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During the past decade, it has been shown that circadian clock genes have more than a simple circadian time-keeping role. Clock genes

also modulate motivational processes and have been implicated in the development of psychiatric disorders such as drug addiction.

Recent studies indicate that casein-kinase 1e/d (CK1e/d)Fone of the components of the circadian molecular clockworkFmight be

involved in the etiology of addictive behavior. The present study was initiated to study the specific role of CK1e/d in alcohol relapse-like

drinking using the ‘Alcohol Deprivation Effect’ model. The effect of CK1e/d inhibition was tested on alcohol consumption in long-term

alcohol-drinking rats upon re-exposure to alcohol after deprivation using a four-bottle free-choice paradigm with water, 5%, 10%, and

20% ethanol solutions, as well as on saccharin preference in alcohol-naive rats. The inhibition of CK1e/d with systemic PF-670462 (0, 10,

and 30 mg/kg) injections dose-dependently decreased, and at a higher dosage prevented the alcohol deprivation effect, as compared with

vehicle-treated rats. The impact of the treatment was further characterized using nonlinear regression analyses on the daily profiles of

drinking and locomotor activity. We reveal that CK1e/d inhibition blunted the high daytime alcohol intake typically observed upon alcohol

re-exposure, and induced a phase shift of locomotor activity toward daytime. Only the highest dose of PF-670462 shifted the saccharin

intake daily rhythm toward daytime during treatment, and decreased saccharin preference after treatment. Our data suggest that CK1

inhibitors may be candidates for drug treatment development for alcoholism.
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INTRODUCTION

During the past decade, new unexpected players have
emerged in the addiction field: clock genes. Several of these
circadian time-keeping genes (Ko and Takahashi, 2006)
have been shown to play a crucial role in the development
of psychiatric disorders such as drug abuse (Falcon and
McClung, 2009; Perreau-Lenz and Spanagel, 2008). For
example, Period1 (Per1) and Period2 (Per2) have been
shown to modulate various alcohol effects. Per1-null mutant
mice show enhanced alcohol consumption under stressful
conditions as compared with wild-type littermates (Dong
et al, 2011). Per2Brdm1 mutant mice, expressing a nonfunc-
tional PER2 protein, show an enhanced consumption of

alcohol (Spanagel et al, 2005; Brager et al, 2011), as well as
a deregulation of the daily rhythm of alcohol sensitivity
(Perreau-Lenz et al, 2009). The effects of alcohol on clock
genes and biological rhythms have also been observed. In
rodents, acute or long-term alcohol administration can
affect circadian locomotor activity (Brager et al, 2010;
Rosenwasser et al, 2005b). In humans, Huang et al (2010)
recently demonstrated that in peripheral blood mono-
nuclear cells, the expression of several clock genes, inclu-
ding Per genes, is lower in alcoholic patients as compared
with healthy controls. These studies provide evidence of
a reciprocal interaction between biological rhythms and
alcohol addiction.

The circadian molecular clock system involves several
transcriptional, posttranscriptional, and posttranslational
feedback mechanisms (Ko and Takahashi, 2006). Among
posttranslational regulators, casein-kinase 1 e/d (CK1e/d),
which belongs to the superfamily of serine/threonine-
specific kinases, plays a major role in sustaining the
circadian molecular clock. CK1e/d phosphorylates several
clock gene proteins, such as BMAL1, CRY, PER1, and PER2
(Eide et al, 2005a, b; Meng et al, 2008), sustaining their
heterodimerization, entry in the nucleus, and/or destabili-
zation in a circadian manner (Reischl and Kramer, 2011).
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The rhythmic destabilization of the PER2 protein is fully
regulated by CK1e/d phosphorylation processes (Eide et al,
2005b; Etchegaray et al, 2009; Meng et al, 2008). Indeed, the
tau mutation of the CK1e, a gain-of-function mutation,
promotes PER2 degradation, thereby accelerating circadian
activity (Meng et al, 2008). Furthermore, both inducible
genetic deletion of CK1d enzymes (Etchegaray et al, 2009,
2010) and CK1e/d pharmacological inhibition (Badura et al,
2007) induce phase delays of locomotor activity and
enhance PER2 protein levels.

Interestingly, recent human genetic association studies
suggest a role for CK1e/d in the development of addiction to
several drugs of abuse, such as metamphetamine (Kotaka
et al, 2008), heroin (Levran et al, 2008), and alcohol
(Al-Housseini et al, 2008). Furthermore, CK1e/d has also
been associated with the locomotor stimulant effect of
methamphetamine in mice (Bryant et al, 2009). Bryant et al
(2009) first showed that CK1e/d inhibition blunted the
locomotor stimulant effects of methamphetamine and
revealed a stimulatory effect of the selective CK1e subunit
on the sensitivity to methamphetamine and fentanyl
(Bryant et al, 2012).

Considering these recent studies on CK1e/d and the role
of clock genes in modulating alcohol consumption, we
hypothesized that CK1e/d might play a role in alcohol
addiction. Because alcohol relapse is a major impediment to
the treatment of alcoholism, the present study was designed
to study the role of the CK1e/d in alcohol relapse behavior.
In animals given long-term access to alcohol followed by
deprivation of varying durations, re-exposure to alcohol
leads to a robust and temporary increase in alcohol intake
as compared with baseline drinkingFthe alcohol depriva-
tion effect (Salimov and Salimova, 1993; Sinclair and Senter,
1968). This model (Spanagel and Hölter, 1999; Vengeliene
et al, 2009) specifically assesses relapse-like drinking
behavior and provides good predictive validity and, as
such, has been used repeatedly to identify new putative
antirelapse compounds (Spanagel, 2009; Spanagel and
Kiefer, 2008). We therefore tested the effects of CK1e/d
inhibitionFusing the previously characterized compound
PF-670462 (Meng et al, 2010)Fon alcohol relapse-like
drinking by means of the alcohol deprivation effect model
in long-term alcohol-drinking rats. We further analyzed the
daily patterns of drinking and locomotor activity data
before, during, and after drug treatment. Furthermore, we
further assessed the effects of CK1e/d inhibition on
consumption of another rewarding solution, saccharin.

MATERIALS AND METHODS

Animals

Two-month old male Wistar rats (originating from our
breeding colony at the CIMH, Mannheim, Germany) were
housed individually in standard rat cages (Ehret, Emmen-
dingen, Germany) and kept under a 12 h light/dark cycle
(lights on at 0800 h) with constant temperature (22±1 1C)
and humidity (55±5%). Standard laboratory rat food
(Ssniff, Soest, Germany) and tap water were provided ad
libitum throughout the experiments. All experimental
procedures were approved by the Committee on Animal
Care and Use (Regierungspräsidium Karlsruhe) and carried

out in accordance with the local Animal Welfare Act and the
European Communities Council Directives (86/609/EEC).

Drugs

Alcohol and saccharin drinking solutions were prepared
from 96% ethanol (Merck, Darmstadt, Germany) and
saccharin (Sigma Aldrich Chemie GmbH, Munich,
Germany) diluted with tap water. The CK1e/d inhibitor
PF-670462 was synthesized by GSK (GlaxoSmithKline,
Verona, Italy) based on previously developed and tested
compounds (Badura et al, 2007; Etchegaray et al, 2009;
Walton et al, 2009). PF-670462 (10 or 30 mg/kg; 2 ml/kg)
was dissolved in the following vehicle: 12.5% SBE7-b-CD
Captisol (CyDex, Lenexa, KS) and 25 mM citrate buffer (pH
6.0) in milliQ water. All solutions were prepared immedi-
ately before each injection. Drug doses were chosen on the
basis of previously published studies (Badura et al, 2007;
Etchegaray et al, 2010; Meng et al, 2010; Walton et al, 2009)
and our pilot experiments (unpublished observations).

Drinking Measurements by the Drinkometer System

Drinking patterns were assessed using a fully automated
‘drinkometer’ (custom-modified version from TSE, Bad
Homburg, Germany) system combined with simultaneous
homecage activity monitoring (Mouse-E-Motion by Infra-
e-motion, Henstedt-Ulzburg, Germany). Our drinkometer
system (Vengeliene et al, 2012) enables continuous long-
term monitoring of liquid consumption by amount and
time. The system is equipped with four drinking stations,
monitored by a computer, enabling a choice of up to four
drinking solutions (ie, tap water, 5%, 10%, and 20% ethanol
solutions (v/v) or tap water in our alcohol-relapse experi-
ment and saccharin in our second experiment). Each
drinking station consists of a glass vessel and a high-
precision sensor, providing ultra-high resolutionFdown to
0.01 g. The weight of the vessel is measured in 200 ms steps.
For the present study, sampling was performed at 10-min
intervals.

Homecage Locomotor Activity Measurements by the
E-Motion System

Homecage locomotor activity was monitored using an
infrared sensor device (Mouse-E-Motion by Infra-e-motion)
placed 30 cm above each cage. Data were collected (every
second, each 1.5 cm movement was detected and assigned a
counting value) and processed with Microsoft Excel.
Monitoring of locomotor activity was assessed during the
past 6 consecutive baseline drinking days, as well as during
6 postabstinence drinking days for the alcohol experiment
and during the 6 days after self-administration for the
saccharin experiment.

Pharmacological Studies

Relapse-like alcohol drinking. All rats underwent a long-term
alcohol-drinking procedure interrupted with repeated de-
privation phases, as previously described (Vengeliene et al,
2005, 2006, 2007). Briefly, rats were given ad libitum access
to tap water, 5%, 10%, and 20% ethanol solutions (v/v).
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The positions of the bottles were changed weekly to avoid
location preferences. The first 2-week deprivation period
was introduced after 8 weeks of continuous alcohol
availability. Rats were then given access to alcohol again.
Alcohol access was further repeatedly interrupted in a
random manner with 2- to 3-week deprivation periods in
order to prevent adaptive behavioral mechanisms (Spanagel
and Hölter, 1999). After the fourth deprivation period, all
animals were transferred to the homecages of the drink-
ometer system.

Alcohol intake was monitored before and after the
seventh deprivation period, and the pharmacological
studies were initiated at the end of this deprivation period.
Rats were divided into three groups of eight animals such
that the mean baseline of total alcohol intake, calculated as
g/kg/day, was similar for each group. The experimental
protocol, summarized in Supplementary Figure S1, was as
follows: baseline drinking was monitored for 6 days. After
the last day of baseline measurement, the alcohol bottles
were removed from the cages, leaving the animals with free
access to food and water for 25 days. Thereafter, each
animal was subjected to a total of five intraperitoneal (i.p.)
injections (starting at 1900 h with 12-h intervals) of vehicle
and 10 or 30 mg/kg PF-670462. The dose, schedule, and
route of administration have been chosen based on several
factors. First, the PF-670462 compound has been previously
characterized in rats (Badura et al, 2007) and mice (Bryant
et al, 2009). Despite the short half-life of the compoundF
shown by others and confirmed in our pharmacokinetic
pilot study using one single i.p. injection of 30 mg/kg PF-
670462 (Cmax of 571 ng/ml at 0.5 h)Fthe pharmacody-
namics of the PF-670462 compound seem to be long lasting,
as previously described by Badura et al (2007), who showed
that circadian locomotor activity was affected for several
days after a single injection of the compound. In addition,
the schedule of five injections given 12 h apart was chosen
to avoid stress effects induced by more frequent injections.
Furthermore, numerous studies on the alcohol deprivation
effect conducted in our long-term drinking rats with
different compounds have demonstrated effectiveness in
our model using the same treatment schedule (eg, Hölter
and Spanagel, 1999; Hölter et al, 2000; Vengeliene et al,
2005, 2006, 2007, 2010). Alcohol bottles were reintroduced
after the second injection at the onset of the light phase.
Body weights were recorded 24 h before the first injection
and 12 h after the last injection.

Saccharin consumption. Alcohol-naive rats had free
access to both water and saccharin (0.001% (w/v)) solutions
in two drinking stations of the drinkometer system during
the entire course of the experiment. The concentration of
saccharin was determined to be the highest concentration
that allows significant preference for the saccharin solution
and for which the rats presented a standard total liquid
intake per day (p10% of body weight/day). Saccharin
intake was monitored 6 days before the pharmacological
treatment (baseline conditions), 2 days during the treatment
administration (treatment conditions), and during the
following 4 days (posttreatment conditions). Rats were
divided into three groups of 5–8 animals, such that the
mean baseline of saccharin intake, calculated as ml/kg/day,
and the preference for saccharin solution (%) were
similar for each group. Animals were subjected to a total

of five i.p. injections of vehicle (n¼ 8) and 10 mg/kg (n¼ 6)
or 30 mg/kg (n¼ 5) of the CK1e/d inhibitor PF-670462.
Furthermore, food intake was measured daily and the body
weights of rats were recorded 24 h before and 12 h after
treatment.

Statistical Analyses

Total daily alcohol and water consumption, as well
as saccharin preference, were analyzed with Statistica
(StatSoft, Tulsa, OK) using a two-way analysis of variance
(ANOVA) with repeated measures. Body weight data analysis
was performed using a one-way ANOVA. Whenever
significant differences were found, post-hoc Student-
Newman-Keuls tests were performed. The level of signifi-
cance was po0.05.

In order to provide an optimal approximation of the
group average daily rhythm of drinking and locomotor
activity, we further analyzed the data collected using the
drinkometer and E-motion systems with a biologically
plausible nonlinear model f(t,a) within the curve fitting
toolbox of MATLAB (see Supplementary Materials and
Methods). Based on discrete Fourier transformations, the
analysis suggested modeling the data with nonlinear
regression functions of 24 h periods such as sine waves:
f(t,a)¼ a1sin(a2t + a3) + L. Each parameter reflects a speci-
fic characteristic of the periodic functions. The amplitude
from the mean, [a1], denotes the difference between the
maximal and the mean level (L) of ethanol intake,
locomotor activity, or saccharin intake, respectively. The
period, [p/a2], describes the actual duration of the daily
rhythms normalized to 24 h. The parameter phase shift
(12 h - a3*12/p) represents the shifts (h) of our sinusoidal
curves when compared with the ones obtained from the
baseline conditions. As these time-independent parameters
completely characterize the average regression functions,
we used one-way ANOVA (controlled by Holm–Bonferroni
method) to compare them with respect to the measurement
day and the dosage of the drug. The global level of signi-
ficance was ao0.01.

RESULTS

Effects of CK1e/d Inhibition on Relapse-Like Alcohol
Drinking

As shown in Figure 1a, the vehicle-treated group showed an
increase in alcohol consumption following re-introduction
of alcohol solutions, indicating the occurrence of an alcohol
deprivation effect. This increase was similar to the ones
observed after the first six deprivation phases (data not
shown). In contrast, as compared with vehicle-treated rats,
treatments with 10 and 30 mg/kg PF-670462 reduced and
abolished, respectively, the alcohol deprivation effect.
Furthermore, the higher dose significantly decreased
alcohol intake below baseline levels for the 6 days after
alcohol re-exposure. In order to maintain overall liquid
intake and as previously observed (Vengeliene et al, 2006,
2007, 2010), a compensatory decrease in the consumption
of water occurred upon alcohol re-exposure in vehicle-
treated rats (Figure 1b and Supplementary Figure S2).
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In contrast, 30 mg/kg PF-670462-treated rats did not
reduce their total water intake during the first postab-
stinence days.

Under baseline alcohol-drinking conditions (Figure 2a),
we observed a clear 24 h pattern in alcohol intake in all three
groups of rats. Similar periods of the curve fits were
detected for vehicle- and 10-, and 30 mg/kg PF-670462-
treated animals (Table 1a and Supplementary Table S1A),
and no significant difference was observed in any of the
given equation parameters (Supplementary Table S1A).

During treatment (Figure 2b and Table 1a), mean levels of
intake were significantly (F(1, 6)¼ 65.61, po0.0001)
increased (43.75-fold), and a significant phase shift
(F(1, 6)¼ 28.83, po0.0001) of 5.28 h was observed in
vehicle-treated rats. During posttreatment days (Figure 2c),
vehicle-treated rats nearly recovered their initial baseline
intake pattern, despite a slight phase delay of 2.4 h, as shown
by the similar other equation parameters (Table 1a).

During treatment with 10 and 30 mg/kg PF-670462, signi-
ficantly lower phase delays and lower levels of intake com-
pared with vehicle-treated rats were observed (Table 1a).
During posttreatment days, although the mean levels of
alcohol intake returned to baseline levels, the fourfold
decrease in amplitude from the mean and the 36.12 h period
indicate a flattening of the drinking pattern after 10 mg/kg
PF-670462 administration (Figure 2c and Table 1a). The
30 mg/kg dose blunted the daily rhythm of alcohol intake as
revealed by the increased period of the fit (48 h) and the
significant lower amplitude from the mean observed during
and after the treatment. Moreover, mean levels of intake
were significantly lower as compared with vehicle-treated
rats (Table 1a). The disruption of the alcohol-drinking
pattern by the administration of PF-670462 is further
reflected in the negative correlation observed between the
dose of the drug and the goodness of the nonlinear fits
(Supplementary Tables S2 and S3).

Interestingly, when the rhythmic patterns of intake of
each alcohol solution concentration were analyzed sepa-
rately (Supplementary Figures S3–S5), we observed a
pronounced difference in intake of the 20% solution
(Supplementary Figure S5). Upon re-exposure to alcohol
(Supplementary Figure S5B), the vehicle-treated rats
showed a significant (F(1, 6)¼ 42.29, po0001) phase shift
of their 20% alcohol-drinking pattern of 6 h toward the light
phase, and a significant (F(1, 6)¼ 15.65, p¼ 0.001) 4.5-fold
increase of the mean levels of intake (0.009 to 0.04 g/kg
in baseline and treatment conditions, respectively). In
contrast, the 20% alcohol intake of rats treated with
10 and 30 mg/kg PF-670462 was blunted.

Daily patterns of locomotor activity were affected by
alcohol exposure, as shown by the dampened amplitude
from the mean seen in vehicle-treated animals (Figure 3 and
Table 1b). The mean levels of locomotion were not
significantly reduced in PF-670462-treated rats as compared
with vehicle-treated rats (Table 1b and Supplementary
Figure S7). However, in both PF-670462 treatment groups,
the amplitude from the mean of the sinusoidal patterns of
locomotion was reduced by twofold during the treatment
phase. During the posttreatment days, the locomotor
activity rhythm of 30 mg/kg PF-670462-treated rats was
diminished and reversed (12 h phase shift) (Figure 3c and
Table 1b).

Changes in body weights were differentially affected by
the treatment (FGroup(2, 21)¼ 130.4; po0.0001). Vehicle-
treated rats showed a characteristic (see, eg, Vengeliene
et al, 2005, 2006, 2007) 1.3±0.2% body weight increase.
As compared with vehicle-treated rats, rats treated
with 30 mg/kg PF-670462 showed a slight but significant
decrease (post-hoc test: po0.0001) of their body weight
(�0.6±0.2%), whereas rats treated with 10 mg/kg showed a
significant (post-hoc test: po0.0001) body weight increase
(4±0.2%).

Figure 1 Total daily alcohol (a) and water (b) intake in vehicle- (n¼ 8),
10 mg/kg PF-670462- (n¼ 8), and 30 mg/kg PF-670462-treated (n¼ 8)
animal groups. (a) Total daily intake is presented as the sum of all alcohol
solution taken for a period of 24 h. Baseline drinking (b) is calculated as the
daily average intake across the last 6 measuring days. Alcohol intake was
significantly affected by the re-introduction of alcohol solutions following
the period of deprivation as compared with the baseline drinking intake
(FDay(6, 126)¼ 27.4, po0.0001). However, although the vehicle-treated
group showed a characteristic increase in alcohol consumption, the
pharmacological treatments with 10 or 30 mg/kg PF-670462 caused a
significant and dose-dependent (FGroup(2, 21)¼ 13.2, po0.001) reduction
in alcohol intake during the postabstinence drinking phase
(FDay�Group(12, 126)¼ 11.7, po0.0001). (b) After the deprivation phase,
daily water intake was affected in all groups as compared with baseline
drinking (FDay(6, 126)¼ 32.4, po0.0001). However, the treatment differ-
entially affected water intake (FDay�Group(12, 126)¼ 3.6, po0.001):
vehicle- and 10 mg/kg PF-670462-treated rats decreased their consump-
tion, whereas 30 mg/kg PF-670462-treated rats showed no change on the
first day. From the fifth postabstinent day on, all animals had similar water
consumption as in baseline conditions. Arrows indicate the administration
of either vehicle or PF-670462. Data are presented as means + SEM; +
and * indicate post-hoc significant difference (po0.05) from baseline
drinking and control vehicle group, respectively.
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Effects of CK1e/d Inhibition on Saccharin Consumption

During treatment, no significant changes were observed on
the daily preference for saccharin (Figure 4 and Supple-
mentary Figure S6). However, a significant decrease of

preference was observed in the 30 mg/kg PF-670462-treated
rats as compared with the vehicle-treated rats during the
posttreatment period. During this period, all 10 mg/kg
PF-670462-treated rats demonstrated a 100% preference for
the saccharin solution.

Figure 2 Curve fittings of daily rhythm alcohol drinking patterns under baseline conditions (a), during (b), and after (c) administration of vehicle and 10
and 30 mg/kg of PF-670462. Group-averaged total alcohol intake is presented as the sum of alcohol intake from all alcohol solutions taken every 30 min over
a light/dark cycle for the last 6 baseline days (a), the 2 first days of alcohol re-exposure (b), and the 4 following days (c). During treatment and following
reintroduction of the alcohol, alcohol intake significantly increased in vehicle-treated rats, especially during the light phase. During treatment with 10 and
30 mg/kg PF-670462, the shift in daytime drinking intake observed in vehicle-treated rats was less obvious and absent, respectively. Curve fits represent the
best equation fit of our data. Data are presented as means + SEM.
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Table 1 Custom Nonlinear Equations Parameters of the Regression Analysis Performed on Daily Patterns of Alcohol Drinking (a),
Locomotor Activity (b), and Saccharin Intake (c) in Vehicle- and CK1e/d Inhibitor-Treated Groups of Rats

a. Ethanol intake Amplitude from the mean (g/kg) Period (h) Phase shifts (h) Mean levels (g/kg)

Ethanol baseline

Vehicle 0.0374 23.64 0 0.0292

10 mg/kg PF-670462d 0.0316 23 0 0.0277

30 mg/kg PF-670462 0.0252 25.78 0 0.0294

Ethanol treatment

Vehicle 0.042 36.88### +5.28### 0.1102###

10 mg/kg PF-670462 0.0107 20.43**, # �3.6***, ## 0.0443***

30 mg/kg PF-670462 0.0085## 48**, ### 0*** 0.0111***

Ethanol after treatment

Vehicle 0.0243 23.7 �2.4## 0.0491

10 mg/kg PF-670462 0.0072# 36.12**, ### +5.76***, # 0.0268

30 mg/kg PF-670462 0.0032***, ### 26.25 +6.6## 0.0092***

b. Locomotor activity Amplitude from the mean (counts) Period (h) Phase shifts (h) Mean levels (counts)

Activity baseline

Vehicle 155 27.48 0 252

10 mg/kg PF-670462 143 26.53 0 270

30 mg/kg PF-670462 172 27.1 0 274

Activity treatment

Vehicle 100## 25 0 246

10 mg/kg PF-670462 53.5**, ### 21.63*, # 0 216#

30 mg/kg PF-670462 49**, ### 20.4** 0 259

Activity after treatment

Vehicle 115## 28.8 0 229

10 mg/kg PF-670462 98# 30# 0 239

30 mg/kg PF-670462 3***, ### 16.8*** +12***, # 199*, ###

c. Saccharin intake Amplitude from the mean (ml/kg) Period (h) Phase shifts (h) Mean levels (ml/kg)

Saccharin baseline

Vehicle 0.6325 23.5 0 0.9073

10 mg/kg PF-670462d 0.7495 23.8 0 0.9743

30 mg/kg PF-670462 1.0055 24.2 0 0.9657

Saccharin treatment

Vehicle 0.5176 24.1 +1.5 0.7012

10 mg/kg PF-670462 0.4502 23.6 1 0.8352

30 mg/kg PF-670462 0.4811 24 +12.5*** 0.8242

Saccharin after treatment

Vehicle 0.2877 24.1 2 0.7068

10 mg/kg PF-670462 0.5478 24.3 1 0.9299

30 mg/kg PF-670462 0.5697 24.2 +12*** 0.3359***

Significant differences from baseline conditions (#, ##, ###) and particular control vehicle measurements (*, **, ***) for each treated group are respectively indicating
po0.01, po0.001, and po0.0001.
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As compared with vehicle treatment, the 30 mg/kg PF-
670462 treatment induced a significant 12.5 h phase shift in
the rhythmic pattern of saccharin intake without affecting

the mean levels or amplitude of intake (Figure 5b, Table 1c,
and Supplementary Table S4 and S5). During posttreatment
days, significantly lower mean levels of saccharin intake

Figure 3 Curve fittings of daily rhythm locomotor activity patterns under baseline conditions (a), during (b), and after (c) treatment administration in
vehicle- and 10 and 30 mg/kg PF-670462-treated animal groups. Group-averaged locomotor activity taken every 30 min over a light/dark cycle for the last 6
baseline days (a), the 2 first days of alcohol re-exposure (b), and the 4 following days (c). Curve fits represent the best equation fit of our data. Data are
presented as means + SEM.
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were also observed in 30 mg/kg PF-670462-treated rats
(Figure 5c and Table 1c). In contrast, 10 mg/kg PF-670462-
treated rats did not show a significant difference in
saccharin consumption as compared with vehicle-treated
rats (Figure 5c and Table 1c).

As shown in Supplementary Figure S8, the amount
of food consumed during the treatment was differentially
affected by the treatment (FDay�Group(12, 102)¼ 13.2,
po0.0001). Although 30 mg/kg PF-670462 administration
significantly decreased food intake, no significant changes
were observed upon 10 mg/kg PF-670462 administration.
In contrast, PF-670462 did not significantly affect body
weight (F(2, 17)¼ 0.26, p¼ 0.77) at either dose (0.4±0.2%,
0.5±0.4%, and 0.1±0.6% for the vehicle- and 10-, and
30 mg/kg PF-670462-treated rats, respectively).

DISCUSSION

Our results suggest that in long-term alcohol-drinking rats,
inhibition of CK1e/d activity prevents relapse-like drinking.
This effect was maintained for several days following the
treatment period in a dose-dependent manner. Other
physiological functions that are under circadian control,
such as locomotor activity and water intake, were also
influenced by CK1e/d inhibition. During the posttreatment
interval, the highest dose of PF-670462 (30 mg/kg) blunted
the diurnal rhythm of these parameters. This observation
was confirmed in the saccharin experiment, in which the
highest dose of PF-670462 reversed the rhythm of intake of
saccharin (without affecting the total intake) during the
administration period, and disturbed the diurnal rhythm
of saccharin intake and reduced preference to saccharin in
the posttreatment interval. This inhibitory posttreatment
effect was not seen with the lower dose of the compound

(10 mg/kg PF-670462). In contrast, during the alcohol
deprivation effect, alcohol-drinking patterns and intake
were strongly influenced by both doses of PF-670462. In
conclusion, CK1e/d inhibition dose-dependently reduced
relapse-like drinking behavior. Physiological effects under
circadian control, such as locomotion and water intake,
were also influenced by CK1e/d inhibition, which interferes
with the master-clock machinery. These effects were more
pronounced in the posttreatment phase and parallel our
observations with saccharin intake. Hence, our data show
that CK1e/d inhibition reduces alcohol drinking during a
relapse condition, an effect likely distinct from its modula-
tion of physiological functions.

The relationship between circadian rhythms/clock genes
and mental illnesses such as depression and drug addiction
has been emphasized for the last decade (Perreau-Lenz et al,
2007; Rosenwasser, 2010). Under alcohol withdrawal,
for instance, alcoholic patients show a circadian rhythm
impairment of several physiological functions, such as sleep
(Imatoh et al, 1986) and melatonin release (Danel et al,
2009). In rodents, both long-term alcohol intake (Seggio
et al, 2009; Rosenwasser et al, 2005b) and alcohol with-
drawal (Rosenwasser et al, 2005a; Ruby et al, 2009) have
been shown to affect circadian rhythms of locomotor
activity. During baseline drinking, our regression analysis
revealed, however, a clear daily pattern of drinking and
locomotor activity following long-term voluntary alcohol
consumption. As opposed to the circadian studies men-
tioned above, our experiments were conducted under
12 h:12 h light/dark conditions, which might mask any
potential disturbance in circadian activity.

During postabstinence days, the diurnal rhythm of
alcohol drinking was impaired in vehicle-treated rats, as
characterized by a dampened rhythmic pattern with high
intake levels and a shift of alcohol consumption toward
light phase, largely because of a particularly high intake of
the 20% solution during the light phase. These data are in
agreement with previous data suggesting that compulsive
drinking behavior occurring in long-term alcohol-experi-
enced rats following a deprivation period circumvents
circadian drinking activity (Spanagel and Hölter, 1999;
Vengeliene et al, 2009; Vengeliene et al, 2012).

In the CK1e/d inhibitor-treated rats, the daily drinking
rhythm of alcohol intake was altered not only during the
administration of the treatment, but also during subsequent
days, indicating a long-lasting effect. In addition, the
administration of PF-670462 differentially altered the
diurnal patterns of locomotor activity and alcohol intake.
As shown in Table 1a and b, during the treatment period the
administration of the higher dose of PF-670462 strongly
affected the period of the alcohol intake rhythm (48 h)
without significantly affecting the period of the locomotor
activity rhythm (20.4 h). During posttreatment days, 30 mg/
kg PF-670462-treated rats showed a reversed, moderate, and
constant locomotor activity throughout the light/dark cycle
and a blunted rhythm of alcohol intake with a 6.6 h phase
shift. These data may indicate desynchronization of both
rhythmic functions. The effects of the CK1e/d inhi-
bitor treatment on locomotor activity rhythms observed in
the present study are consistent with previous studies
(Etchegaray et al, 2009, 2010; Meng et al, 2010; Walton et al,
2009). The lower dose of PF-670462 (10 mg/kg) induced a

Figure 4 Daily saccharin preference in vehicle (n¼ 8), 10 mg/kg PF-
670462 (n¼ 7), and 30 mg/kg PF-670462 (n¼ 5) groups. Group-averaged
daily preference taken for a period of 24 h averaged for the last 6 baseline
days, the 2 last days of the treatment, and 4 last following days. The
treatment differentially affected preference for the saccharin solution
(FDay�Group(12, 102)¼ 4.7, po0.0001). During the posttreatment phase,
30 mg/kg PF-670462-treated rats showed decreased preference for
saccharin as compared with vehicle-treated rats, as revealed by the
significant post-hoc tests (po0.05) for the days after treatment. Arrows
indicate the administration of either vehicle or PF-670462. Data are
presented as means + SEM. *Significant differences from the control vehicle
group, po0.05.
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Figure 5 Curve fittings of daily rhythm saccharin intake patterns under baseline conditions (a), during (b), and after (c) treatment administration in vehicle,
10 mg/kg PF-670462, and 30 mg/kg PF-670462 groups. Group-averaged total saccharin intake taken every 30 min over a light/dark cycle for the last 6
baseline days (a), the 2 last days of the treatment (b), and the 4 following days (c). A clear daily rhythm in saccharin intake was measured during baseline
conditions, with most intakes occurring during the night. Upon 30 mg/kg PF-670462 treatment, the rhythmic pattern of saccharin intake shifted toward
daytime as compared with vehicle-treated rats. Curve fits represent the best equation fit of our data. Data are presented as means + SEM.
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much lower disturbance of diurnal locomotor activity than
the higher dose but still had a strong and long-lasting effect
on the reduction of the alcohol deprivation effect.

The present results implicate CK1e/d activity in the
pathways leading to alcohol relapse-like drinking. Recent
evidences indicate a role for CK1e/d activity in the stimulant
effects of methamphetamine (Bryant et al, 2009), showing
that both peripheral and intranucleus accumbens adminis-
tration of PF-670462 diminished the locomotor stimulant
effect induced by methamphetamine. The authors suggested
that this effect might be mediated through the phosphory-
lating action on Dopamine- and cyclic AMP-regulated
phosphoprotein-32 (DARPP-32), which has been shown to
modulate the effect of various drugs of abuse (Svenningsson
et al, 2005). CK1 kinases phosphorylate DARPP-32 (CK1
kinase site Ser130), leading to an inhibition of protein
phosphatase I and subsequent phosphorylation of various
targets. These posttranslational modifications could lead to
synaptic plasticity within the dopaminergic system (Nakano
et al, 2010). Interestingly, Ser130A-DARPP-32 mutant mice
self-administer more cocaine than their respective wild-type
controls (Zhang et al, 2006), suggesting an inhibitory role of
CK1 on cocaine self-administration. Regarding alcohol,
DARPP-32 has also been shown to play a role in alcohol
self-administration and preference (Risinger et al, 2001; see
for review Spanagel, 2009). Furthermore, alcohol-induced
changes in NMDA receptors observed in D1-receptive
neurons are absent in DARPP-32 knockout mutant mice
(Maldve et al, 2002). However, direct evidence for an
interaction of DARPP-32 and CK1e/d inhibition with respect
to relapse-like alcohol drinking has yet to be identified.

Per2Brdm1 mutant mice, which have increased levels of
glutamate in the nucleus accumbens, show increased
alcohol consumption when compared with their control
littermates, suggesting that PER2 may inhibit alcohol self-
administration through its action on the glutamatergic
system (Spanagel et al, 2005). The inhibition of CK1d
activity increases the nuclear presence of PER2 protein
(Meng et al, 2008). Thus, upon CK1e/d inhibition, an
increased stabilization of the PER2 protein may lead to an
increase of this inhibitory effect on alcohol self-adminis-
tration. Considering the inhibitory role of PER2 in excessive
alcohol consumption and the involvement of CK1e/d in
PER2 destabilization, we propose that the effects observed
following inhibition of CK1e/d activity on relapse-like
alcohol drinking are mediated via its effect on PER2 activity
within the mesocorticolimbic system. Follow-up studies
determining the effect of site-specific depletion of kinases
Csnk1e or Csnk1d on clock gene expression within brain
areas involved in reward sensitivity are necessary to provide
evidence for these potential mechanisms of action.

In conclusion, our data implicate CK1e/d in alcohol
relapse-like drinking. CK1e/d inhibition with PF-670462
decreased the alcohol deprivation effect dose-dependently
by preventing the compulsive daytime intake of alcohol
(especially the 20% alcohol solution) observed in control
rats, and prevented alcohol intake during the days following
the treatment. Furthermore, CK1e/d inhibition influenced
the daily rhythms of locomotor activity, water intake, and
saccharin intake. Although at a higher dose PF-670462
decreased saccharin preference in the posttreatment phase,
impairment of saccharin intake was not seen with the lower

dose of the compound. These results suggest a specific action
of CK1e/d inhibition on alcohol intake during treatment.
CK1 inhibitors may therefore be promising candidates for
further drug treatment development for alcoholism.
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