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Abstract

Chronic alcohol (ethanol) intake alters fundamental properties of the circadian clock. While 

previous studies have reported significant alterations in free-running circadian period during 

chronic ethanol access, these effects are typically subtle and appear to require high levels of 

intake. In the present study we examined the effects of long-term voluntary ethanol intake on 

ethanol consumption and free-running circadian period in male and female, selectively bred 

ethanol-preferring P and HAD2 rats. In light of previous reports that intermittent access can result 

in escalated ethanol intake, an initial 2-week water-only baseline was followed by either 

continuous or intermittent ethanol access (i.e., alternating 15-day epochs of ethanol access and 

ethanol deprivation) in separate groups of rats. Thus, animals were exposed to either 135 days of 

continuous ethanol access or to five 15-day access periods alternating with four 15-day periods of 

ethanol deprivation. Animals were maintained individually in running-wheel cages under 

continuous darkness throughout the experiment to allow monitoring of free-running activity and 

drinking rhythms, and 10% (v/v) ethanol and plain water were available continuously via separate 

drinking tubes during ethanol access. While there were no initial sex differences in ethanol 

drinking, ethanol preference increased progressively in male P and HAD2 rats under both 

continuous and intermittent-access conditions, and eventually exceeded that seen in females. Free-

running period shortened during the initial ethanol-access epoch in all groups, but the persistence 

of this effect showed complex dependence on sex, breeding line, and ethanol-access schedule. 

Finally, while females of both breeding lines displayed higher levels of locomotor activity than 

males, there was little evidence for modulation of activity level by ethanol access. These results 

are consistent with previous findings that chronic ethanol intake alters free-running circadian 

period, and show further that the development of chronobiological tolerance to ethanol may vary 

by sex and genotype.
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Introduction

Several lines of evidence have revealed reciprocal interactions between alcohol intake and 

the circadian timing system in both humans and experimental animals (Danel & Touitou, 

2004; Hasler, Smith, Cousins, & Bootzin, 2012; Rosenwasser, 2001; Spanagel, 

Rosenwasser, Schumann, & Sarkar, 2005). Human alcoholics exhibit significant 

disturbances of sleep-wake cycles and other circadian rhythms (Conroy et al., 2012; Hasler 

et al., 2012; Kühlwein, Hauger, & Irwin, 2003), while in turn, chronobiological disruption 

promotes relapse in abstinent alcoholics and may contribute to excessive drinking in non-

dependent populations (Brower, 2003; Drummond, Gillin, Smith, & DeModena, 1998; 

Landolt & Gillin, 2001). In animal experiments, ethanol alters fundamental aspects of 

circadian pacemaker function (Brager, Ruby, Prosser, & Glass, 2010; Mistlberger & 

Nadeau, 1992; Rosenwasser, Fecteau, & Logan, 2005; Rosenwasser, Logan, & Fectau, 

2005; Seggio, Fixaris, Reed, Logan, & Rosenwasser, 2009; Seggio, Logan, & Rosenwasser, 

2007). Systemically administered ethanol reaches the suprachiasmatic nucleus (SCN), site of 

the “master” circadian pacemaker (Brager, Ruby, Prosser, & Glass, 2011; Ruby, Brager, 

DePaul, Prosser, & Glass, 2009; Ruby, Prosser, DePaul, Roberts, & Glass, 2009), and alters 

circadian function in part via effects on SCN neural signaling (McElroy, Zakaria, Glass, & 

Prosser, 2009; Prosser & Glass, 2009; Prosser, Mangrum, & Glass, 2008) and gene 

expression (Chen, Kuhn, Advis, & Sarkar, 2004; Madeira et al., 1997). Conversely, both 

environmental (Clark, Fixaris, Belanger, & Rosenwasser, 2007; Gauvin et al., 1997; 

Rosenwasser, Clark, Fixaris, Belanger, & Foster, 2010) and genetic (Brager, Prosser, & 

Glass, 2011; Ozburn et al., 2013; Spanagel et al., 2005) disruption of circadian function 

alters voluntary ethanol intake.

While previous experiments indicate that chronic ethanol intake can alter free-running 

circadian period (Mistlberger & Nadeau, 1992; Rosenwasser, Fecteau, & Logan, 2005; 

Seggio et al., 2009), these effects have generally been subtle and apparently require very 

high levels of intake. In the present study, therefore, we examined the effects of long-term 

free-choice ethanol access on free-running circadian activity rhythms and voluntary ethanol 

intake in selectively bred ethanol-preferring P (Preferring) and HAD2 (High Alcohol 

Drinking, replicate-2) rat lines. P and HAD2 rats were bred using identical selection criteria, 

but were derived from genetically distinct progenitor stock (Murphy et al., 2002). Since we 

did not test the corresponding Non-Preferring (NP) and Low Alcohol Drinking (LAD2) 

lines, this study was not designed to detect phenotypic correlates of high ethanol preference, 

but rather to take advantage of the high ethanol intake seen reliably in P and HAD2 rats. It 

should be noted, however, that we previously demonstrated differences in circadian 

phenotype between ethanol-naïve high- and low-preferring rat lines (Rosenwasser, Fecteau, 

Logan, Reed, et al., 2005).
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The “alcohol deprivation effect” (ADE) refers to a temporary increase in voluntary ethanol 

intake following a period of ethanol deprivation (Sinclair, 1972; Sinclair & Senter, 1967, 

1968), an effect which may be potentiated by repeated deprivation intervals (Spanagel & 

Hölter, 1999). Indeed, schedules of intermittent ethanol exposure have been shown to 

increase ethanol intake and to exacerbate withdrawal-associated seizures and affective 

disturbances, relative to continuous ethanol exposure. Such effects are frequently attributed 

to “kindling-like” effects of repeated ethanol withdrawals and to the stressfulness of 

withdrawal itself (Ballenger & Post, 1978; Becker, 1998, 2012; Breese, Overstreet, & 

Knapp, 2005; Sanchis-Segura & Spanagel, 2006). The ADE has been studied in several lines 

of selectively bred high-drinking rats, with mixed results. Thus, while P rats displayed a 

significant ADE following a single 2-week deprivation period (Rodd-Henricks, McKinzie, 

Shaikh, et al., 2000; Vengeliene et al., 2006), similar effects were not seen in either HAD 

rats or in the high-drinking AA (Alko-Alcohol) line (McKinzie et al., 1998; Rodd-Henricks, 

McKinzie, Murphy, et al., 2000; Sinclair & Li, 1989; Vengeliene et al., 2006). Nevertheless, 

HAD rats do show an ADE following multiple deprivations, and both P and HAD2 rats 

exhibit a more prolonged ADE with increasing numbers of deprivations (Rodd-Henricks, 

McKinzie, Murphy, et al., 2000; Rodd-Henricks, McKinzie, Shaikh, et al., 2000). In the 

present experiment, therefore, we compared the effects of intermittent and continuous long-

term ethanol access, using an ethanol access schedule closely matching that used in previous 

ADE studies in P and HAD rats (Rodd-Henricks, McKinzie, Murphy, et al., 2000; Rodd-

Henricks, McKinzie, Shaikh, et al., 2000).

Female rodents are commonly reported to consume more ethanol and to display higher 

levels of ethanol preference relative to males (Adams, 1995; Juárez & Barrios de Tomasi, 

1999; Lancaster & Spiegel, 1992). Nevertheless, this sex difference is not seen in all studies, 

and appears to depend on a number of factors including genotype, estrous phase, and ethanol 

access conditions. In particular, P and HAD rats show little evidence for sex differences in 

initial ethanol preference (Bell et al., 2003, 2004, 2006; Dhaher, McConnell, Rodd, 

McBride, & Bell, 2012; Li, Lumeng, & Thomasson, 1995), and in fact, males may display 

greater ethanol preference than females under extended ethanol access (Bell et al., 2004, 

2006). Since few studies have examined sex differences in ethanol intake under long-term 

ethanol access, and no prior studies have investigated possible sex differences in the 

chronobiological effects of ethanol, we included both male and female rats in the present 

study.

Materials and methods

Animals and apparatus

Male and female P and HAD2 rats (n = 12 for each combination of line and sex) were 

obtained from the Indiana University Alcohol Research Center at about 8 weeks of age. The 

animals were housed individually in commercial running-wheel cages (wheel diameter, 34 

cm) equipped with contact-sensing lickometer circuits (Mini-Mitter Co., Bend, OR). 

Animals had continuous access to 2 drinking spouts throughout the experiment, but only 1 

lickometer circuit was available for each cage. Thus, under water-only conditions, animals 

had access to 2 waterspouts but only 1 was monitored, whereas, under free-choice ethanol 
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access, the lickometer circuit was always used to monitor the ethanol spout. Due to the 

physical configuration of the apparatus, the lickometer could only monitor the drinking 

spout to the animal’s right; thus, it was not possible to switch the positions of the ethanol 

and water bottles during ethanol access periods, as is typically done in studies of preference 

drinking.

Cages were maintained within ventilated light- and sound-attenuating cabinets, either 6 or 

12 cages per cabinet, and cabinet position was balanced across both sex and line such that 

each cabinet contained an equal number of males and females. Wheel turns and drinking-

spout licks were monitored and stored in 1-min bins for subsequent analysis using the 

ClockLab interface system (Actimetrics Co., Wilmette, IL). The animals were maintained in 

constant darkness throughout the study to allow for assessment of free-running circadian 

activity and licking rhythms, and routine maintenance was performed at irregular times of 

day under dim red light, using the minimal amount of light necessary.

Procedures

Ethanol intake—After a 15-day water-only baseline, 10% (v/v) ethanol solution was 

offered in free choice with water for 15 days. Following this initial ethanol-access period, 

animals on the intermittent schedule were exposed to alternating 15-day periods of ethanol 

deprivation and ethanol access, for a total of 5 ethanol-access periods (i.e., 4 deprivation 

periods). In contrast, animals under continuous ethanol access were simply maintained under 

free-choice ethanol for an equivalent total number of days (135). This resulted in 8 separate 

groups (P vs. HAD, male vs. female, intermittent vs. continuous) with 6 rats per group. 

Since only 24 running-wheel cages were available for this experiment, we first tested male 

and female P and HAD rats under intermittent ethanol access, after which an additional 24 

animals were obtained and tested under continuous ethanol access.

Ethanol and water intakes were recorded every 5 days and collapsed into 15-day bins for 

statistical analysis. Since the intermittent-access groups experienced a total of five 15-day 

time blocks in which ethanol was available, only the first 5 (of 9) 15-day ethanol blocks for 

the continuous-access groups were included in the statistical analyses; this allowed the 

continuous- and intermittent-access groups to be compared directly. Ethanol drinking is 

reported as g/kg/day and as ethanol preference, determined by dividing the volume of 10% 

ethanol intake by the total volume of fluid consumed (ethanol plus water). Water intake was 

analyzed as mL/day, since correction of water intake for body weight had no effect on the 

statistical outcomes.

Circadian rhythms—Circadian patterns of running-wheel activity and licking were 

assessed qualitatively by inspection of standard raster-style actograms. Free-running 

circadian period was estimated for each 15-day period using both the Lomb-Scargle 

periodogram routine included in ClockLab, and by computer-assisted detection of activity 

onset times; these 2 values were averaged to yield the period estimates reported here. Free-

running period data were analyzed as change from baseline values, in order to remove small 

line and sex differences in baseline period that were not the focus of this investigation. 
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ClockLab activity data were also used to determine the mean number of daily wheel turns 

for each group and experimental condition.

Statistical analysis—All dependent measures were initially analyzed using 4-factor 

repeated-measures ANOVA, with time blocks as a within-groups factor and line, sex, and 

access schedule as between-groups factors. This initial analysis was followed by 3-factor 

and 2-factor ANOVAs in order to better elucidate specific interactions, as described below. 

For clarity, we generally do not describe or interpret main effects when these are 

conditioned by significant interactions.

Ethical considerations—Experimental procedures were approved by the University of 

Maine Animal Care and Use Committee, and were conducted in accordance with the Guide 

for the Care and Use of Laboratory Animals, 8th edition (National Research Council, 2011).

Results

Activity and drinking patterns

Fig. 1 shows activity (wheel-running) and drinking (licking) patterns throughout the entire 

150-day experiment for 1 representative P male and 1 HAD female, both from the 

intermittent-access groups. As we reported previously (Rosenwasser, Fecteau, Logan, Reed, 

et al., 2005), there was a notable line difference in circadian patterning, in that HAD rats 

typically showed the most intense activity near the end of the circadian active phase. 

Nevertheless, both behaviors displayed robust circadian rhythmicity, with clearly defined 

“active” and “rest” phases throughout the experiment. Further, activity and drinking patterns 

were quite similar to one another and showed essentially identical long-term trends in free-

running period within individual animals. Finally, the circadian patterning of water and 

ethanol intake was also very similar, although most animals showed higher levels of water-

licking relative to ethanol-licking (note, however, that these lick records reflect drinkometer 

monitoring of only 1 of the 2 available bottles). Thus, as has been reported previously in 

high-drinking rat lines (Aalto, 1986; Agabio et al., 1996), ethanol intake appeared to follow 

the normal circadian pattern of water ingestion.

Ethanol intake

Analysis of ethanol intake data (Fig. 2) revealed a significant main effect of line [F(1,36) = 

14.640, p < 0.001] (HAD rats consumed more ethanol per body weight than P rats) and a 

non-significant (p = 0.053) trend for higher intake under intermittent than continuous access, 

but no interactions among any of the factors. Despite the lack of significant interactions, we 

performed exploratory 2-factor time blocks × sex analyses for each of the 4 combinations of 

line and access conditions, which showed a significant blocks × sex interaction only in HAD 

rats under continuous ethanol access [F(4,40) = 3.294, p = 0.020]. Thus, male HAD rats 

showed an approximately 30% increase in daily ethanol intake over time, but only under 

continuous-access conditions.
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Ethanol preference

Similar to the effects seen for ethanol intake, analysis of ethanol preference (Fig. 3) showed 

significant main effects of line [F(1,36) = 14.640, p = 0.017] and access schedule [F(1,36) = 

4.238, p = 0.047], indicating that ethanol preference was generally higher in HAD rats than 

in P rats and higher under intermittent relative to continuous ethanol access. In contrast to 

the effects for ethanol intake, however, analysis of ethanol preference data revealed a 

significant blocks × sex interaction [F(4,144) = 5.577, p < 0.001], indicating that male rats 

of both lines displayed progressively increasing levels of ethanol preference under both 

intermittent and continuous access conditions. We then conducted separate 2-factor blocks × 

sex analyses for each of the 4 combinations of line and access schedule, which revealed a 

significant blocks × sex interaction only for HAD rats under continuous access [F(4,40) = 

4.682, p = 0.030]. Thus, while there was a general tendency for male rats of both lines to 

show increasing ethanol preference over time, this effect was most robust in HAD rats under 

continuous ethanol access, as it was for ethanol intake. Indeed, the increase in ethanol 

preference was clearly more robust (approximately 100%) than the corresponding increase 

in ethanol intake (approximately 30%).

Water intake

ANOVA revealed significant main effects of blocks [F(4,144) = 16.680, p < 0.001], access 

schedule [F(1,36) = 5.253, p = 0.028], and sex [F(1,36) = 49.306, p < 0.001] on water intake 

(data not shown). Water intake declined progressively over the course of the study, was 

higher under continuous than under intermittent ethanol access, and was higher in females 

than in males. In addition, we observed a significant blocks × line interaction [F(4,144) = 

2.971, p = 0.022] and a 3-way blocks × line × access schedule interaction [F(4,144) = 4.359, 

p = 0.002]. These interactions show that water intake declined most dramatically in HAD 

rats under continuous ethanol access, thus accounting in part for the increased ethanol 

preference seen under this condition. Nevertheless, blocks × sex analyses for each of the 4 

combinations of line and access schedule revealed significant effects of both block and sex 

for each treatment combination.

Free-running period

All groups showed similar shortening of free-running period during the initial 15-day 

ethanol exposure relative to baseline conditions (Fig. 4). Across subsequent time blocks, 

however, free-running period displayed complex variations as a function of line, sex, and 

ethanol access schedule. Thus, ANOVA detected significant time block × sex [F(9,315) = 

3.411, p = 0.001], time block × line [F(9,315) = 2.592, p = 0.007], time block × access 

schedule [F(9,315) = 5.506, p < 0.001], and sex × access schedule interactions [F(1,35) = 

4.543, p = 0.041], as well as a time block × line × access schedule interaction [F(9,315) = 

4.026, p < 0.001]. We next conducted separate blocks × line × sex analyses for each access 

schedule, which revealed a significant blocks × sex interaction only under intermittent 

ethanol access [F(9,171) = 5.537, p < 0.001], indicating that males adapted to intermittent 

ethanol access more rapidly than females. In contrast, a significant blocks × line interaction 

[F(9,144) = 5.537, p < 0.001] was seen only under continuous access, indicating that P rats 

adapted to continuous ethanol access more rapidly than HAD rats. Finally, we conducted 
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separate blocks × sex analyses for each of the 4 combinations of line and access schedule, 

which detected significant blocks × sex interactions for both HAD and P rats, but only under 

intermittent ethanol access [HAD rats: F(9,81) = 3.771, p = 0.018; P rats: F(9,90) = 2.188, p 

= 0.030].

Running-wheel activity

As has been typically reported following initial exposure to running wheels, animals 

generally showed increasing daily wheel-turns over the first three to four 15-day time 

blocks, with gradual decreases thereafter (Fig. 5). Beyond that general trend, however, 

activity levels showed complex variations as a function of sex, line, and ethanol access 

schedule. Thus, ANOVA revealed 2-way interactions of time blocks and sex [F(9,306) = 

2.952, p = 0.002], time blocks and line [F(9,306) = 7.189, p < 0.001] and time blocks and 

access schedule [F(9,306) = 2.096, p = 0.030], 3-way interactions of time blocks, sex, and 

access schedule [F(9,306) = 2.187, p = 0.023], and time blocks, line, and access schedule 

[F(9,306) = 2.952, p = 0.018], as well as a significant 4-way interaction [F(9,306) = 2.379, p 

=0.013]. We next performed separate 3-way analyses for each access schedule, which 

showed significant time block × sex [F(9,135) = 2.824, p = 0.004], time block × line 

[F(9,135) = 7.002, p < 0.001], and sex × line [F(1,15) = 6.523, p = 0.022] interactions under 

continuous ethanol access, and time block × sex [F(9,171) = 2.547, p = 0.009], time block × 

line [F(9,171) = 4.539, p < 0.001], and time block × sex × line [F(9,171) = 2.797, p = 0.004] 

interactions under intermittent access. Finally, we conducted separate blocks × sex analyses 

for each of the 4 combinations of line and access schedule, which detected significant blocks 

× sex interactions for P rats under both continuous [F(9,54) = 2.312, p = 0.028] and 

intermittent ethanol access [F(9,90) = 8.573, p < 0.001].

Discussion

Ethanol consumption, circadian period, and running-wheel activity all showed complex 

variations during long-term ethanol access as a function of sex, line, and ethanol-access 

schedule. Despite the relatively small number of animals studied, ANOVA detected several 

significant interactions among these variables. Nevertheless, the specific pattern of effects 

found differed across the dependent measures, as described below.

Initial levels of ethanol intake and ethanol preference for P and HAD2 rats seen in this study 

were similar to, if slightly lower than, those reported by Murphy et al. (2002). Of course, 

conditions in the present study – specifically the use of constant darkness and running 

wheels – were quite different from typical studies of preference drinking. While the present 

study was not designed to detect such effects, both wheel access and lighting conditions may 

influence voluntary ethanol intake. Running wheel access has been reported to reduce 

ethanol intake in hamsters (Brager & Hammer, 2012; Hammer, Ruby, Brager, Prosser, & 

Glass, 2010), mice (Ehringer, Hoft, & Zunhammer, 2009), and rats (McMillan, McClure, & 

Hardwick, 1995), although one study found that this effect was specifically associated with 

the initial introduction of the wheel (Ozburn, Harris, & Blednov, 2008). In addition, while a 

number of studies have noted increased ethanol intake under constant darkness relative to 

standard light-dark cycles in both rats and hamsters (Geller, 1971; Geller & Hartmann, 
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1977; Reiter, Blum, Wallace, & Merritt, 1974), one study using rats reported reduced 

ethanol intake in both constant darkness and constant light (Goodwin, Amir, & Amit, 1999). 

It is thus possible that overall levels of ethanol drinking in the present study may have been 

influenced by the use of these specific environmental conditions.

Few previous studies have examined changes in ethanol preference over the time scale 

employed in the present study. In P rats, both decreases (Waller, McBride, Lumeng, & Li, 

1982) and increases (Kampov-Polevoy, Matthews, Gause, Morrow, & Overstreet, 2000) in 

ethanol intake have been reported under long-term continuous ethanol access (30 weeks and 

6 weeks, respectively). Unfortunately, however, Waller et al. (1982) did not report ethanol 

preference data, while Kampov-Polevoy et al. (2000) failed to indicate the sex of their 

animals. In a series of experiments, Bell and colleagues studied male and female P and HAD 

rats during 4 weeks of continuous ethanol access. While Bell et al. (2003) saw no sex 

differences in adolescent P rats (Bell et al., 2003, 2006), adult P males and both adolescent 

and adult HAD males displayed progressive increases in ethanol preference that were not 

seen in females; indeed, within 4 weeks males displayed significantly higher ethanol 

preference than females (Bell et al., 2004, 2006; Dhaher et al., 2012). Similarly, P and 

HAD2 males in the present study showed progressive increases in ethanol preference under 

both continuous- and intermittent-access schedules that eventually exceeded that of females. 

Furthermore, both in the present study and in those of Bell et al. (2004, 2006), escalation of 

ethanol preference in males was far more dramatic than changes in ethanol intake per se, 

and was instead due mainly to progressive decreases in water intake over time. Thus, in 

contrast to frequent reports that female rodents show higher levels of ethanol preference than 

males, the present results confirm previous studies indicating that selectively bred ethanol-

preferring rats show little or no initial sex difference, and that males display sex-specific 

escalation of ethanol preference to a level exceeding that of females within a few weeks. 

These results suggest an underlying interaction between genetic ethanol preference and sex 

that could account for the higher prevalence of alcohol abuse and dependence in human 

males relative to females (Hasin, Stinson, Ogburn, & Grant, 2007).

Despite previous experiments demonstrating that both P and HAD rats exhibit the ADE 

following multiple deprivation periods (Rodd-Henricks, McKinzie, Murphy, et al., 2000; 

Rodd-Henricks, McKinzie, Shaikh, et al., 2000), we found no evidence for greater escalation 

of intake under intermittent relative to continuous ethanol access. Indeed, while females 

showed no escalation under either condition, males actually showed more robust escalation 

under continuous than under intermittent ethanol access. It should be noted, however, that 

the significant ADE reported by Rodd-Henricks et al. (Rodd-Henricks, McKinzie, Murphy, 

et al., 2000; Rodd-Henricks, McKinzie, Shaikh, et al., 2000) persisted for only about 2–3 

days even after repeated deprivations, so it is not surprising that we were unable to detect 

such an effect with the coarser intake measurements (i.e., every 5 days) employed in the 

present study. Thus, while the ADE may be a useful model of transient relapse-like drinking, 

it does not appear to produce sustained increases in ethanol intake.

Previous studies demonstrated alterations in circadian period during chronic ethanol 

drinking in hamsters (Mistlberger & Nadeau, 1992), mice (Seggio et al., 2009), and rats 

(Rosenwasser, Fecteau, & Logan, 2005). Nevertheless, these effects have been somewhat 
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variable, both between and within experiments. Thus, similar to the effects seen in studies 

with antidepressants (Rosenwasser, 2001), both lengthening and shortening of circadian 

period have been reported during ethanol access (Rosenwasser, Fecteau, & Logan, 2005). 

Further, the most consistent effects have been seen under conditions of forced ethanol 

intake, presumably due to the higher levels of intake engendered under such conditions 

(Seggio et al., 2009). These observations could reflect the development of ethanol tolerance 

at the level of the suprachiasmatic circadian pacemaker (Lindsay, Glass, Amicarelli, & 

Prosser, 2014; Prosser & Glass, 2009). In the present study, all animals showed shortening 

of circadian period during the initial 15-day block of voluntary ethanol intake relative to 

water-only baseline conditions. Under continuous access, HAD rats of both sexes displayed 

sustained period shortening throughout the approximately 19 weeks of ethanol drinking, 

while P rats showed less robust and less consistent effects. Under intermittent access, in 

contrast, HAD females showed a modest but persistent effect on circadian period, while this 

effect appeared to have dissipated by the third ethanol-access block in HAD males. P rats 

showed a similar sex difference under intermittent access, but as under continuous access, 

appeared to be less affected than HAD rats overall. Taken together, these results confirm 

that ethanol intake can alter circadian period under some conditions, but these effects differ 

by sex and strain, and seem to require sustained high intake levels. Further, male rats may 

show more chronobiological tolerance to chronic ethanol intake relative to female rats.

The reported effects of ethanol intake on wheel-running activity levels are also somewhat 

inconsistent. While ethanol access has been reported to reduce running in hamsters 

(Hammer et al., 2010; Mistlberger & Nadeau, 1992) and C57BL/6 mice (Ozburn et al., 

2008), other studies found no effect in C57BL/6 mice (Rosenwasser & Fixaris, 2013; Seggio 

et al., 2009), and one study reported increased running during ethanol access in DBA/2 mice 

(Rosenwasser & Fixaris, 2013). As expected from many prior reports, animals in the present 

study generally showed increasing activity over the first few weeks of running-wheel access 

followed by a more gradual decline, while females displayed generally higher levels of 

wheel running than males. In addition, P rats showed a more robust sex difference in activity 

levels than did HAD rats, while HAD rats of both sexes were generally less active under 

continuous than under intermittent ethanol access. On the other hand, the effect of ethanol 

access schedule on activity level in HAD rats was already apparent even during the first 

ethanol-access block, suggesting that this may have been due to sampling error rather than 

reflecting an effect of access schedule per se.

In conclusion, we found long-term changes in ethanol drinking, circadian period, and 

locomotor activity during long-term ethanol access. These effects exhibited complex 

interactions with genotype, sex, and ethanol access schedule that varied among the 

dependent measures. Consistent with previous studies in P and HAD rats – but in contrast to 

a number of other studies using unselected lines – males and females did not differ in their 

initial ethanol preference, while males showed a sex-specific escalation of ethanol 

preference over extended access. Also consistent with previous studies, circadian period was 

shortened during continuous ethanol access in both males and females. In contrast, male rats 

showed a sex-specific development of tolerance to this effect under intermittent access. In 

general, the effects on ethanol preference and circadian period were both more robust in 
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male HAD rats, suggesting some overlap in the mechanisms regulating these 2 variables. 

Finally, and as expected from previous studies, females of both lines displayed higher levels 

of locomotor activity than males, while this sex difference was more prominent in P than in 

HAD rats. Variations in activity over time generally resembled those expected from 

previous studies of wheel-running, and there was no clear evidence that locomotor activity 

was affected by ethanol access schedule.
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Figure 1. 
Representative raster-style circadian actograms displaying wheel-running (“Wheel”, left) 

and licking (“Drink”, right) patterns for one male P rat (top) and one female HAD rat 

(bottom). Both animals were maintained under intermittent ethanol access, and arrows 

located along the right-hand y-axis indicate the beginning (leftward-pointing) or end 

(rightward-pointing) of 15-day ethanol access periods. Records are double-plotted on a 48-h 

time base (x-axis) and consecutive days are represented from top to bottom along the y-axis. 

A symbol is plotted for every 10-min time bin, with symbol height proportionate to the 

amount of running or licking occurring in that bin.
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Figure 2. 
Mean (+SEM) ethanol intake (g/kg/day) in female (black bars) and male (gray bars) P (left 

panels) and HAD (right panels) rats, under either intermittent (top panels) or continuous 

(bottom panels) ethanol access.
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Figure 3. 
Mean (+SEM) ethanol preference (10% ethanol intake as a proportion of total fluid intake) 

in female (black bars) and male (gray bars) P (left panels) and HAD (right panels) rats, 

under either intermittent (top panels) or continuous (bottom panels) ethanol access.
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Figure 4. 
Mean (± SEM) free-running period in female (filled symbols) and male (open symbols) P 

(left panels) and HAD (right panels) rats, under either intermittent (top panels) or continuous 

(bottom panels) ethanol access. Successive 15-day epochs are labeled as either “W” (water-

only; W1, W2, etc.) or as “E” (ethanol-access; E1, E2, etc.). Note that data are plotted as 

“delta tau” (change in period) normalized to the initial water-only epoch for all animals to 

remove small differences in initial period across sexes and lines. Nevertheless, statistical 

analyses reported in the text are based on the raw data.
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Figure 5. 
Mean (± SEM) activity level (wheel-turns per day) in female (filled symbols) and male 

(open symbols) P (left panels) and HAD (right panels) rats, under either intermittent (top 

panels) or continuous (bottom panels) ethanol access. Successive 15-day epochs are labeled 

as either “W” (water-only; W1, W2, etc.) or as “E” (ethanol-access; E1, E2, etc.).
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