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The effects of circadian
desynchronization on alcohol
consumption and affective
behavior during alcohol
abstinence in female rats
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Disruption of circadian rhythmicity distorts physiological and psychological

processes and has major consequences on health and well-being. A chronic

misalignment within the internal time-keeping system modulates alcohol

consumption and contributes to stress-related psychiatric disorders which

are known to trigger alcohol misuse and relapse. While there is growing

evidence of the deleterious impact of circadian disruption on male physiology

and behavior, knowledge about the effect in females remains limited. The

present study aims to fill the gap by assessing the relationship between internal

desynchronization and alcohol intake behavior in female rats. Female Wistar

rats kept under standard 24-h, 22-h light-dark conditions, or chronic 6-h

advanced phase shifts, were given intermittent access to 20% alcohol followed

by an extended alcohol deprivation period. Alcohol consumption under

altered light-dark (LD) conditions was assessed and emotional behavior during

alcohol abstinence was evaluated. Internally desynchronization in female rats

does not affect alcohol consumption but alters scores of emotionality during

alcohol abstinence. Changes in affective-like behaviors were accompanied

by reduced body weight gain and estrous irregularities under aberrant LD

conditions. Our data suggest that internal desynchronization caused by

environmental factors is not a major factor contributing to the onset and

progression of alcohol abuse, but highlights the need of maintaining circadian

hygiene as a supportive remedy during alcohol rehabilitation.
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Introduction

Alcohol abuse is a widespread public health concern
with adverse social and economic ramifications. Individuals
with alcohol use disorder (stocktickerAUD) have impaired
control over drinking and continue to drink despite deleterious
consequences to their health and professional lives (Rehm
et al., 2009). stocktickerAUD affects over 280 million people
worldwide (Glantz et al., 2020), including more than 18% of
the Canadian population (Statistics Canada, 2013). Clinical
studies indicate that workers with night and rotating working
schedules are more likely to suffer from binge drinking disorders
compared to daytime workers (reviewed by Richter et al., 2021).

Although the causes of excessive alcohol consumption
are multifactorial, including genetic, socio-economical, and
psychological factors, growing evidence point to the important
role of the internal time-keeping system in the development
and progression of alcohol abuse (Parekh et al., 2015; Partonen,
2015; Barko et al., 2019). The circadian system refers to the
hierarchical coordination of biological clocks located in the
brain and peripheral tissues and organs that control daily
rhythms in physiology and behavior. These biological timers rely
on so-called clock genes and their protein products to generate
24-h rhythms and their synchronization to environmental
periodicities such as the solar cycle. Genetic studies in humans
and rodents revealed the influence of circadian clock gene
modification on excessive alcohol consumption and abuse
(Spanagel et al., 2005; Kovanen et al., 2010). In addition,
disruption of circadian rhythms has been shown to alter alcohol
consumption, which is associated with differential accumulation
of 1FosB in brain regions related to the control of alcohol
consumption (Reséndiz-Flores and Escobar, 2019).

Nevertheless, circadian rhythm disruption affects not only
the reward-related neural circuitry but also contributes to
stress-related mood disorders. Clinical studies have linked
clock gene variants with depressive and anxiety-like behavior
in humans (reviewed by Partonen, 2012). Moreover, rodents
exposed to constant light or continuous alterations in LD cycles
not only increase alcohol consumption but also promote the
development of anxiety and depression-like behavior (Clark
et al., 2007; Rosenwasser et al., 2010, 2015). Indeed, alcohol
misuse is highly comorbid with neuropsychiatric disorders
including anxiety and depression, and diagnosed patients
have poorer alcohol rehabilitation outcomes, and a higher
probability of relapse (Lynskey, 1998; Heilig et al., 2010). The
intensity and context of craving to consume alcohol stem
from emotional discomfort during alcohol abstinence which
may explain an increased relapse risk (Karpyak et al., 2016;
Koob and Volkow, 2016).

Although not fully understood, excessive alcohol
consumption and recovery may be driven, in part, by sex-
specific neurobiological mechanisms (Becker and Koob, 2016;
McHugh et al., 2018). While men were more often diagnosed

with AUD than women, recent evidence points to a substantial
increase in alcohol consumption among women, closing the
gender gap in alcohol abuse and dependence (Ait-Daoud et al.,
2017; McKetta and Keyes, 2019). AUD-diagnosed women are
more likely to display comorbid affective symptoms compared
to men (Abulseoud et al., 2013; Holzhauer et al., 2019). In
particular, negative emotions are stressful for women, which
cues more alcohol reinforcement and craving than in men
(Palma-Álvarez et al., 2019; Peltier et al., 2019). Thus, negative
affect and stress play a pivotal role in the development of
addiction, including initiation and relapse, in particular for
women (Koob, 2009).

Even though there is emerging evidence that
chronodisruption affects alcohol drinking behavior differently
in males and females (Rizk et al., 2022), only little is known
about the sex-specific consequences of chronodisruption on
mood, and their interaction in the development of AUD.
The relationship between circadian rhythm disruption and
changes in reward and mood-related behavior remains poorly
understood. Besides the utmost importance of the female sex
in alcohol studies, research mostly focuses on clinical male
cohorts or male rodents, leaving implications for the female sex
in doubt (Zucker and Beery, 2010). To address this, we used
female rats to investigate the effects of internal desynchrony
on binge-drinking-like behavior, and emotion-related behavior
during alcohol abstinence.

Our findings demonstrate that internal desynchronization
has only minor effects on alcohol-drinking behavior in female
rats but amplifies emotionality during alcohol abstinence.
This study represents an important step in understanding the
effects of circadian disruption on behavioral and physiological
processes connected to reward and mood in the female sex.

Materials and methods

Animals and housing

Adult female Wistar rats (age 95–120 days, Charles River
Laboratories, Saint-Constant, Canada) were kept individually
in transparent cages equipped with running wheels (Tecniplast,
Buguggiate, VA, Italy) in light (standardized illuminance of
∼200–300 lux during the light period, 0 lux during the dark) and
temperature-and humidity controlled (temperature: 21 ± 1◦C,
relative humidity: 65 ± 5%) rooms. All animals had access
to food and water ad libitum. Food consumption and body
weight were monitored once a week throughout the experiment.
Prior to the experiment, rats were kept under a standard
12:12 h light-dark (LD24) schedule for 3 weeks. Following
acclimatization, all animals were randomly assigned to be kept
under standard (CTRL) or desynchronizing lighting conditions.
We used two different light-dark (LD) paradigms to induce
circadian desynchrony: A chronic phase shift schedule (SHIFT),
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consisting of 6-h advanced shifts in the onset of the light phase
every second day, by shortening the dark phase (Casiraghi et al.,
2012), and a short-day 11:11 h light-dark (LD22) paradigm,
shown to induce desynchronization between the two oscillators
in the core and shell of the suprachiasmatic nucleus (SCN) (de
La Iglesia et al., 2004).

Alcohol drinking paradigm

To induce voluntary alcohol consumption in rats, the
intermittent alcohol exposure (IAE20%) paradigm was used
(Wise, 1973). The IAE20% drinking paradigm resulted in an
efficacious model for inducing high levels of voluntary alcohol
consumption in several rat strains (Wise, 1973; Simms et al.,
2008; Mill et al., 2013). The protocol represents an alcohol
binge-drinking-like pattern by alternating alcohol access and
deprivation periods. Alcohol-naïve rats were given access to
20% ethanol solution (v/v) and tap water (two-bottle choice)
for three 24-h sessions per week (Monday, Wednesday, and
Friday). On alcohol-free days (Tuesdays, Thursdays, Saturdays,
and Sundays), rats received water only. Fluid bottles were
weighed and replaced daily at ZT4 (ZT- Zeitgeber time; ZT0
represents the time of light onset). Bottles were weighed before
and after the replacement in all groups. To control for side
preferences, the placement of the bottles was alternated during
the alcohol-drinking session.

Behavioral tests

Sucrose preference test (SPT)
Reward-based anhedonia-like behavior was assessed by

monitoring sucrose intake (Eagle et al., 2016). First, rats were
habituated to two bottles of 1% sucrose solution (m/v) for 48 h
to avoid neophobia. Subsequently, animals underwent food and
water deprivation for 20 h. In the final SPT, all animals had
access to one bottle of 1% sucrose solution and one bottle of
water for 3 h. The total amount of sucrose solution and water
intake during this period was recorded. All groups were tested
at ZT2. Sucrose preference was calculated as a percentage of the
volume of sucrose intake over the total volume of fluid intake.

Open field test (OFT)
The OFT was performed to evaluate exploratory and

anxiety-like behavior (Prut and Belzung, 2003). Prior to the test,
animals were habituated to the testing room for 30 min. At the
beginning of the test, each rat was placed at the left-back corner
of the open field arena (39 × 42 × 50 cm, TruScan Photo beam
Activity Monitors, Coulbourn Instruments, Holliston, USA).
The animals were allowed to freely explore the arena for 5 min.
The animals’ location and movements were recorded by infrared
beams and analyzed by the software TruScan 2.0 (Coulbourn
Instruments, Holliston, USA). All animals were tested at ZT2.

Elevated plus-maze (EPM)
The EPM was used to assess anxiety-related behavior (Walf

and Frye, 2007). The maze consists of two open arms and two
closed arms (30 × 10 cm, respectively), elevated 50 cm above
the floor. The test was performed at the beginning of the dark
phase, 2 h after the lights were turned off (ZT14). All animals
were habituated to the room conditions for 30 min. To start the
test, rats were placed in the middle of the intersection between
the open and closed arms facing the open arms. Behavior was
video-recorded for 5 min.

Marble burying task (MBT)
The MBT was used to evaluate impulsiveness, irritability,

and compulsive behavior. Burying behavior of harmless objects
such as marbles is suggested as a form of impulsive behavior
(Schneider and Popik, 2007) or indicates high-anxiety levels (Li
et al., 2019). Twenty glass marbles (ø 1.5 cm) of different colors
were evenly spaced in five rows of four in a transparent plexiglass
cage measuring 34 × 54 cm, filled with Sani Chips bedding
(Teklad Envigo, Costa Mesa, USA). At ZT2, rats were placed
individually in the cages and were allowed to explore the cages
for 30 min. The number of buried marbles was counted at the
end of the 30 min period. Marbles were considered buried if
two-thirds of the marble was covered with bedding.

Experimental procedures

Experiment 1–Effect of different LD schedules
and alcohol consumption on circadian
disruption

In the first experiment, we evaluated the impact of
various light conditions and alcohol consumption on circadian
rhythmicity (Figure 1). Internal desynchronization was assessed
by recording the locomotor activity under LD24 (n = 12),
SHIFT (n = 6), and LD22 (n = 4) independently and in
combination with alcohol consumption, deprivation, and re-
introduction of alcohol (LD24 n = 12; SHIFT n = 12; LD22
n = 12). The severity of chronodisruption was assessed using the
following circadian parameters: daily fragmentation (intradaily
variability–IV), day-to-day stability (interdaily stability–IS), and
the difference between day and night activity levels (relative
amplitude–RA).

Experiment 2–Effect of different LD schedules
on alcohol consumption

This experiment determines if rats kept under artificial LD
conditions will voluntarily consume more alcohol in a two-
bottle choice paradigm compared to animals under standard
LD24 conditions. Animals were kept either under LD24, SHIFT,
or LD22 conditions and given intermittent access to alcohol
for 20 sessions (Figure 1B). We assessed alcohol preference
(%) over water and alcohol intake (g/kg/24 h), as well as
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FIGURE 1

Experimental design. Timeline of alcohol exposure and behavioral assessment (A) under LD24 (n = 12), SHIFT (n = 6), LD22 (n = 4) conditions,
and (B) with access to intermittent alcohol exposure (LD24 n = 12, SHIFT n = 12, LD22 n = 12). Behavior tests were conducted during the light
phase (ZT2), except for the EPM (ZT14). Zeitgeber (ZT) indicates hours after the onset of the light phase.

the relationship between alcohol preference and the animals’
circadian rhythmicity under alcohol exposure.

Following alcohol access, alcohol was withheld to determine
if high alcohol consumption levels would be maintained
following a prolonged abstinence period. Thereafter, the animals
were given again intermittent access to 20% alcohol for 10
alcohol-drinking sessions as described above. Comparisons
were made between the mean alcohol consumption and alcohol
preference, respectively, during the 10 alcohol-drinking sessions
immediately before and after the abstinence period.

Experiment 3–Effect of different LD schedules
on emotional behavior during alcohol
abstinence

We next compared the behavioral performance of animals
kept under LD alterations alone and LD alterations during
alcohol abstinence in a variety of behavioral tests (Figure 1). In
the alcohol groups, behavioral tests were conducted 24 h after
the last alcohol access, under alcohol-free conditions. Animals
followed the same testing order, starting with SPT, followed by
the OFT, EPM, and MBT. The differences in the testing days of
SHIFT and LD22 are due to the external LD schedule to test
animals at the same zeitgeber time. Animals had a period of
three to 5 days to recover between tests.

Experiment 4–Effect of different LD schedules
during alcohol access and abstinence on body
weight and estrous regularity

We determined the effect of chronic LD alterations on body
weight without and with alcohol access and deprivation. Relative
changes in body weight were calculated based on the individual
body weight at the beginning of the experiment. As stress and
artificial light conditions influence the female estrous regularity,

we characterized the estrus cycle over 24 days (24 days as a
multiplicand of a 4-day estrous cycle) of each LD paradigm and
alcohol condition.

Data analysis

We quantified circadian rhythmicity by continuous
registration of locomotor activity using running wheels.
Summed wheel revolutions were recorded and stored over
10 min intervals using the VitalView system (Mini-Mitter,
Starr Life Sciences Corp., Oakmont, USA). Locomotor activity
data from the last 14 days of each LD condition and phase of
alcohol exposure were used for the Chi-square-periodogram
and circadian parameter analysis. Chi-square-periodograms
(Sokolove and Bushell, 1978; Refinetti, 1992) were compiled
to estimate the period of the daily activity rhythms under
the various LD conditions (LD24, SHIFT, LD22) and in
combination with alcohol access and abstinence using ClockLab
6 (Actimetrics Software, Evanston, United States). Results
were reported as Chi-square amplitude. To obtain additional
measures of activity disruption we assessed RA, IV, and IS
based on the equations reviewed by Brown et al. (2019) using
ClockLab 6 (Actimetrics Software, Evanston, United States)
for the last 14 days of each LD and alcohol accessibility phase.
Wheel running activities were visualized as double-plotted
actograms using ClockLab 6 (Actimetrics Software, Evanston,
United States).

Statistical analysis was performed using the GraphPad Prism
9 software package (GraphPad, San Diego, USA). All results
were presented as mean ± standard error of the mean (SEM)
and were examined for normality and homogeneity of variance.
The significance level was set at p < 0.05. A one-way ANOVA
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(LD effect) was used to compare the rhythm parameters IV,
IS and RA between the LD regimens, followed by a Dunnett’s
post-hoc test if a significant main effect was found. Further
evaluation of the effect of the light regimen or alcohol exposure
on circadian parameters during periods of alcohol access or
abstinence was conducted by a two-way ANOVA (LD, alcohol
effect) and Dunnett’s post hoc comparison.

Alcohol consumption and preference, as well as water
consumption between the animals kept under different LD
conditions over the 20 exposure sessions, were assessed by a two-
way repeated measures ANOVA (LD and time effect). The effect
of LD conditions and progression of alcohol exposure on alcohol
intake and preference before and after alcohol abstinence was
assessed in a two-way repeated measure ANOVA.

Behavioral tests were analyzed using two-way ANOVA (LD
effect, alcohol effect), followed by Sidak’s post hoc analysis when
a significant overall effect was found.

A two-way ANOVA was conducted to evaluate the effect
of the different LD conditions and alcohol exposure on body
weight. The female estrous cyclicity was assessed by analyzing
wheel running activity (Wollnik and Turek, 1988) over a period
of 24 days within each alcohol availability phase under standard
or altered LD conditions by chi-square analysis using the LSP
software1 (Sokolove and Bushell, 1978). This method provides
a longitudinal, and non-invasive approach to avoid the risk of
false-positive/negative results by inducing an irregular estrous
cycle or the status of pseudopregnancy compared to the vaginal
smears method (Cora et al., 2015). We characterized the estrous
cyclicity by the number of rats showing a regular estrous cycle
and evaluated the effects of LD conditions or alcohol using a
two-way ANOVA.

Results

Experiment 1–Effect of different LD
schedules and alcohol consumption
on circadian disruption

Exposure to non-24-h LD cycles had a significant effect on
daily activity rhythms (Figure 2). Internal desynchronization
was observed in animals kept under SHIFT and LD22, indicated
by the occurrence of two distinct activity peaks (Figure 2A).
Assessment of various rhythm parameters confirmed the
deleterious effect of non-24 h LD conditions on daily locomotor
activity patterns (Figure 2B). Whereas IV was not affected by
the LD conditions [F(2,17) = 0.04154, p = 0.9594, one-way
ANOVA], a significant main effect of the LD conditions on
IS [F(2, 17) = 21.85, p < 0.0001, one-way ANOVA] and RA
[F(2,17) = 5.845, p = 0.0117, one-way ANOVA] was found. Both

1 www.circadian.org

parameters were significantly reduced in animals exposed to
non-24-h light cycles (Figure 2B). When considering alcohol
exposure as an additional factor besides the LD condition, the
same rhythm parameters as mentioned above were significantly
affected by both factors (Figures 3A, B, Table 1). Interestingly,
the alcohol effect on IS and RA was primarily accompanied
by the change in the LD condition, and the significant
interaction underpinned this conclusion. In LD24 animals,
there was no effect of the alcohol condition on the rhythm
stability throughout the experiment (Figure 3B). Moreover, no
differences in IS and RA between alcohol exposure vs alcohol-
free periods under chronically altered LD conditions (SHIFT or
LD22) were found (Figure 3B).

Experiment 2–Effect of different LD
schedules on alcohol consumption

Experiment 2a–Effect of different LD schedules
on intermittent alcohol consumption

No significant effect of the LD condition on alcohol intake,
preference, and water intake was found (Figure 4, Table 2).
A significant effect of the progression of the experiment
on alcohol preference was observed, indicating that animals’
preference for alcohol increases over time, irrespective of the LD
conditions.

Experiment 2b–Effect of different LD
schedules on a prolonged period of abstinence
and subsequent alcohol consumption

After 20 sessions of voluntary alcohol consumption, animals
from Experiment 2a were deprived of alcohol and re-exposed
to alcohol after 31 days of abstinence. The LD conditions
did not affect alcohol re-exposure, and no effect was found
on either alcohol intake or preference. We did not observe
an effect of sessions on alcohol drinking or preference and
water consumption over 10 drinking sessions before and after
prolonged alcohol abstinence either (Table 2).

Experiment 3–Effect of different LD
schedules on emotional behavior
during alcohol abstinence

Emotional and reward-related behaviors were evaluated in
animals exposed to standard (LD24) and artificial LD paradigms
(SHIFT, LD22) during alcohol abstinence (Figure 5).

Sucrose preference test

A significant main effect of the LD conditions was found
(Figure 5A, Table 3), indicating that sucrose preference was
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FIGURE 2

Locomotor activity under altered light-dark (LD) schedules. (A) Comparison of periodograms and actograms under LD24, SHIFT, and LD22
conditions and (B) determination of intradaily variability (IV), interdaily stability (IS), and relative amplitude (RA) over a period of 14 days. One-way
ANOVA, Dunnett’s multiple comparisons test: ∗∗∗∗p < 0.0001, ∗∗p < 0.01, ∗p < 0.05; ± SEM; n = 4–12. (C) Representative circadian actograms
for one animal for each LD paradigm (50 days). Time of day is double-plotted along the x-axis, and successive days are arranged from top to
bottom along the y-axis.

altered under aberrant LD conditions. Subsequent post hoc
analysis, however, did not reveal significant differences between
groups.

Open field test

Rats show a strongly reduced exploratory activity in a
novel environment during alcohol abstinence, irrespective of
the environmental LD conditions. A significant main effect of
the alcohol condition on the total distance traveled in the open
field was found (Table 3). Post hoc analysis revealed a significant
decrease in locomotion during alcohol abstinence in all three
experimental groups (Figure 5B).

Elevated plus maze test

Desynchronizing light conditions affected anxiety-like
behavior during abstinence in female rats. A significant

main effect was found for both, LD and alcohol conditions
(Table 3). The significant LD x alcohol interaction, however,
indicates that the effect of the alcohol condition was not
uniform across the different LD conditions (Figure 5C,
Table 3). Anxiety-like behavior is significantly increased
during abstinence in rats kept under aberrant LD conditions
when compared to rats kept under regular LD24 cycles
(Figure 5C).

Marble burying task

Similar to outcomes in the elevated plus maze,
significant main effects for LD, and alcohol condition,
as well as a significant interaction between both factors
were found in the marble burying test (Figure 5D,
Table 3). A significant reduction in the amount of buried
marbles was found in rats kept under LD22 and SHIFT
cycles compared to LD24 controls during abstinence-only
(Figure 5D).
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FIGURE 3

Locomotor activity under altered light-dark (LD) conditions and intermittent alcohol exposure. (A) Comparison of periodograms and actograms
during access to alcohol, alcohol abstinence, and re-introduction of alcohol. (B) Intradaily variability (IV), interdaily stability (IS), and relative
amplitude (RA) during habituation (HAB), intermittent access to 20% alcohol solution (Alcohol), abstinence (AB), and reintroduction of alcohol
after abstinence (Re–Alcohol). Two-way ANOVA, Dunnett’s multiple comparisons test: ∗∗∗∗p < 0.0001, ∗∗p < 0.01, ∗p < 0.05; ± SEM;
n = 4–12/LD condition. (C) Representative circadian actograms for one animal for each LD paradigm and alcohol exposure. Time of day is
double-plotted along the x-axis, and successive days are arranged from top to bottom along the y-axis and labeled with the coinciding alcohol
exposure phase.

TABLE 1 Statistical results of circadian parameters for the combination of altered light-dark (LD) schedules and alcohol consumption.

Parameter Two-way ANOVA

LD condition Alcohol condition LD × Alcohol

IV F(2, 33) = 0.3046, p = 0.7792. F(2 .798, 92 .34) = 1.197, p = 0.2987 F(6, 99) = 0.5810, p = 0.8264

IS F(2, 33) = 24.37, p < 0.0001 F(2 .769, 91 .38) = 42.75, p < 0.0001 F(6, 99) = 10.93, p < 0.0001

RA F(2, 33) = 7.754, p = 0.0017 F(2 .729, 90 .05) = 5.378, p = 0.0026 F(6, 99) = 2.479, p = 0.0282

FIGURE 4

Time course for alcohol and water consumption in rats exposed to LD24, SHIFT, and LD22 paradigms. ± SEM; n = 12/LD paradigm.
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TABLE 2 Statistical results of fluid consumption and the abstinence effect on fluid consumption.

Parameter Two-way repeated measures ANOVA

LD condition Time LD × Time

Alcohol preference F(2, 33) = 0.8352, p = 0.4428 F(6 .717, 221 .7) = 2.883, p = 0.0075 F(38, 627) = 0.5337, p = 0.9907

Alcohol intake F(2, 33) = 1.463, p = 0.2461 F(6 .656, 219 .6) = 1.170, p = 0.3219 F(38, 627) = 0.4835, p = 0.9965

Water intake F(2, 33) = 1.276, p = 0.2926 F(2 .051, 67 .68) = 2.820, p = 0.0653 F(36, 594) = 0.9108, p = 0.6206

Abstinence effect:
Alcohol preference

F(2, 33) = 0.5746, p = 0.5684 F(1, 33) = 3.948, p = 0.0553 F(2, 33) = 0.1279, p = 0.8803

Abstinence effect:
Alcohol intake

F(2, 33) = 1.086, p = 0.3494 F(1, 33) = 2.178, p = 0.1495 F(2, 33) = 0.01568, p = 0.9844

Abstinence effect: Water
intake

F(2, 33) = 0.3169, p = 0.7306 F(1, 33) = 0.08374, p = 0.7741 F(2, 33) = 2.169, p = 0.1304

Experiment 4–Effect of different LD
schedules during alcohol access and
abstinence on body weight and estrous
regularity

All rats showed a progressive increase in body weight over
time (Figure 6A). Body weight gain (%) differed significantly
between the groups depending on time and time x LD paradigm
interaction, but not LD condition (Table 4). We also found
a pronounced LD effect on the estrous cycle [Figure 6B;
LD effect F(2, 4) = 12.95, p = 0.0179, two-way ANOVA]. In
contrast, chronic intermittent alcohol consumption alone was
not altering the estrous cyclicity under standard LD conditions
[Alcohol effect: F(2, 4) = 1.430, p = 0.3399, two-way ANOVA].

Discussion

The link between the disruptions of the circadian system
and alcohol consumption has been recognized for decades.
While most of the research focused on male cohorts, the
effect of internal rhythm disruption on alcohol consumption
in females is less known. We show that the induced internal
desynchrony through chronic advanced shifts and LD22 persists
throughout the course of alcohol intake and abstinence, but
is unaffected by the respective alcohol condition. Although
aberrant light schedules, which simulate shiftwork and jet
lag, tend to increase alcohol consumption and preference, we
observe no significant differences between our experimental
groups in female rats. Importantly, we demonstrated that
internal desynchrony affects performance in tests of anxiety-
like behavior during periods of alcohol absence. However, these
behavioral alterations do not seem to predict or interact with
alcohol consumption before abstinence or during re-exposure
(data not shown). Taken together, our results demonstrate that
internal circadian desynchronization strongly affects female
physiology, but has only minor effects on mood-related
behavior and alcohol consumption if the two factors were

considered separately. When combining the effects of alcohol
consumption and circadian disruption, changes in mood-
related behaviors became more apparent, which emphasizes
the important contribution of dysregulation of circadian
functioning in the etiology of mood-related behavior in females
under alcohol abstinence.

Alcohol intake under different LD
schedules

Experimental conditions of jet lag or constant, abnormal
light conditions on alcohol consumption led to disparate
results, depending on heterogeneity and breadth in approaches
and concepts associated with circadian disruption. In our
experiment, we observed similar alcohol intake (g/kg/24 h)
levels as previously reported in female Fischer, Lewis
rats, and P rats (Rosenwasser et al., 2010, 2014) under
standard LD conditions. Although the number of studies on
chronodisruption in female rodent models is sparse, previous
studies reported conflicting outcomes of chronodisruption
on alcohol consumption in female rats (Clark et al., 2007;
Rosenwasser et al., 2010). Differences in the alcohol availability
paradigm (continuous vs intermittent), alcohol concentration,
and LD conditions may account for the different outcomes.
Our results, however, are in line with studies conducted in mice
that did not reveal differences in alcohol intake or preference
in wild-type females exposed to an LD20 cycle compared
to animals kept under standard LD conditions (Rizk et al.,
2022). Overall, these outcomes indicate that aberrant LD
conditions may not be a major factor contributing to abnormal
alcohol-drinking behavior in female rodent models.

Numerous factors including species, sex, duration of
aberrant light exposure, the direction of phase shift, and the time
between shifts affect the independent and combined effects on
behavioral and physiological variables (Vetter, 2018). However,
studies often lack the quantification and validation of the success
of internal rhythm disruption (Brown et al., 2019). In our study,
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FIGURE 5

Effect of light-dark (LD) schedule and alcohol abstinence on behavioral performance. (A) Sucrose preference (%) over a 3-h test period, (B)
distance traveled in the OFT, (C) the percentage of time spent in the open arms during the EPM, and (D) marbles buried within the MBT.
One-way ANOVA, Tukey’s multiple comparisons test: ∗∗∗∗p < 0.0001, ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05; ± SEM; n = 4–12/LD condition.

TABLE 3 Statistical results of behavioral performances.

Parameter Two-way repeated measures ANOVA

LD condition Alcohol condition LD × Alcohol

Sucrose preference (SPT) F(2, 50) = 6.269, p = 0.0037 F(1 ,50) = 0.6940, p = 0.4088 F(2 ,50) = 1.518, p = 0.2292

Distance traveled (OFT) F(2, 48) = 0.4203, p = 0.6592 F(1 ,48) = 62.21, p < 0.0001 F(2, 48) = 0.8106, p = 0.4506

Time open arms (EPM) F(2, 50) = 5.383, p = 0.0067 F(1 ,50) = 8.233, p = 0.0060 F(2 ,50) = 6.910, p = 0.0022

Marbles buried (MBT) F(2, 50) = 5.843, p = 0.0052 F(1 ,50) = 9.468, p = 0.0034 F(2 ,50) = 3.214, p = 0.0486

we confirmed that the applied protocols of phase advances
and LD22 conditions induce internal desynchrony in female
rats, similarly as described previously in male rats (Casiraghi
et al., 2012; Ben-Hamo et al., 2016). The degree of internal
rhythm disruption, however, was not a strong predictor for
alcohol consumption or preference (data not shown). Vice versa,
alcohol consumption had no effect on circadian locomotor
activity rhythms in female rats investigated in our study, which
may be attributed to the use of running wheels. It is known
from previous studies in rodents that running wheel activity
affects the circadian system (Leise et al., 2013; Weinert et al.,

2016; Weinert and Gubin, 2022) whereas contradicting effects

were found on alcohol drinking behavior in rodent models,

depending on species, sex, and drinking paradigm (Ozburn

et al., 2008; Ehringer et al., 2009; Piza-Palma et al., 2014; Buhr

et al., 2021). It is, however, conceivable that the independent

effects of the running wheel on the circadian system and/or

alcohol drinking behavior mitigated the deleterious effects of

the aberrant LD conditions and thus, affect alcohol intake

and preference. The sex-specific effect of exercise on alcohol

drinking should therefore be emphasized in future work.
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FIGURE 6

Body weight gain and estrous cyclicity under altered light-dark (LD) schedules, alcohol exposure, and abstinence. (A) Change in body weight
gain (%) over time. (B) Comparison of estrous cyclicity between LD alone and in combination with alcohol access and abstinence as indicated
by the percentage of animals showing a rhythmic estrous cycle (%). ± SEM; n = 4–12/LD condition.

TABLE 4 Statistical results of body weight gain.

Parameter Two-way repeated measures ANOVA

LD condition Time LD × Time

LD alteration F(2, 17) = 1.784, p = 0.1980 F(2 .417, 41 .08) = 70.85, p < 0.0001 F(22, 187) = 3.416, p < 0.0001

LD alteration + alcohol F(2, 33) = 2.174, p = 0.1298 F(2 .945, 97 .17) = 109.3, p < 0.0001 F(22, 363) = 1.477, p = 0.0780

Several studies indicate that molecular components of
the circadian clock play a crucial role in the control of
alcohol-drinking behavior (Spanagel et al., 2005; Ozburn et al.,
2013) and suggest that the impact of genetic components
may even prevail over environmental influences (Rizk
et al., 2022). However, the effects of a targeted deletion or
downregulation of clock genes are not directly comparable
to the effects of chronodisruption. Latter one leaves
the clock genes functionally intact but dysregulates in
their daily expression, which has been demonstrated in
brain areas associated with reward regulation and drug-
related behaviors (Tamura et al., 2021). Nevertheless, core
clock genes are extensively involved in regulating the
dopaminergic reward circuitry and disruption of those
processes may increase the vulnerability to developing
drug addiction (for review Depoy et al., 2017). Since
dopamine transporters and norepinephrine receptors are
expressed rhythmically, chronodisruption may dysregulate
circadian patterns of neurotransmission and thus alters
alcohol exposure (Sleipness et al., 2007). The exact role of
circadian clock gene expression in brain regions associated
with reward-related processes in female rodents exposed to
aberrant LD conditions, however, should be investigated in
follow-up studies.

Lastly, peripheral oscillators may impact the reward
circuit in addition to the central clock. The release of sex
hormones like estradiol is controlled by the circadian system
(Barbacka-Surowiak et al., 2003) and the loss of internal
rhythmicity affects the pulsatile hormone release (Sciarra
et al., 2020). Importantly, sex hormones modulate neuronal

activity and can influence alcohol-drinking behavior (Erol
et al., 2019). It was shown that the artificial administration of
estrogen increases alcohol intake and drug-seeking behaviors
in females and males, although fluctuating sex hormone levels
during the course of the estrous cycle do not markedly
affect alcohol intake (Priddy et al., 2017). In our experiment,
internally desynchronized animals show impaired estrous
regularity, which may impose altered levels of sex hormones.
Altered LD schedules may not only affect the sex hormone
function directly but may also act as a chronobiological
stressor (Boulos and Rosenwasser, 2004). It is known that
stress can affect estrous regularity with consequences on
hormone levels including corticosterone and estradiol as well
as on the expression of sex hormone receptors (An et al.,
2020). Likewise, excessive alcohol consumption disrupts the
menstrual cycle in women (Lyngsø et al., 2014) and the
estrous cycle in animals (Emanuele et al., 2002). However,
similar to Satta et al. (2018), we did not observe an effect
of alcohol alone on the estrous cycle regularity in our
study. Only in the combination of alcohol consumption with
chronic phase advanced shifts markedly impaired estrous
regularity. This suggests that internal desynchronization affects
regular estrous functioning to a greater extent than alcohol
consumption. Reports from female shift workers (Labyak
et al., 2002; Cai et al., 2019), and studies in animals kept
under artificial LD conditions support this view (Hardy, 1970;
Yoshinaka et al., 2017). Future studies in ovariectomized
individuals may further decipher the mutual interactions of
chronodisruption, estrous cycle, sex hormone fluctuations, and
alcohol consumption.
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Emotional behavior during alcohol
abstinence

Extensive literature supports the association between
circadian rhythm disruption and the emergence of anxiety and
depression-like symptoms (Bedrosian and Nelson, 2017). Since
negative emotional states may accelerate alcohol consumption
and trigger a relapse, the association between circadian
disruption and affective disorder is important in the context
of the development and progression of aberrant alcohol-
drinking behavior (Yang et al., 2018). In the present study, we
used multiple behavioral measures to examine the emotional
state changes of female rats during alcohol abstinence in
the context of circadian disruption. As the time point for
behavioral assessment is critical for the results and evaluation
of behavior (Saré et al., 2021), we assessed anxiety-related
behavior at two different points depending on the test (Nakano
et al., 2016; Schoettner et al., 2022). Animals were tested
at the same external time in correspondence to the LD
conditions (Zeitgeber time). However, chronodisruption causes
misalignments between internal and external circadian time.
Thus, the internal circadian time of testing may vary across
individuals within and between our experimental groups,
despite testing at the same “external time.” Testing at various
time points using the same animal may be beneficial in
this regard, but difficult to achieve in common tests for
anxiety-like behavior like the elevated-plus maze because of
the well-described “one-time tolerance phenomenon” of those
behavioral tests in rodents (File et al., 1990; Rodgers et al.,
1992; Holmes and Rodgers, 1998, 1999). Alternatively, when
measuring behavior using the internal time (e.g., onset of
locomotor activity rhythm) as a reference, it may not correspond
to the same external time across chronodisrupted animals, and
the test may thus be affected by external conditions such as
light. The uniform behavioral responses in our chronodisrupted
animals, however, indicate that behavioral alterations occurred
independently of external or internal time.

Reduced exploratory behavior and increased anxiety-
like behavior in rats under alcohol withdrawal have been
demonstrated in the past (Valdez et al., 2002; Overstreet
et al., 2003; Rasmussen et al., 2006). In line with these
studies, we observed reduced locomotion in the OFT under
alcohol abstinence, demonstrating the deleterious effect of
previous alcohol consumption on anxiety-related behavior.
In contrast, anxiety-related behavior in the EPM female rats
under conditions of alcohol abstinence was only observed in
chronodisrupted animals. Previous work in male rats indicated
that altered LD conditions alone induce anxiety-like behavior
(Okuliarova et al., 2016; Horsey et al., 2020), which was not
replicated in our study. The unequivocal response across anxiety
tests indicated that the deleterious effects of chronodisruption
and alcohol exposure and mood need to be considered for
specific anxiety traits rather than generalized anxiety-like

behavior. Moreover, sex, stress, or the use of running wheels may
have mitigated the apparent effects of aberrant LD conditions
on affective behaviors, depending on the behavioral test (Binder
et al., 2004; Sandi et al., 2008; Novak et al., 2012; Bilu
et al., 2022). Studies indicate that acute and chronic alcohol
consumption modulates the expression and rhythmic pattern
of circadian clock genes and affects various components of
the stress hypothalamic-pituitary-adrenal (HPA)-axis (Perreau-
Lenz and Spanagel, 2015). The combined aberrant effects of
chronodisruption and alcohol consumption on the HPA axis
may represent a central component in the control of mood-
related alterations and should be investigated in more detail in
future studies.

Increased reactive behavior during alcohol abstinence was
not evident in the marble burying task. In our experiment,
alcohol-experienced rats exhibited decreased burying behavior,
whereas previous studies have shown that female rodents
enhance marble-burying behavior during alcohol abstinence
(Umathe et al., 2008; Leonardo Jimenez Chavez et al., 2020).
As chronic phase shifts, alcohol binge drinking, and withdrawal
have broad effects on cognition, memory function, and
motivation, the ability to bury marbles might be even more
compromised in the combination of all these (Stevenson et al.,
2009; Ji et al., 2018). While the MBT is a widely accepted model
to study anxiety and compulsive-like traits in rodents, findings
depend strongly on contextually valid experimental design,
and individual characteristics including cognitive function (de
Brouwer et al., 2019).

Reduced sucrose consumption is often used as a measure
of anhedonia to assess depressive-like traits in rodents (Liu
et al., 2018). Studies exposing male rats to various LD schedules
alone reported an increased depressive-like behavior associated
with decreased sugar preference (Ben-Hamo et al., 2016; Horsey
et al., 2020). We did not observe this behavior in alcohol-
naïve female rats in our experiment. Factors including the
experimental testing design for sugar preference (e.g., length
and exposure of the sugar solution), as well as the female
sex may be accountable for the different outcomes. Similarly,
alcohol-experienced animals displayed no differences in sucrose
preference. These results are in line with studies that reported
a decreased or no change in sucrose preference during alcohol
abstinence in female rodents (Pang et al., 2013; Metten et al.,
2018; Li et al., 2019).

Conclusion

Our study provides a foundation to understand how
circadian desynchronization affects emotional behavior
in female rats under alcohol abstinence. The female
organism consists of a unique sex-dependent neurobiological,
chronobiological, and hormonal setting, that distinctly reacts
to chronic light-dark changes. In future studies, it will be
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important to distinguish between operational and acute sex-
hormonal factors mediating the consequences of internal
desynchronization and the effects of alcohol intake in females.
A more comprehensive understanding of the role of sex-
dependent circadian risk factors will be needed to provide sex-
specific alcohol rehabilitation treatments incorporating affective
disorders as an important factor in individuals performing
under shiftwork conditions.
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