., 2009; Spanagel et al., 2005; Wirz-Justice et
al., 2001). Thus, recent work in this field has begun to assess the role of specific clock genes
in alcohol addiction phenotypes. Animals with targeted knockouts or mutations of clock
genes show altered behavioral and neural responses to drugs of abuse, such as a sensitized
response to cocaine in Per2 mutants as a result of changes in glutamate uptake and
catecholamine breakdown (Abarca et al., 2002; Agapito et al.; Hampp and Albrecht, 2008;
Perreau-Lenz et al., 2009; Spanagel et al., 2005). In addition, inhibition of one component of
the molecular clock - casein-kinase-1-epsilon/delta – is sufficient to prevent ethanol relapse
in mice (Perreau-Lenz et al., 2012). Work has also demonstrated that mutation of any of the
three Period gene homologs leads to increased ethanol intake (Crum et al., 2004; Dong et al.,
2011; Spanagel et al., 2005; Wang et al., 2012; Zghoul et al., 2007). In addition, ethanol
consumption has been tied to aberrant rhythms in the hypothalamic-pituitary-adrenal axis
hormone secretion and body temperature, as well as to changes in free-running periods (the
activity pattern in the absence of light cues), and ethanol preference varies with circadian
phenotypes (McCulley et al., 2013; Trujillo et al., 2011).

Previously characterized mice harboring a mutation in the circadian genes Period1
(mPer1Brdm1; herein mPer1) or Period2 (mPer2Brdm1; herein mPer2) express a mutant
protein that lacks a key domain for normal circadian function (Cermakian et al., 2001;
Zheng et al., 1999). These mice have a dysfunctional circadian oscillator as they exhibit
abnormal sleep-wake cycles in the absence of light cues; mPer1 mice show a shortened
sleep-wake cycle compared to wild-type (WT) mice, whereas mPer2 mice show a shortened
sleep-wake cycle that slowly devolves into arhythmicity, and double mPer1Per2 mice show
a complete absence of circadian rhythms as soon as the light cycle is lost (Zheng et al.,
2001; Zheng et al., 1999). In addition, mPer mice also demonstrate addictive phenotypes as
they drink more ethanol than WT mice (Dong et al., 2011; Spanagel et al., 2005) and show a
sensitized response to cocaine (Abarca et al., 2002). Alcoholics display many characteristics
associated with a dysfunctional circadian clock, such as disruptions in sleep cycles,
including difficulty with sleep onset and frequent sleep disturbances (Gillin, 1994), changes
in eating habits, and changes in homeostatic rhythms, such as body temperature fluctuations
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(Danel et al., 2001). Interestingly, polymorphisms in the human Per2 gene are also
associated with variations in the ability to regulate ethanol intake (Spanagel et al., 2005).
Thus, it is possible that there may be an association between the disrupted circadian rhythm
phenotype and alcohol addiction phenotypes, or that ethanol may act directly on the
circadian clock to affect ethanol-seeking behavior.

Previous findings indicate that mPer2 mice drink more ethanol than WT mice in any free
access setting and mPer1 mice drink more than WT, but only as a response to stress
(Spanagel et al., 2005; Zghoul et al., 2007). This suggests that Per2, and to a lesser extent
Per1, genes are protective against high ethanol intake. However, these studies were
performed in male 129SvEvBrd/C57BL/6-Tyrc-Brd mice, which are derived from a non-
ethanol-preferring genetic background (Yoneyama et al., 2008) and drink relatively small
amounts of ethanol over a 24-hour period (Spanagel et al., 2005). We hypothesized that Per1
mice would display an increase in ethanol intake in a free access system when backcrossed
onto the ethanol preferring C57BL6 background, thus bolstering the idea that the Per genes
provide a protective function from ethanolism. Furthermore, we hypothesized that this
increased ethanol intake is due to reinforcement from ethanol in mutant mice compared to
WT mice, rather than to any difference in ethanol metabolism. Thus, in the current study we
assessed free-access ethanol intake, ethanol reinforcement, ethanol sedation, and ethanol
metabolism in mPer1, mPer2, and mPer1Per2 mice backcrossed onto the ethanol-preferring
C57BL/6J background.

Many studies have reported that sex can influence ethanol intake in rodents; specifically,
males drink significantly less than females (Eriksson and Pikkarainen, 1968; Meliska et al.,
1995; Middaugh et al., 1999). Although Per2 polymorphisms are associated with higher
alcohol intake in both men and women (Spanagel et al., 2005), adolescent males show
greater effects of Per2 polymorphism expression on alcohol intake than adolescent females
(Comasco et al., 2010). Thus, to explore whether sex modulates the effects of Per mutations
on ethanol drinking behavior, we tested both male and female mice.

2.1 Methods
2.1.1 Animals

All experiments were carried out in accordance with the National Institutes of Health guide
for the care and use of laboratory animals (NIH Publications No. 8023, revised 2011) and
were approved by the Dartmouth Institutional Animal Care and Use Committee.

Adult, male and female C57BL/6J mice were purchased from Jackson Laboratory (Bar
Harbor, ME) and male and female Per1Brdm1, Per2Brdm1, Per1Per2 Brdm1 mice (Zheng et al.,
2001; Zheng et al., 1999) backcrossed to a C57BL/6J background were generously provided
by Dr. Amita Seghal from the University of Pennsylvania.. Mice, 10–26 weeks of age (15–
35g), were housed individually or in groups of 4 and given ad libitum access to food and
water throughout each study. All animals were maintained on a 12:12 light:dark (LD) cycle.

2.1.2 Experiment 1: Free Access Ethanol
We first tested the effect of Per mutations on ethanol intake in C57BL/6J background mice.
69 animals (8–9 per group) were individually housed and tested for free access, chronic
ethanol intake and preference in their home cage. Mice were given free access to a water
bottle, a bottle containing an ascending concentration of ethanol (2–16%, v/v), and food.
Within each experiment, the positions of the two drinking bottles were rotated on a daily
basis to prevent positional preference. A technician, blinded to the experimental conditions,
measured fluid intake every 24 hours, and measured food intake and body weight every 48
hours. After a one week acclimation period, during which ad libitum water and food intake,
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as well as body weight, were measured, each mouse was given access to ascending
concentrations of ethanol (2–16% v/v for 5–9 days at each concentration. The concentration
was increased incrementally once ethanol intake reached a steady baseline at each
concentration (which required, on average, 6 days).

2.1.3 Experiment 2: Conditioned Place Preference
We next examined whether the differences in free access ethanol intake cold be explained
by differences in ethanol reinforcement. All conditioning and testing occurred in a dedicated
conditioned place preference (CPP) test room. Four shuttleboxes were used for CPP. Each
shuttlebox consisted of two Plexiglas chambers (4″ × 4″ × 6″) separated by a narrow
holding room (4″ × 1.5″ × 6″). One chamber had metal grid flooring and the other had a
plastic floor with evenly spaced holes. The holding room had a plain Plexiglas floor.
Guillotine doors barred movement between areas. Shuttleboxes were isolated in wooden
shelves, in a room with a red house light and a sound machine generating white noise to
conceal any external noises. A video recording system was used to monitor all sessions for
later scoring. A pilot test demonstrated no significant preference for either chamber, and so
animals were randomly assigned to mesh flooring in the left vs. right chamber and
associated with saline vs. ethanol injections. The first day of training was a pre-exposure
day, during which drug-naïve animals had free access to the entire apparatus with the
flooring removed for 10min. Any mouse that spent greater than 75% of the time in one
chamber was removed from the experiment (<5% of animals). The next 8 training days
consisted of alternating days of intraperitoneal (i.p.) saline or ethanol (20% v/v in saline; 2
g/kg for males and 2.5 g/kg for females, based on pilot data in a set of WT mice) injections,
with the treatment schedule randomized within groups. Ethanol injections are used to avoid
confounding effects of ethanol taste. Each animal (64; 8 per group) was injected, placed into
a conditioning chamber with the guillotine doors shut, and allowed to explore for 6min. In
between animals, chambers were cleaned with 70% ethanol and then dried thoroughly. On
test day, animals were injected with saline and then placed in the holding room. After 10sec,
the guillotine doors were removed and the animal was allowed to explore freely for 30min.
After testing was complete, each 30min session was scored based on the number of entries
and total time spent in each chamber.

2.1.4 Experiment 3: Loss of the Righting Reflex
Although the greater CPP for ethanol in the mutant mice may underlie their greater intake of
ethanol as compared to WT mice, there were no differences between the sexes in CPP.
However, these differences did exist in free access ethanol intake. To determine whether sex
differences in ethanol intake within the Per mutant mice could be explained by a difference
in ethanol sedation, we next explored the behavioral responses to a cataplexy-inducing dose
of ethanol. All testing occurred in a dedicated behavioral testing suite. Each animal (57; 7–8
per group) was injected i.p. with 4 g/kg ethanol (20%v/v in saline) and placed in an empty
Plexiglas housing box. Latency to loss (LORR) and recovery of the righting reflex was
recorded. LORR was determined when the animal could not right itself after being lain on
its side twice in 30sec. Recovery was determined when this ability was restored.

2.1.5 Experiment 4: Blood Ethanol Concentration
As there were no genotype-specific differences in sedation in response to a high dose of
ethanol, our final experiment tested whether there are differences in the blood ethanol
concentrations (BECs) produced by a lower dose of ethanol that was associated with ethanol
CPP in Experiment 2. Each mouse (32; 4 per group) was injected i.p. with 2 g/kg ethanol
(20% v/v in saline) and then returned to their home cage. Sixty minutes later, based on a
pilot study showing 60min as the peak of BEC in WT mice (data not shown), mice were
euthanized by cervical dislocation and trunk blood was collected in a capillary tube (Analox
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Instruments, Lunenberg, MA) and spun down in a centrifuge for 2 minutes at 14,000 rev/
min. The plasma was then analyzed by an AM1 Analyzer (Analox Instruments) to obtain
BEC (mg/dl). To assure the accuracy of the reading, each sample was analyzed twice and a
mean from the two readings was used for data analysis.

2.1.6 Data Analysis
For Experiment 1, measurements for the last four days at each ethanol concentration, of
ethanol intake (g/kg), ethanol preference (ethanol intake [mL]/total fluid intake [mL]), water
intake (mL/kg), food intake (g/kg), and body weight (g) data, were analyzed using 3-way
repeated measures analysis of variance (RMANOVA), using sex and genotype, as
independent variables. For Experiment 2, the percentage of time spent in each compartment
and the total number of entries into each compartment was analyzed by 2-way ANOVA,
with sex and genotype as the independent variables. For Experiments 3 and 4, LORR and
recovery or BEC were each analyzed by 2-way ANOVA, with sex and genotype as the
independent variables. When the analysis indicated that significant differences existed
between treatments, post-hoc pairwise comparisons between groups were made using the
Tukey adjustment. Post-hoc comparisons were also made to compare baseline and treatment
periods across groups using paired-samples t-tests for Experiment 1. Significance was
determined at p<0.05. Data are expressed as mean (M) ± standard error of the mean (SEM).

3.1 Results
3.1.1 Experiment 1: Free-Access Ethanol

There were significant effects of ethanol concentration, F(4,1640)=2291.4, p<0.001, sex,
F(1,410)=482.5, p<0.001, and genotype, F(3,408)=15.29, p<0.001, as well as interactive
effects of sex by genotype, F(3,408)=4.1, p<0.01, concentration by genotype,
F(12,1632)=10.8, p<0.05, and concentration by sex, F(4,1640)=96.6, p<0.001 on ethanol
intake. Across genotypes, females drank more than males at all concentrations (data not
shown), which is consistent with previous findings (Middaugh et al., 1999). Additionally, all
mutant mice drank more than WTs from 2–12% ethanol (p<0.05), which suggests a
potentially important role for the Per genes in limiting ethanol consumption and is consistent
with previous findings (Spanagel et al., 2005; Zghoul et al., 2007). All male mPer1, mPer2,
and mPer1Per2 mice drank more than male WTs at 12% ethanol (p<0.05; Figures 1A–B),
whereas only female mPer1 mice drank more than the other female mice at 12% ethanol
(Figures 1C–D).

There was no difference in ethanol intake for male mice at 16% ethanol, but the female
mPer1Per2 mice drank less than female WTs at 16% ethanol (p<0.05; Figures 1B and D).
There were also significant effects of ethanol concentration, F(4,1640)=95.6, p<0.001, sex,
F(1,410)=13.5, p<0.001, and genotype, F(3,408)=35.9, p<0.001, as well as interactive
effects of concentration by genotype, F(12,1632)=14.7, p<0.001, and concentration by sex,
F(4,1640)=8.7, p<0.001 on ethanol preference. Similar to what was observed with ethanol
intake, females showed higher ethanol preference than males; however, this was limited to
the higher concentrations of ethanol (8–16% ethanol; Figure 2A). Furthermore, all mutant
mice showed higher ethanol preference than WTs at 2–8% ethanol, whereas only male and
female mPer1 and male mPer1Per2 mice showed higher ethanol preference at 12% ethanol,
and the only difference at 16% ethanol was decreased preference in female mPer1Per2 mice
compared to WT females (p<0.05; Figures 2B and 2C).

Overall, mPer mice preferred ethanol more than WT mice even though the volume of
ethanol solution consumed decreased at higher concentrations (Data not shown). The overall
reduction in consumption across genotype observed is possibly as the result of taste aversion
to more concentrated ethanol solutions. Thus, mPer1 and mPer2 mice that have been
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backcrossed on an ethanol-preferring mouse line demonstrated increased ethanol intake and
preference, especially at moderate concentrations of ethanol that are comparable to the
concentrations in most alcoholic beverages. Our findings also agree with previous work
demonstrating that female mice have a higher preference for ethanol as opposed to water
than male mice.

Increased ethanol intake was generally associated with decreased water intake throughout
the experiment, suggesting that the Per mutations do not increase ethanol intake simply as
the result of increased fluid intake. The one exception was that female mice drank more
water than male mice, demonstrating higher overall fluid intake (p<0.01; data not shown).
Females also ate more food than males at all concentrations of ethanol, and Per2 mice ate
less than WTs at all concentrations (p<0.05). Since the Per mutations did not increase food
intake concurrent to increased ethanol intake, the increased ethanol intake is unlikely to
represent a shift in caloric intake (data not shown). Females weighed less than males
throughout the study (p<0.05; Table 1). The mPer2 mice weighed more than WTs
throughout the study (p<0.05), whereas the mPer1 and mPer1Per2 mice weighed
significantly less than WTs (p<0.05; Table 1). Despite the higher caloric intake per body
weight in females, they consistently weighed less than males. Interestingly, the Per2
mutation was associated with higher body weights, whereas the Per1 mutation and Per1Per2
double mutation were both associated with lower weights compared to WTs.

3.1.2 Experiment 2: Conditioned Place Preference
All mice showed a significant preference for (F(1,127)=342.9, p<0.001) and more entries
into (F(1,127)=5.5, p<0.05) the ethanol-paired chamber as compared to the saline-paired
chamber. There was a main effect of sex on the number of chamber entries, F(1,127)=6.8,
p<0.05, such that females were significantly less active than males, regardless of genotype
or chamber stimulus (p<0.05; data not shown). There was also a significant effect of
genotype on the number of chamber entries, F(3,125)=9.3, p<0.001, such that the mPer1
mice were significantly more active than all other lines, regardless of sex or chamber
stimulus (p<0.05; Figure 3A). Finally, there was a significant effect of genotype on chamber
preference, F(3, 125)=3.3, p<0.05, with all mutant mice showing a stronger preference for
the ethanol-paired chamber than the WT mice (p<0.05; Figure 3B).

3.1.3 Experiment 3: Loss of the Righting Reflex
There were no significant effects of genotype on either latency to loss of recovery of the
righting reflex. There was, however, an effect of sex on the recovery of the righting reflex,
F(1,56)=35.4, p<0.001, with females showing a significantly longer latency to recovery of
the righting reflex compared to males (data not shown).

3.1.4 Experiment 4: Blood Ethanol Concentration
There were significant main effects of sex, F(1,31)=74.3, p<0.001, and genotype,
F(3,29)=43.4, p<0.001, as well as a significant sex by genotype interaction, F(3,29)=30.1,
p<0.001, on blood ethanol concentration. Overall, males had a lower BEC than females
(p<0.05; Figure 4A–B); however, when each genotype was examined individually, female
WT mice showed lower BACs than male WT mice, but in each mutant line, the female mice
showed higher BACs then males (p<0.05, Figure 4A–B). In addition, mPer1 mice had the
highest BEC, significantly higher than mPer2 mice, which in turn had significantly higher
BEC than WT or double mutant mice. Within males, only the mPer1 mice had significantly
higher BEC than the WT mice (p<0.05; Figure 4A), but in females, all three lines of mutant
mice had significantly higher BEC than WT mice (p<0.05, Figure 4B).
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4.1 Discussion
The major finding of this study is that functional mutation of either Per1 or Per2 genes, as
well as mutations in both, results in a generalized increase in ethanol intake and conditioned
place preference, which suggests a protective function for these Per genes in alcohol use
disorder. Our result in section 3.1.1, showing that mPer2 mice drink more ethanol than wild-
type mice, is consistent with previous work (Spanagel et al., 2005) and the levels of ethanol
intake in mice backcrossed onto a C57BL/6J background is also consistent with pervious
findings (Brager et al., 2011). However, additional results in section 3.1.1 demonstrating an
increase in voluntary ethanol intake and preference in mPer1 mice differs from previous
research, which showed no difference between wild type and mPer1 mice in free access
ethanol drinking (Spanagel et al., 2005; Zghoul et al., 2007). The disparity in mPer1 alcohol
consumption and preference may be explained by the different genetic backgrounds used to
carry the Per1 mutations; as previously mentioned, our experiments used Per1Brdm1 mice
backcrossed onto the ethanol-preferring C57BL6/J line, while the previous study used the
mixed 129SvEvBrd/C57BL/6-Tyrc-Brdmice. Importantly, our Per mutant colony was SNP
mapped to confirm genetic purity with a homology of 97% for Per1Brdm1, 95% for
Per2Brdm1, and 94% for the double mutants to C57BL6/J (data not shown).

Ethanol intake and preference can be impacted by a number of factors including
reinforcement, metabolism, sedation, and taste aversion to ethanol. As a result, different
mouse lines show dramatically different levels of ethanol intake (Yoneyama et al., 2008).
Therefore, depending on the genetic background of the line being studied, the Per1 mutation
may not adequately increase pharmacological reward to overcome factors such as taste
aversion. However, Per1mice show greater ethanol consumption than WT mice in response
to social defeat stress (Dong et al., 2011), suggesting that there is some predisposition to
ethanol reinforcement and that the aversion to ethanol can be overcome by environmental
factors. By crossing our mPer mutant onto an ethanol-preferring background, we can
examine the effects of these mutations on ethanol intake and reinforcement independent of
confounding factors such as taste aversion.

Recent work has shown that mPer2 mice have increased bouts of ethanol consumption over
a 24-hour period in normal LD 12:12 conditions, which may be due to a 2-hour extension in
nocturnal activity patterns beginning in the last 2 hours of the preceding light phase (Brager
et al., 2011). Brager and colleagues reported that an earlier onset of activity in the mPer2
mice appears to correlate with an increase in ethanol intake. However, our CPP data in
section 3.1.2 demonstrate a moderate but significant increase in ethanol reinforcement after
systemic administration and we see increased ethanol intake in mPer1 and mPer1Per2 mice,
which do not show changes in activity patterns from WT a normal L:D cycle (Shiromani et
al., 2004). This suggests that there must be some factor other than an increased period of
activity underlying the increased alcohol intake of these mice. It should also be noted,
howver, that CPP is not the most sensitive measure of ethanol reinforcement – indeed,
operant self-administration paradigms, in which animals must perform a behavior such as
nose-poking or lever-pressing in order to receive an ethanol reward, show stronger, more
consistent correlations with free access ethanol intake than does CPP (Green and Grahame,
2008). While we hope to address the question of motivation for ethanol through operant self-
administration studies in the future, our positive CPP data represent a starting point for
studying how the Per genes are related to ethanol reinforcement.

As the mPer1 mice drink more in the free-access paradigm it is surprising that the double
mutant mice do not drink at similar levels to the mPer1 mice overall, or at higher levels due
to an additive effect with the loss of mPer2 function. In fact the double mutant mice
resembled the mPer2 mice in all other experiments. However, it is important to note that the
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mPer1Per2 mice did show overall higher levels of intake at 2–4% as compared to the other
lines, although this difference was lost as ethanol concentration was increased, possibly due
to differences in taste aversion. Furthermore, it has been shown previously that chronic
ethanol intake can alter Per gene expression (Perreau-Lenz and Spanagel, 2008); therefore, it
is possible that chronic intake of ethanol alters clock gene expression differently in the
double mutant lines, than in the single mutants. Assessment of clock gene levels in the
reward circuit of the mPer mice is a critical next step in understanding the genotypic
differences uncovered here.

All of the female mutants showed higher blood ethanol levels than female WT mice in
section 3.1.4, with mPer1 mice showing the greatest blood ethanol concentration. In males,
only the mPer1 mice showed greater blood ethanol concentrations than WT mice. Therefore,
decreased metabolism – and thus, greater potency - of ethanol in the mPer1 male mice and
in all mutant female mice may be one factor underlying their increased ethanol intake and
preference, especially at low concentrations of ethanol. However, there must be additional
factors underlying increased ethanol intake and preference in mutant mice that do not show
higher blood ethanol levels than WT mice (i.e. the mPer2 and mPer1Per2 male mice). In
addition, it has been shown that there is no diurnal variation in blood ethanol metabolism in
male WT mice (Perreau-Lenz et al., 2009), suggesting that the effects of Per mutation on
blood ethanol levels may be the result of pleiotropy rather than a change in circadian
function due to the mutation of the Per genes. Furtherwork is needed to asses the mechanism
by which Per gene mutation disrupts alcohol metabolism.

As documented in the literature, female mice showed greater ethanol intake and preference
than male mice. This effect may be attributed to differences in body water content or
metabolism, as suggested by Hwa and colleagues (2011), because ethanol intake and
preference remain steady and variability between females remains low despite the
fluctuations in the estrous cycle. Although we found that female mice in general – and
mutant mice specifically – metabolized ethanol more poorly than males, we also found that
female WT mice showed lower blood ethanol levels than males after an equivalent,
moderate dose of ethanol, yet females took longer to recover their righting reflex than males
following an equivalent high dose of ethanol. Interestingly, this suggests that the female
mice may drink more ethanol in free access conditions because they either metabolize it or
absorb it more rapidly than males, yet they are more sensitive to the sedative effects of
ethanol. Thus, it may be a decreased duration of ethanol-induced reward that leads female
mice to drink more, or a greater anxiolytic response to ethanol, as females are more prone to
stress and anxiety in both human (Gater et al., 1998) and animal studies (Adamec et al.,
2006). This is also supported by our CPP data where more exploratory behavior (chamber
entries) is evident in males than in females. Although the mPer1 mice also showed increased
exploratory behavior despite a link between Per1 and stress-induced ethanol intake (Dong et
al., 2011), no study has demonstrated a direct link between Per1 and anxiety, and these mice
may actually have lower basal anxiety levels than the other lines tested.

In general, increased ethanol intake was associated with lower food intake in the mutant
mice in section 3.1.1, possibly due to the higher caloric contribution from ethanol. This
suggests that the differences in ethanol intake between mouse lines were not due simply to
increased locomotor or consummatory behaviors in the mutants. Furthermore, ethanol
preference was higher in the mutant mice than in WTs, suggesting that the increased ethanol
intake was not matched by increased water intake. Finally, despite significant differences in
body weight – mPer2 mice weighed more than WTs, while mPer1 and mPer1Per2 mice
weighed less – these differences did not correlate with ethanol drinking behavior, as all three
mutant lines showed enhanced ethanol intake and preference above WT levels.
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Together, these data suggest a direct role for the Per genes in regulating ethanol
consumption, possibly through effects on the neurotransmitter systems involved in the
reward circuit, as seen in the CPP paradigm, as well as through decreases in ethanol
metabolism, as seen in the BAC paradigm. The reward system effect of Per genes is
supported by work recently published by Perreau-Lenz and colleagues, showing that
inhibition of casein-kinase-1-epsilon/delta, the kinase responsible for PER2 degradation,
blocks relapse to ethanol following multiple ethanol deprivation periods (Perreau-Lenz et
al., 2012). Further work is needed to examine how the PER1 and PER2 proteins may act on
the reward circuit to determine, for example, whether the homologs mediate drug reward
through the same mechanism– such as changes in glutamatergic function (Spanagel et al.,
2005) or monoamine oxidase activity (Hampp et al., 2008) –or perhaps through distinct
mechanisms. In addition, based on recent work implicating the Per homolog Per3 in ethanol
responding (Wang et al., 2012), this homolog should also be included in future studies
aimed to elucidate the mechanisms through which the PER genes affect alcohol drinking
behaviors. It is also important to note that although these mice harbor functional mutations
of the Per genes, they still express these genes and studies in Per knockouts are important in
demonstrating the significance of the loss of Per function on alcohol drinking behavior.
Finally, it will be important to establish what role, if any, the circadian oscillator is playing
in regulating alcoholic behavior. Although our data and others suggests a genetic link
between the clock and alcoholism, probing the nature of the circadian oscillator under the
conditions applied here is essential in establishing whether the effect of the Per genes is
clock-related, or pleiotropic.
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Highlights

• Mutation of circadian PERIOD1 and PERIOD2 genes increases alcohol intake
in mice

• Period mutation also increases conditioned place preference for alcohol

• Period mutation also decreases alcohol metabolism

• More work is warranted to elucidate the role of the circadian clock in alcohol
addiction
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Figure 1.
Average alcohol intake at each alcohol concentration (2–16% v/v). A–B) All mutant male
mice drank more than male WT mice at 2–12% alcohol (g/kg). C–D) All female mutant
mice drank more than female WT mice at 2–8% alcohol, but only female mPer1 mice drank
more than other groups at 12–16% alcohol (g/kg). (Mean ± SEM; * indicates a significant
difference from WTs at p<0.05).

Gamsby et al. Page 13

Behav Brain Res. Author manuscript; available in PMC 2014 July 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Average alcohol preference at each alcohol concentration (2–16% v/v). A) Females showed
higher alcohol preference than males across genotype at 8–16% alcohol. B) All male mutant
mice showed higher alcohol preference than male WT mice at 2–8% alcohol, but only
malePer1 and Per1Per2 mice showed higher preference at 12% alcohol. C) All female
mutant mice showed higher alcohol preference than female WT mice at 2–8% alcohol, but
only female Per1 mice showed higher preference than other groups at 12% alcohol (Mean ±
SEM; * indicates significant differences between groups or from WTs at p<0.05).
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Figure 3.
Behavior in alcohol conditioned place preference. A) Only the mPer1 mice made more
chamber entries than other lines. B) Across sex, all lines of mPer mice showed a greater
preference for the alcohol-paired chamber than WT mice (Mean ± SEM; * indicates
significant differences from WTs at p<0.05).
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Figure 4.
Genotype differences in blood alcohol concentration. A) In males, on mPer1 mice showed a
significantly higher blood alcohol concentration than WT mice. B) In females, all mPer mice
showed higher blood alcohol levels than WT mice (Mean ± SEM; * indicates significant
differences between from WTs at p<0.05).
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