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Background: Chronic disruption of sleep and other circadian biological rhythms, such as
occurs in shift work or in frequent transmeridian travel, appears to represent a significant source
of allostatic load, leading to the emergence of stress-related physical and psychological illness.
Recent animal experiments have shown that these negative health effects may be effectively mod-
eled by exposure to repeated phase shifts of the daily light–dark (LD) cycle. As chronobiological
disturbances are thought to promote relapse in abstinent alcoholics, and may also be associated
with increased risk of subsequent alcohol abuse in nonalcoholic populations, the present experi-
ment was designed to examine the effects of repeated LD phase shifts on voluntary ethanol intake
in rats. A selectively bred, high alcohol-drinking (HAD1) rat line was utilized to increase the like-
lihood of excessive alcoholic-like drinking.

Methods: Male and female rats of the selectively bred HAD1 rat line were maintained individ-
ually under a LD 12:12 cycle with both ethanol (10% v ⁄ v) and water available continuously. Ani-
mals in the experimental group were subjected to repeated 6-hour LD phase advances at 3 to
4 week intervals, while control rats were maintained under a stable LD cycle throughout the
study. Contact-sensing drinkometers were used to monitor circadian lick patterns, and ethanol
and water intakes were recorded weekly.

Results: Control males showed progressively increasing ethanol intake and ethanol preference
over the course of the study, but males exposed to chronic LD phase shifts exhibited gradual
decreases in ethanol drinking. In contrast, control females displayed decreasing ethanol intake
and ethanol preference over the course of the experiment, while females exposed to experimental
LD phase shifts exhibited a slight increase in ethanol drinking.

Conclusions: Chronic circadian desynchrony induced by repeated LD phase shifts resulted in
sex-specific modulation of voluntary ethanol intake, reducing ethanol intake in males while
slightly increasing intake in females. While partially contrary to initial predictions, these results
are consistent with extensive prior research showing that chronic stress may either increase or
decrease ethanol intake, depending on strain, sex, stressor type, and experimental history. Thus,
repeated LD phase shifts may provide a novel chronobiological model for the analysis of stress
effects on alcohol intake.

Key Words: Chronobiology, Alcohol Intake, Selectively Bred Rats, Jet Lag, Stress, Sex Differ-
ences.

A N EXTENSIVE LITERATURE links alcohol intake
to chronobiological regulation and dysregulation

(Danel and Touitou, 2004; el-Guebaly, 1987a,b; Rosenwasser,
2001; Spanagel et al., 2005b). Thus, chronic alcoholism is
associated with dramatic and widespread disturbances in both
sleep and circadian physiology (Brower, 2001, 2003; Crum

et al., 2004a; Imatoh et al., 1986; Kodama et al., 1988;
Kuhlwein et al., 2003; Landolt and Gillin, 2001; Schmitz
et al., 1996). Further, both acute and chronic alcohol expo-
sure alters various aspects of sleep and circadian rhythms in
nondependent humans and in experimental animals (Danel
et al., 2001; Ehlers and Slawecki, 2000; Kakihana and Moore,
1976; Kubota et al., 2002; Roehrs and Roth, 2001; Rouhani
et al., 1990). In animals, these effects are known to include
alterations in fundamental properties of the underlying circa-
dian pacemaker, including free-running circadian period and
responsiveness to photic and nonphotic phase-shifting stimuli
(Dwyer and Rosenwasser, 1998; Mistlberger and Nadeau,
1992; Rosenwasser et al., 2005a,c). Such findings are probably
mediated by the pharmacological effects of ethanol on neuro-
transmitter function and gene expression in the suprachia-
smatic nucleus (SCN), site of the mammalian circadian
pacemaker (Chen et al., 2004; Madeira et al., 1997).
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In addition to the effects of alcohol on sleep and circa-
dian rhythms, reciprocal effects of chronobiological dis-
ruption on voluntary alcohol intake have also been
documented. Thus, alterations in photoperiod or other fea-
tures of the daily light–dark (LD) cycle modulate voluntary
ethanol intake in rodents (Gauvin et al., 1997; Goodwin
et al., 1999; Hiller-Sturmhofel and Kulkosky, 2001; Millard
and Dole, 1983), and these effects appear to be mediated,
in part, via alterations in circadian entrainment pattern
rather than via differential light exposure per se (Millard
and Dole, 1983). Further, chronic sleep disruption increases
the likelihood of relapse in abstinent alcoholics (Brower,
2001, 2003; Crum et al., 2004a), and is also a risk factor
for future alcohol abuse in nonalcoholic populations (Crum
et al., 2004b; Wong et al., 2004). At the genetic level, muta-
tions in identified circadian ‘‘clock genes’’ alter responsive-
ness to alcohol and other drugs of abuse and modulate
drug-motivated behaviors (McClung et al., 2005; Spanagel
et al., 2005a), while selectively bred alcohol-preferring rats
display alterations in circadian pacemaker phenotype even
when ethanol-naı̈ve (Rosenwasser et al., 2005b). Taken
together, these results implicate multiple and bidirectional
causal mechanisms in the chronobiology of alcohol.
In this study, we examined the effects of repeated LD

phase shifts on voluntary ethanol intake in selectively bred,
high alcohol-drinking (HAD1) rats. Experimental LD
phase shifts mimic the abrupt changes in illumination sche-
dule associated with transmeridian travel or shift work
schedules, and result in transient circadian desynchrony at
the behavioral level (Aschoff et al., 1975), as well as in the
expression of specific clock genes within distinct subnuclei
of the SCN (Nagano et al., 2003; Nakamura et al., 2005;
Reddy et al., 2002) and in peripheral tissues (Filipski
et al., 2005; Yamazaki et al., 2000). Circadian desynchrony
probably accounts for many of the negative effects implied
by the term ‘‘jet lag’’ (Comperatore and Krueger, 1990;
Redfern et al., 1994), and indeed, animal experiments have
shown that chronic exposure to repeated LD phase shifts
can have serious consequences for health and longevity
(Davidson et al., 2006; Filipski et al., 2004, 2005; Kort
and Weijma, 1982; Kort et al., 1986; Nelson and Halberg,
1986; Penev et al., 1998; Tsai et al., 2005). Similarly,
chronic circadian desynchrony is thought to underlie, in
part, the increased risk of medical and psychiatric disease
in long-term shift-workers (Boulos and Rosenwasser, 2004;
Comperatore and Krueger, 1990).
Boulos and Rosenwasser (2004) have argued that

chronic circadian desynchrony represents a significant
source of allostatic load, contributing to the emergence of
stress-related disease in shift-workers and other affected
individuals. Thus, exposure to repeated LD phase shifts
may provide an experimental model for the chronic chro-
nobiological stress associated with both shift work and jet
lag, and may help to better understand the health impli-
cations of these prevalent conditions. In this context, an
extensive body of research has linked both physical and

psychosocial stressors to alcohol consumption in humans
and experimental animals (Pohorecky, 1981, 1990, 1991;
Sillaber and Henniger, 2004). This research area is rather
complex, however, as stress has been reported to either
increase or decrease voluntary ethanol intake, depending
on numerous situational and organismal factors, including
the type of stressor, the history of both stress and alcohol
exposure, genetic background, sex, and ethanol preference
phenotype (Bond, 1978; Chester et al., 2004, 2006; van
der Kam et al., 2005; Lynch et al., 1999; Rockman and
Glavin, 1986; Rockman et al., 1986; Vengeliene et al.,
2003; Volpicelli et al., 1990).
In the present study, therefore, we sought to examine the

effects of a novel chronobiological stressor—repeated LD
phase shifts—on voluntary ethanol intake in male and female
rats. As the initial expectation guiding this study was that
chronic circadian desynchrony might promote increased etha-
nol intake, as has been hypothesized to occur in abstinent alco-
holics and other human populations, we utilized a selectively
bred line of genetically alcohol preferring (HAD1) rats tomax-
imize the likelihood that excessive, alcoholic-like drinking
might emerge.

MATERIALS AND METHODS

Male and female adult HAD1 rats (n = 12 per sex) were
obtained from the Indiana University Alcohol Research center
and housed individually in wire cages that were maintained in
squads of 12 (n = 6 per sex) within a sound-shielded and light-
attenuating cabinet. After a 3 week water-only adaptation period,
animals were offered a free choice between 10% (v ⁄v) ethanol
solution and plain water from separate drinking tubes, with food
(Prolab 3000, Purina Mills, Inc., St. Louis, MO) available ad lib-
itum. Licking at the ethanol tube was monitored via a contact-
sensing drinkometer circuit (Lafayette Instruments, Lafayette,
IN), and lick totals were stored in 1-minute bins for subsequent
analysis using the ClockLab interface system (Actimetrics, Inc.,
Evanston, IL). Unfortunately, the physical arrangement of the
drinkometer circuit precluded alternation of the relative positions
of the ethanol and water tubes. Ethanol and water intakes were
recorded at weekly intervals.
Control animals (n = 6 per sex) were maintained under a stable

LD 12:12 cycle throughout the study, while experimental animals
(n = 6 per sex) were subjected to repeated 6-hour LD phase
advances, achieved by acute shortening the light phase of the LD
cycle. 6-hour phase advances were chosen because this combination
of shift magnitude and shift direction would be expected to result in
relatively substantial and prolonged circadian desynchrony (Aschoff
et al., 1975; Gundel and Wegmann, 1989; Leise and Siegelmann,
2006). LD phase advances recurred at 3 to 4 week intervals, and a
total of 7 phase-advance shifts were administered over 26 weeks of
continuous data collection. Light was produced by standard 15 W
incandescent bulbs, positioned to yield an effective illumination of
about 30 lux.
At the conclusion of behavioral testing, blood alcohol levels

(BALs) were measured in trunk blood using the Analox AM1 ana-
lyzer (Analox Instruments USA, Inc., Lunenburg, MA). Animals
were sacrificed for blood collection at approximately the middle of
the dark segment of the LD cycle, when blood levels would be
expected to be relatively high due to increased dark-phase drinking
(Aalto, 1986; Agabio et al., 1996; Freund, 1970; Murphy et al.,
1986).
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RESULTS

Circadian Drinking Patterns

Raster-style circadian actograms were used to examine
qualitative aspects of circadian drinking (licking) patterns
under control and experimental LD conditions (Fig. 1). As
expected (cf., Hiller-Sturmhofel and Kulkosky, 2001), rats
housed under stable LD 12:12 conditions displayed nocturnal
patterns of ethanol drinking that were generally similar to the
more well studied nocturnal water drinking pattern. Thus,
while most ethanol drinking occurred during the dark phase,
substantial drinking was also seen during the light phase. In
addition, several control animals displayed progressively
increasing levels of light-phase relative to dark-phase drinking
over the course of the experiment, and in the most extreme
case (Fig. 1C), the normal LD difference in drinking was
essentially extinguished. No obvious differences were discern-
able between male and female drinking patterns.
Repeated exposure to 6-hour LD phase advances resulted

in considerable circadian desynchrony in the experimental
animals. As expected, resynchronization to the new LD cycle
phase occurred gradually, and in several cases, was incom-
plete at the time of the next shift. In addition, several
instances of ‘‘antidromic’’ re-entrainment (cf., Gundel and
Wegmann, 1989; Leise and Siegelmann, 2006) were observed,
in which adaptation to the phase-advanced LD cycle occurred
via phase-delaying transients (Fig. 1E and 1F). As with con-
trols, several experimental animals showed gradual increases
in the relative expression of light-phase drinking, while no

obvious differences were seen between male and female drink-
ing patterns.

Ethanol and Water Intake

Figure 2 shows weekly mean ethanol and water intake, and
ethanol preference (i.e., 10% ethanol intake as a proportion
of total daily fluid intake), for males and females over the
26 weeks of the experiment. Considerable instability in etha-
nol and water intake was observed during the first 3 weeks of
the experiment, but clear time-dependent trends emerged
gradually. Separate three-factor ANOVAs (weeks, treatment,
and sex) revealed statistically significant three-way inter-
actions for each dependent measure (ethanol intake:
F25,500 = 4.75, p < 0.001; water intake: F25,500 = 2.59,
p < 0.001; ethanol preference: F25,500 = 3.63, p < 0.001),
indicating that repeated LD phase shifts resulted in complex
time- and sex-dependent alterations in both ethanol and water
drinking. These three-way interactions were explored further
using separate two-factor (weeks · treatment) ANOVAs for
each sex, which showed significant time · treatment interac-
tions for both males and females and for each of the 3 depen-
dent measures (all 6 p-values < 0.005). Finally, these
two-way interactions were examined by conducting one-
factor (weeks) ANOVAs for each group (male controls, male
experimental group, female controls, female experimental
group) and for each dependent measure. These analyses
revealed significant effects of time (weeks) on both ethanol
intake and ethanol preference for all groups (all
p-values < 0.001). In contrast, however, while significant
effects of time on water intake were seen for both control and
experimental males (p-values < 0.001), time-dependent
changes in water intake were not detected in either group of
females.
Inspection of the time-dependent trends illustrated in Fig. 2

indicates that control males displayed progressively decreasing
water intake, while maintaining or slightly increasing ethanol
intake, thus leading to gradually increasing ethanol prefer-
ence. In contrast, however, experimental males maintained
their water intake, while exhibiting progressively decreasing
ethanol intake and ethanol preference over the course of the
experiment. These results were confirmed by subjecting the
weekly means to linear regression, which revealed significant
linear trends for ethanol intake in experimental males (stan-
dardized beta = )0.693, p < 0.001), water intake in control
males (beta = )0.910, p < 0.001) and ethanol preference for
both control (beta = +0.720, p < 0.001) and experimental
(beta = )0.557, p = 0.003) males.
In contrast, however, rather different effects were seen in

females. Control females maintained their water intake while
displaying progressive decreases in ethanol intake (beta =
)0.566, p = 0.003) and ethanol preference (beta = )0.499,
p = 0.009) over time. Unexpectedly, experimental group
females displayed markedly less ethanol intake and increased
water intake than did control females, from the beginning of
the experiment. Nevertheless, time-dependent trends in

A B C

FED

Fig. 1. Raster-style double-plotted (48-hour span) circadian actograms
illustrating ethanol licking patterns in 3 representative animals from each
group (control: A, B, C; experimental: D, E, F). Both females (A, D) and
males (B, C, E, F) are shown. The superimposed rectangles enclose the
dark phase of the light–dark cycle, and the initial light–dark cycle is also indi-
cated by the horizontal bar immediately above the plots.
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ethanol and water drinking were different in experimental
and control females, in that experimental females exhibited
slight but nonsignificant increases in ethanol intake and etha-
nol preference over the course of the experiment.
To summarize, exposure to repeated LD phase shifts

resulted in progressive decreases in ethanol intake relative to
water intake in males, and appeared to oppose the progressive
decreases in relative ethanol intake that occurred in control
females.

Acute Effects of Light–Dark Phase Shifts

To examine possible acute changes in ethanol intake or eth-
anol preference resulting from LD phase shifts, data for the
3 weeks immediately preceding and the 3 weeks immediately
following each shift were averaged across shifts 2 to 7 (data
from the first LD shift were excluded because drinking levels
were unstable during the first 3 weeks of the experiment, prior
to the first shift). This analysis provided no evidence for any

Fig. 2. Weekly mean (±SEM) values for ethanol preference (top panels), daily ethanol intake (middle panels), and daily water intake (bottom panels)
in male (left) and female (right) control (open circles), and experimental animals (closed circles). Superimposed lines were fit separately to control and
experimental groups by linear regression; see text for statistical analyses.
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abrupt change in ethanol intake (Fig. 3) or ethanol preference
(not shown) in the weeks immediately following LD phase
shifts, and the one-factor (weeks) ANOVA failed to reveal
significant changes over time in either males or females. Of
course, it is possible that short-term changes occurred in the
few days immediately following LD shifts that were undetect-
able in weekly intake totals.

Blood Alcohol Levels

Consistent with previous studies of alcohol-preferring rats
under 24-hour free-access conditions (Aalto, 1986; Agabio
et al., 1996; Murphy et al., 1986), BALs were variable, and
ranged from near-zero to levels generally considered to be
mildly intoxicating (range: 11.2 to 91.4 mg ⁄dl). Two-factor
(treatment, sex) ANOVA revealed that BALs were signifi-
cantly higher in males (F1,18 = 5.79, p = 0.027), but no
effects related to treatment were seen (Fig. 4, top). BALs were
significantly correlated with both ethanol intake (r20 = 0.682,
p < 0.001; Fig. 4, bottom) and ethanol preference (r20 =
0.608, p = 0.003; not shown) as measured during the imme-
diately preceding week, but correlation coefficients computed
separately for males and females showed a significant rela-
tionship only among males (r10 = 0.654, p = 0.021). Indeed,
the significant relationship between BAL and alcohol intake
appeared to be due mainly to the high BALs seen in the high-
est-intake males.

DISCUSSION

The results of this study reveal that exposure to repeated
LD phase shifts results in sex-specific modulation of volun-
tary ethanol intake in HAD1 rats. Further, clear sex differ-
ences were seen between stably entrained male and female
control animals. More specifically, repeated LD phase shifts
resulted in a progressive decrease in ethanol drinking in male

rats, relative to the gradually increasing intake displayed by
male controls, while in contrast, female rats subjected to
repeated LD phase shifts showed a modest increase in ethanol
drinking relative to the progressive decrease seen in female
controls. Similarly, we have also observed progressive
increases in ethanol preference with extended exposure in
male but not in female rats of the selectively-bred P and
HAD2 lines (Fecteau et al., 2006), so the sex difference in
long-term intake trends seen in control animals in the present
study may be a general effect, at least among alcohol-prefer-
ring rat lines. Unfortunately, however, experimental and
control females in the present experiment displayed unexpec-
ted differences in ethanol intake even before exposure to

Fig. 3. Weekly mean (±SEM) ethanol intake in male (closed circles) and
female (open circles) animals in the experimental group, for the 3 weeks
immediately preceding and following light–dark (LD) phase shifts, collapsed
across the 7 phase shifts. The error bars represent variability across the
phase shifts, not across the animals.

Fig. 4. Top: Mean (±SEM) terminal blood alcohol levels (BALs) for male
and female control (black bars) and experimental animals (gray bars), mea-
sured at the approximate middle of the dark phase. Bottom: Scatterplot of
individual BALs as a function of mean daily ethanol intake measured during
the immediately preceding week; see text for statistical analyses.
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scheduled LD phase shifts, so the results for females must be
interpreted cautiously, and should be replicated.
In humans, both shift work and transmeridian travel are

associated with perturbation of normal light exposure sched-
ules, circadian desynchrony, and sleep disruption, as well as
with a wide variety of negative effects on both physical
and psychological health and well-being (Boulos and Rosen-
wasser, 2004; Cho, 2001; Cho et al., 2000; Comperatore and
Krueger, 1990; Garbarino et al., 2002; Redfern et al., 1994;
Winget et al., 1984). Despite extensive evidence indicating that
sleep disruption increases the likelihood of subsequent alcohol
abuse in both alcoholic and nonalcoholic populations (Brow-
er, 2001, 2003; Crum et al., 2004a,b; Wong et al., 2004), possi-
ble associations of shift work or jet lag with increased alcohol
drinking have not been extensively studied. Nevertheless,
there is some evidence for increased alcohol use in workers
exposed to rotating work shifts (Poole et al., 1992) as well as
in extreme evening chronotypes (i.e., ‘‘night owls’’), who may
suffer from a form of ‘‘social jet lag’’ even under normal en-
trained conditions (Wittmann et al., 2006).
In animal experiments, exposure to repeated LD phase

shifts alters metabolism, immune function, tumor growth,
physiological homeostasis, and longevity (Davidson et al.,
2006; Filipski et al., 2004, 2005; Kort and Weijma, 1982,
Kort et al., 1986; Nelson and Halberg, 1986; Penev et al.,
1998; Tsai et al., 2005). While the effects of such experi-
mental jet lag on ethanol intake have not been reported
previously, other alterations in photoperiodic conditions
can modulate voluntary ethanol intake (Gauvin et al.,
1997; Goodwin et al., 1999; Hiller-Sturmhofel and Kulko-
sky, 2001; Millard and Dole, 1983), and these effects are
apparently mediated in part via alterations in circadian
entrainment pattern rather than by differential light expo-
sure per se (Millard and Dole, 1983). In addition, muta-
tion of the circadian clock gene per2 results in dramatic
alterations in circadian phenotype accompanied by
increased ethanol intake (Spanagel et al., 2005a,b).
The results of the present study extend these observations

by demonstrating that repeated LD phase shifts also modu-
late voluntary ethanol intake, presumably by disrupting nor-
mal phase relationships within the circadian timing system. In
contrast to initial expectations, however, circadian desynchro-
ny was not consistently associated with increased ethanol
intake. Instead, male HAD1 rats actually showed progressive
decreases in ethanol intake in response to repeated LD phase
shifts. Nevertheless, these results can be easily accommodated
within the context of prior work on the effects of other experi-
mental stressors on voluntary ethanol intake. Thus, both
increases and decreases in ethanol intake have been reported
widely, depending on the type of stressor, the history of prior
stress and ⁄or ethanol exposure, sex, genetic background of
the animals, and other variables (Pohorecky, 1981, 1990,
1991; Sillaber and Henniger, 2004). One variable that has
been identified repeatedly as an important modulator of stress
effects on ethanol drinking is initial preference for ethanol,
such that high-preferring animals are more likely to display

stress induced decreases in ethanol intake, while low-prefer-
ring animals are more likely to display stress induced increases
in ethanol intake. Similar relationships have been seen in
selectively bred high and low ethanol-preferring lines (Chester
et al., 2004), among individual animals of a genetically hetero-
geneous strain (Rockman and Glavin, 1986; Rockman et al.,
1986; Volpicelli et al., 1990), and in response to environmental
manipulation of ethanol preference (Bond, 1978). The study
by Chester et al. (2004) is particularly relevant to the present
results, as they reported decreased ethanol drinking in high-
preferring male HAD1 rats, and increased ethanol drinking in
the lower-preferring female HAD1 rats, when exposed to
repeated restraint stress. Thus, apparent sex differences in
stress-responsiveness seen in both Chester et al. (2004) and in
the present study may be mediated by sex differences in initial
ethanol preference.
In conclusion, these results support the hypothesis that

chronic chronobiological disruption represents a significant
source of allostatic load that may affect voluntary ethanol
intake in ways that are similar to other forms of chronic
stress. Nevertheless, considerable additional research will be
required to fully elucidate interactions among chronobiologi-
cal desynchrony, initial ethanol preference, sex, and genetic
background in modulating voluntary ethanol drinking.
Towards this end, we plan to extend to the present observa-
tions to include additional high and low ethanol-preferring
animal models.
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