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Brain and Muscle Arnt-like Protein 1 (BMAL1) is an essential component of the molecular clock underlying
circadian rhythmicity. Its function has been recently associated with mood and reward processing alterations. We
investigated the behavioural and neurobiological impact of Bmal1 gene deletion in mice, and how this could
affect rewarding effects of cocaine. Additionally, key clock genes and components of the dopamine system were
assessed in several brain areas. Our results evidence behavioural alterations in Bmal1-KO mice, including changes
in locomotor activity with impaired habituation to environments, short-term memory and social recognition
impairments. In addition, Bmal1-KO mice experienced reduced cocaine-induced sensitisation and rewarding
effects of cocaine as well as reduced cocaine-seeking behaviour. Furthermore, Bmal1 deletion influenced the
expression of other clock-related genes in the mPFC and striatum, as well as alterations in the expression of
dopaminergic elements. Overall, the present article offers a novel and extensive characterisation of Bmal1-KO
animals. We suggest that reduced cocaine’s rewarding effects in these mutant mice might be related to Bmal1 role
as an expression regulator of MAO and TH, two essential enzymes involved in dopamine metabolism.

1. Introduction
Circadian rhythms are endogenous oscillations lasting around 24 h
that synchronise physiology and metabolism with the external lightdark cycle. The suprachiasmatic nucleus (SCN) and the numerous pe
ripheral clocks distributed throughout the different tissues represent the
core circadian machinery [1,2]. In this sense, the so-called clock genes
maintain feedback loops that regulate the rhythmicity of biological
processes.
In mammalian cells, brain and muscle ARNT-like protein 1 (Bmal1)
heterodimerises with circadian locomotor output cycles kaput (CLOCK)
and drives the transcription of the gene families period (Per) and

cryptochrome (Cry). PER-CRY protein complexes translocate into the
nucleus and accumulate over time to repress their expression sup
pressing CLOCK-BMAL1 activity. The subsequent degradation of PER
and CRY proteins reinitiates the cycle [3–5]. Additionally, proteins
including nuclear receptors RORα and REV-ERB also activate and sup
press Bmal1 transcription, respectively, conferring additional stabilisa
tion to this molecular system [6,7].
Unlike most clock genes [8], Bmal1 is a non-redundant component of
the circadian pacemaker and Bmal1 knockout (KO) is the only
single-gene deletion that profoundly impairs circadian rhythmicity [9].
Constitutive Bmal1-KO mice display reduced lifespan and early ageing
phenotype, which is related to increased reactive oxygen species level
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[10]. Moreover, these mice also present reduced body weight and
abnormal locomotor activity [11,12].
Disruption of circadian rhythmicity is associated with the develop
ment of psychiatric disorders [13]. Data suggest a solid bidirectional
relationship between circadian machinery and motivation processing
[14–17]. While sleep disturbances are reported by drug users [18],
impairments in circadian rhythms impact motivational function and
could lead to drug addiction [15,17,19]. The fact that dopaminergic
activity displays circadian rhythmicity evidence the tight interplay be
tween these systems [20,21]. Mainly, dopamine synthesis and degra
dation are under circadian control [22]. REV-ERBα represses tyrosine
hydroxylase (TH) promoter [23], while Bmal1 directly regulates murine
monoamine oxidase A (MAO-A) transcription [24]. Moreover, dopamine
receptors 2 (D2R) and 3 (D3R) exhibit diurnal rhythm-dependent vari
ations [25], the latter being regulated by RORα and REV-ERB in the
ventral striatum (STR) [26].
Preclinical studies have evidenced that cocaine exposure alters clock
genes [27–29]. However, whether disruption of circadian rhythms can
influence subsequent cocaine-related responses has not yet been fully
addressed. Mice lacking a functional Clock gene display increased
cocaine reward as per the conditioned place preference (CPP) paradigm
[30]. Similarly, deletion of the circadian transcription factor neuronal
PAS domain protein 2 (NPAS2) increases cocaine self-administration
(SA) [31]. Nevertheless, the consequences of the absence of Bmal1 in
cocaine responses is yet to be addressed. In this context, this work aimed
to characterise the role of Bmal1-KO in the rewarding and reinforcing
effects of cocaine and the molecular alterations linked to this process.
Moreover, we investigated the Bmal1-KO behavioural phenotype
addressing the potential cognitive dysfunctions related to this mutation.

2.4. Body weight
We weight mice during six specific postnatal days (PD21, PD28,
PD35, PD42, PD49 and PD56) at one specific hour each day (ZT2).
2.5. Y-maze
The spatial working memory of mice was assessed as previously re
ported [33]. The percentage of alternation was calculated. Two inde
pendent experiments were performed (ZT2 and ZT14). For detailed
description see Supplementary methods.
2.6. Novel object recognition (NOR)
The novel object recognition (NOR) task was performed to evaluate
short- and long-term memory function (3 and 24 h respectively), as
previously described [34]. All sessions were videotaped for subsequent
analyses. We assessed videos with the software BORIS [35]. Two inde
pendent experiments were performed (ZT2 and ZT14).
2.7. Social interaction test

2. Materials and methods

The test was conducted as previously reported [33,36]. Briefly, the
test consisted of three 10-minute phases: habituation, sociability, and
social novelty. For sociability, tested mice were introduced to an unfa
miliar animal (novel 1) trapped inside one of the holders in one of the
chambers. Later, a second intruder mouse (novel 2) was placed in the
second empty holder. Time spent in each compartment throughout the
sessions was measured. Then, sociability and social novelty scores were
calculated. Two independent experiments were performed (ZT2 and
ZT14).

2.1. Animals

2.8. Cocaine-induced behavioural sensitisation

Heterozygous C57BL/6, (Bmal1(+/-)) animals were kindly donated
by Stem Cells and Cancer Lab at the IRB (Barcelona) and received at our
animal facility, UBIOMEX, PRBB. Animals were placed in pairs in
standard cages in a temperature- (21 ± 1ºC) and humidity- (55% ±
10%) controlled room subjected to a 12 h light/dark cycle (light on 7:30
am and 7:30 pm), and ad libitum access to food and water. Said animals
were used as breeders. Offspring were weaned at postnatal day 21 and
housed in groups by sex. After weaning, genotypes were determined;
homozygous (Bmal1(-/-)), heterozygous (Bmal1 (+/-)) or WT (Bmal1
(+/+)). For evaluation of the consequences of Bmal1 absence, we
develop the behavioural and molecular experiments in different circa
dian time point. Please note that zeitgeber time (ZT) was defined as ZT0
with light on and ZT12 represents light off. All experiments were carried
out in accordance with the guidelines of the European Communities
Directive 88/609/EEC regulating animal research. Procedures were
approved by the local ethical committee (CEEA-PRBB) and every effort
was made to minimise animal suffering and discomfort and the number
of animals used.

The procedure consisted of three phases: habituation, acquisition,
and challenge [37]. In the habituation phase, mice were placed indi
vidually into actimetry boxes (24 ×24 ×24 cm; LE881 IR, Panlab s.l.u.,
Barcelona, Spain) for 30 min. For the following five days (acquisition
phase), mice were treated daily with cocaine (7.5 or 10 mg/kg, i.p.) or
saline and placed into the actimetry boxes. Spontaneous locomotor ac
tivity was recorded for 30 min. A cocaine challenge (7.5 or 10 mg/kg,
30 min) was administered seven days after the last day of the acquisition
phase (also to the saline group). Then, Δ scores were calculated. The
experiment was performed at ZT2.
2.9. Cocaine-induced conditioned place preference (CPP)
The CPP was performed as previously reported [33,38]. We used two
cocaine doses: 5 mg/kg and 7.5 mg/kg. The CPP score for each animal
was then calculated. The experiment was performed at ZT2. For detailed
description see Supplementary methods.
2.10. Cocaine self-administration (SA)

2.2. Drugs

The cocaine SA paradigm was conducted as previously described
[39–41]. Nosepoking into the active hole resulted in a cocaine infusion
(0.75 mg/kg/infusion) and nosepoking into the inactive hole had no
consequences. The experiment was performed at ZT14. For detailed
description see Supplementary methods.

Cocaine was purchased from Alcatel (Madrid, Spain) and was dis
solved in sterile physiological saline (0.9%).
2.3. Spontaneous locomotor activity
We used an automatised box to record spontaneous locomotor ac
tivity (LE881 IR, Panlab s.l.u., Barcelona, Spain), as previously described
[32]. For 30 min, mice explored the environment, while two types of
movements were registered: ambulations (horizontal), and rearings
(vertical). Data were collected in intervals of 5 min. Two independent
experiments were performed (ZT2 and ZT14).

2.11. rt-qPCR
Total RNA extraction from medial prefrontal cortex (mPFC) and STR
samples was conducted using the trizol method as previously described
[40,42]. For the qPCR, we used 20 ng of sample to evaluate the
expression of Clock, Per2, D2R and GAPDH as a housekeeping gene.
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Samples were collected from the WT and Bmal1-KO mice at ZT2 and
ZT14. The ΔΔCt was calculated. For detailed description see Supple
mentary methods.

during sensitisation and cocaine injection during challenge). Protein
expression signals were normalised to the housekeeping control protein
in the same samples and expressed in terms of fold-change with respect
to control values. Samples were obtained at ZT3. For detailed descrip
tion see Supplementary methods.

2.12. Western blot (WB)
WBs were performed as described previously [40,41,43]. We eval
uated the consequences of Bmal1-KO and cocaine administration on the
protein expression of GluA1, GluA2, MAO-A, MAO-B, DAT and TH (in
the case of STR) in the mPFC and STR. For this, the tissues of animals
that underwent the 7.5 mg/kg sensitisation were collected after the
cocaine challenge. Hence, three treatment conditions were evaluated:
basal condition (naïve mice), acute condition (saline during sensitisation
and cocaine injection during challenge), and chronic condition (cocaine

2.13. Statistical analysis
Data were analysed for conditions of normality (Kolmogorov-Smir
nov’s test), sphericity (Mauchly’s test) and homoscedasticity (Levene’s
test). We analysed the weight results using a three-way ANOVA (days,
sex and genotype). As per the NOR, Y-maze, qPCR and WB, results were
analysed using two-tailed unpaired Student’s t-tests. Furthermore, a
two-way ANOVA was used to analyse results from the locomotor activity

Fig. 1. Effects of Bmal1 gene deletion on locomotor activity, body weight, and memory tasks. Mean of spontaneous locomotor activity (A-D) during ZT2 (WT-mice
n = 19 and Bmal1-KO-mice n = 15) and ZT14 (WT-mice n = 22 and Bmal1-KO-mice n = 19). Genotype main effect (*p < 0.05) and time × genotype interaction of the
ANOVA (***p < 0.001). Mean of body weight (E) in male- and female mice in different postnatal days (WT-males n = 10; Bmal1-KO-males n = 8; WT-females
n = 10; Bmal1-KO-females n = 5). Genotype × days interaction of the ANOVA (++ p < 0.01), days × sex interaction of the ANOVA (# p < 0.05). Mean of the
percentage of alternation during the Y-maze (F) in the ZT2 (WT-mice n = 19 and Bmal1-KO-mice n = 15) and ZT14 (WT-mice n = 22 and Bmal1-KO-mice n = 19).
Percentage of discrimination in the NOR test (G) after 3 h and 24 h (WT-mice n = 19 and Bmal1-KO-mice n = 15 at ZT2; WT-mice n = 22 and Bmal1-KO-mice n = 19
at ZT14) (*p < 0.05). Bonferroni post-hoc comparison of the ANOVA. Data are expressed as mean ± SEM. Experiments performed at ZT14 are shaded in the figure.
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(time and genotype), sensitisation (compartment and genotype) and CPP
(treatment and genotype). For the cocaine-SA, we analysed the infusions
through a two-way ANOVA (days and genotype) and a three-way ANOVA
for the nosepokes (days, hole, and genotype). Lastly, for the sensitisation,
the acquisition phase was analysed with a three-way ANOVA (days,
treatment, and genotype) and the challenge, with a two-way ANOVA
(treatment and genotype). When appropriate, repeated measures analyses
were applied. If F achieved p < 0.05, the ANOVA followed a Bonferroni
post-hoc test if the main effect and/or interaction were observed. All
possible post-hoc comparisons were evaluated. Statistical analyses were
performed using SPSS Statistics v23. Data are expressed as mean ± SEM
and a value of p < 0.05 was considered significant.

ZT2) (t31 = 0.4364, ns). No significant differences were found at ZT14.
3.5. Bmal1-KO mice have reduced social novelty recognition at ZT2
Regarding social behaviour at ZT2, a two-way ANOVA analysis
showed normal sociability (compartment effect; F2, 96 =174.5,
p < 0.001) (Fig. 2A), since both groups spent more time in the chamber
containing the intruder mouse compared to the two empty chambers.
The analysis of the social novelty recognition showed a compartment
effect (F2, 96 =57.06, p < 0.001) and the compartment × genotype inter
action (F2, 96 =7.325, p < 0.001) (Fig. 2B). Post-hoc comparisons for the
interaction revealed that Bmal1-KO did not discriminate between novel
1 and novel 2 mice, while the WT mice did (p < 0.001). No significant
differences were found in sociability or social novelty recognition at
ZT14.

3. Results
3.1. Bmal1-KO animals show higher locomotor activity than WT mice
during ZT14

3.6. WT mice experience changes in D2R expression throughout the cycle
in the mPFC, but these are lost in Bmal1-KO

We measured locomotor activity in WT and Bmal1-KO mice during
ZT2 and ZT14 for 30 min. For the horizontal activity (light phase)
(Fig. 1A), a two-way ANOVA showed a time main effect (F2.73, 87.4
=12.4, p < 0.001) and the interaction genotype × time (F5, 160 =4.52, p <
0.001). The Bonferroni post-hoc test showed increased activity counts in
the Bmal1-KO group at minute 25 compared to WT mice (p < 0.05). Time
main effect (F3.76, 147 =24.3, p < 0.001) and the genotype × time inter
action (F5, 195 =4.68, p < 0.001) were found during ZT14, but no dif
ferences were found between experimental groups. Additional analysis
(Student’s t-tests) of the collapsed values accumulated throughout the
session showed no differences in horizontal locomotion between
experimental groups (Fig. 1B). For the vertical activity (ZT2) (Fig. 1C),
the two-way ANOVA showed time- (F3.33, 106.7 =11.36, p < 0.001) and
genotype- (F1, 32 =7.022, p < 0.05) main effects, suggesting elevated
vertical movements in the Bmal1-KO group. For the ZT14, the two-way
ANOVA showed a time main effect (F3.703, 148.1 =20.60, p < 0.001).
Lastly, the Student’s t-tests of the accumulated vertical values confirmed
increased vertical locomotion in the Bmal1-KO mice during the light
phase (t32 =1.108, p < 0.05) (Fig. 1D).

Expression levels of Per2, D2R, and Clock mRNA at ZT2 and ZT14 in
the mPFC were examined (Fig. 2C-E). The Student’s T-tests showed
elevation of D2R (t9 =3.488, p < 0.01) (Fig. 2D) and Clock (t13 =3.759,
p < 0.01) (Fig. 2E) in the WT group, whereas these circadian rhythms
were completely lost in Bmal1-KO mice.
3.7. WT and Bmal1-KO mice showed increased Per2 mRNA expression in
the STR at ZT14
We determined the levels of Per2, D2R, and Clock mRNA in the STR
(Fig. 2F-H) at ZT2 and ZT14. The Student’s t-tests yielded robust Per2
rhythmicity in the WT (t15 =7.118, p < 0.001) (Fig. 2F) and Bmal1-KO
mice (t16 =3.358, p < 0.01) (Fig. 2F).
3.8. Cocaine-induced behavioural sensitisation in WT and Bmal1-KO
mice is similar at 7.5 mg/kg dose
The three-way ANOVA for the 7.5 mg/kg dose (Fig. 3A) showed an
effect of day (F4, 200 =8.679, p < 0.001), treatment (F1, 50 =80.878,
p < 0.001) and days × treatment interaction (F4, 200 =5.791, p < 0.001).
The post-hoc analysis for the interaction showed that cocaine-induced
hyperlocomotion every day (p < 0.001, in all cases) and higher loco
motion on day 5 compared to days 1, 2 and 3 (p < 0.05, in all cases). The
two-way ANOVA for the challenge (Fig. 3B) showed a cocaine treatment
effect (F1, 50 =12.54, p < 0.001). Additionally, we compared the results
of day 1, day 5 and challenge (Fig. 3C) with a two-way ANOVA. The
analysis showed effect of days (F2, 100 =40.933, p < 0.001), treatment
(F1, 50 =66.817, p < 0.001) and the days × treatment interaction (F2, 100
=7.585, p < 0.001). Post-hoc comparisons for the interaction showed
hyperlocomotion in cocaine-treated animals on all days (p < 0.001, in
all cases), higher locomotion on day 5 compared to day 1 (p < 0.001),
and increased hyperlocomotion on challenge day compared to day 1
(p < 0.001). Experiment was carried out at ZT2.

3.2. Bmal1-KO adult mice present unaltered body weight in adulthood
Animals were weighed during six specific postnatal days (PD21,
PD28, PD35, PD42, PD49 and PD56) to determine the influence of
Bmal1-KO and sex on body weight (measured at ZT2) (Fig. 1E). The
three-way ANOVA yielded the main effects days (F5, 145 =923.31,
p < 0.001), genotype (F1, 29 =12.55, p < 0.001) and sex (F1,29 =36.04,
p < 0.001). Also, we found the interactions: days × genotype (F5, 145
=11.98, p < 0.001) and the days × sex (F5, 145 =19.22, p < 0.001). The
post-hoc analysis for the days × genotype revealed that Bmal1-KO mice
weighed less than WT animals only during the four first measurements
(PD21, PD28, PD35 and PD42) (p < 0.01, in all the cases). The days
× sex interaction showed that, as expected, male mice weighed more
than females all the days (p < 0.05).
3.3. Bmal1-KO mice showed normal working memory function

3.9. Bmal1-KO mice show reduced cocaine-induced sensitisation at a dose
of 10 mg/kg

We performed the Y maze (Fig. 1F) to evaluate working memory at
ZT2 and ZT14. No significant differences were identified in either ZT (t24
=1.476, ns and t39 =1.359, ns, respectively).

The three-way ANOVA revealed a treatment effect (F1, 58 =142.477,
p < 0.001) and days × genotype interaction (F4, 232 =3.579, p < 0.01)
(Fig. 3D). The Bonferroni’s test for the interaction showed that cocaineinduced higher locomotor activity on day 5 compared to day 1 only in
WT (p < 0.05) while KO animals showed no differences in locomotion
along the days. Additionally, the post-hoc test yielded a higher cocaineinduced hyperlocomotion in WT mice on day 5 than KO (p < 0.05). The
two-way ANOVA for the challenge (Fig. 3E) showed a cocaine treatment
effect (F1, 58 =18.80, p < 0.001).
The two-way ANOVA for results obtained on day 1, day 5 and

3.4. Bmal1-KO animals exhibit short-term memory impairment at ZT2
We performed two measurements for the NOR (Fig. 1G) to evaluate
both short- and long-term memory (3 h and 24 h, respectively). The
Student’s t-test for the results after 3 h (after ZT2) revealed that Bmal1KO mice showed reduced ability to discriminate between objects (t31
=2.227, p < 0.05), but yielded no significant differences at 24 h (after
4

A. Castro-Zavala et al.

Biomedicine & Pharmacotherapy 153 (2022) 113333

Fig. 2. Changes in sociability, social novelty and genes related to circadian rhythms (Per2, D2R and Clock) on Bmal1-KO mice. Time spent in the different com
partments at ZT2 (WT-mice n = 19 and Bmal1-KO-mice n = 15) and at ZT14 (WT-mice n = 21 and Bmal1-KO-mice n = 19). Compartment main effect of the ANOVA
(**p < 0.01; ***p < 0.001) and genotype × compartment interaction of the ANOVA (#p < 0.05). Bonferroni post-hoc comparison for the ANOVA. Mean fold change
relative to the ZT2 in each group (C) Per2, (D) D2R and (E) Clock in the mPFC (**p < 0.01, Student’s T-test). Mean fold change relative to the ZT2 in each group (F)
Per2, (G) D2R and (H) Clock in the STR (**p < 0.01, ***p < 0.001, T-test). n = 5–15/group, run in duplicate. Data are expressed as mean ± SEM. Experiments
performed at ZT14 are shaded in the figure.

challenge (Fig. 3F) revealed an effect of days (F2, 116 =53.283,
p < 0.001), treatment (F1, 58 =86.219, p < 0.001) and the days
× treatment interaction (F2, 116 =14.698, p < 0.001). The Bonferroni’s
test for the interaction showed higher locomotion in cocaine-treated
animals every day (p < 0.001, in all cases), and increased locomotor
activity during challenge compared to day 1 (p < 0.05) and 5
(p < 0.05). Experiment was carried out at ZT2.

3.11. Bmal1-KO mice display reduced cocaine-seeking behaviour in the
self-administration paradigm
WT and Bmal1-KO mice were trained to self-administer 0.75 mg/kg/
inf cocaine for ten days under a fixed ratio (FR) 1 reinforcement schedule
at ZT14. Afterwards, animals underwent FR3 for five days (ZT14).
The two-way ANOVA for infusions in the FR1 (Fig. 3I) revealed a day
effect (F9, 126 =2.700, p < 0.01), meaning that animals increased the
number of infusions throughout the days. The two-way ANOVA for the
FR3 (Fig. 3I) revealed a day × genotype interaction (F4, 56 =3.097,
p < 0.05). Bonferroni’s test showed a higher number of infusions made
by WT on days 14 and 15 (p < 0.05, in all cases).
The three-way ANOVA for nosepokes during FR1 (Fig. 3J) indicated
a hole effect (F1, 14 =29.412, p < 0.001) and the day × hole interaction
(F9, 126 =2.203, p < 0.05). Post-hoc comparisons confirmed that animals
discriminated between the active and the inactive holes from day one
until the end of the FR1 phase. The three-way ANOVA for the FR3
(Fig. 3J) yielded a hole effect (F1, 14 =36.663, p < 0.001), the day
× genotype interaction (F4, 56 =4.178, p < 0.01) and the day × genotype
× hole interaction (F4, 56 =2.526, p < 0.05). The post-hoc test for the
triple interaction yielded that WT performed more active nosepokes

3.10. Bmal1-KO mice exhibit reduced rewarding effects of cocaine at low
doses (5 mg/kg)
We evaluated the cocaine CPP at two doses: 5 mg/kg (Figs. 3G) and
7.5 mg/kg (Fig. 3H) at ZT2. The two-way ANOVA for the 5 mg/kg dose
showed a significant effect of treatment (F1, 66 =16.15, p < 0.01), geno
type (F1, 66 =20.93, p < 0.01), and interaction between these factors (F1,
66 =4.755, p < 0.05). The Bonferroni’s test revealed that WT animals
showed increased preference toward the cocaine-paired compartment
(p < 0.001) while KO mice did not develop cocaine CPP. The two-way
ANOVA for 7.5 mg/kg revealed a treatment effect (F1, 62 =47.12,
p < 0.001), meaning that both groups increased the time spent in the
cocaine-paired compartment similarly.
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Fig. 3. Bmal1-KO induced alterations in the rewarding effects of cocaine in different paradigms. Sensitisation. Locomotor activity (n = 10–18/group) during
behavioural sensitisation sessions (A,D; 7.5 and 10 mg/kg, respectively), after the cocaine challenge (B,E; 7.5 and 10 mg/kg, respectively) and the results of day 1,
day 5 and the challenge day (C,F; 7.5 and 10 mg/kg, respectively). Sensitisation 7.5 mg/kg. (A) Treatment effect (@@@p < 0.001), days × treatment (cocaine vs saline,
+++p < 0.001; difference from day 5, #p < 0.05). (B) Treatment effect (@@@p < 0.001). (C) Treatment effect (@@@p < 0.001), days × treatment (cocaine vs saline,
+++p < 0.001; difference from day 5, ###p < 0.001; day 1 vs. challenge, ***p < 0.001). Sensitisation 10 mg/kg. (D) Treatment effect (@@@p < 0.001), days
× genotype (day 5 vs. day 1 on WT-mice, +p < 0.05; WT vs KO, #p < 0.05). (E) Treatment effect (@@@p < 0.001). (F) Treatment effect (@@@p < 0.001), days
× treatment (cocaine vs saline, +++p < 0.001; day 1 vs. challenge, *p < 0.05; day 5 vs. challenge, #p < 0.05). Cocaine-induced conditioned place preference. CPP is
expressed as differences of time spent in the saline/cocaine-paired compartment between the test day and the pre-test day at (G) 5 mg/kg and (H) 7.5 mg/kg of
cocaine. Treatment (@@@p < 0.001) and genotype (***<0.001) main effect and treatment × genotype interaction of the ANOVA (✓✓✓ p < 0.001) (n = 12–23/group).
Cocaine self-administration. Mean of (I) infusions during the FR1 and FR3 and mean of (J) nosepokes on the FR1 and along the 10-day of self-administration (WT-mice
n = 9, Bmal1-KO-mice n = 7). Days × genotype (+, p < 0.05), days × hole (◆, p < 0.05) and days × genotype × hole (*p < 0.05). Bonferroni post-hoc comparison for
the ANOVA. Data are expressed as mean ± SEM. Experiments performed at ZT14 are shaded in the figure.

than KO on days 14 and 15 (p < 0.05, in all cases). Additionally, the
post-hoc test indicated that both groups discriminated between holes
from the beginning until the end of the FR3 cocaine-self-administration
(p < 0.05, in all cases).

ZT2, we reported impaired NOR after 3 h (Fig. 1G) and failed capacity to
discern between the familiar and novel mouse during the social novelty
test (Fig. 2B). Bmal1-KO accelerates ageing, and this biological process
accompanies memory decline. Indeed, Kondratova et al. (2010)
described alterations in short-term memory in Bmal1-KO mice [45], and
a forebrain-specific Bmal1-KO showed deficient acquisition in Barnes
maze and novel object location memory [46]. Then, our results are in
line with memory decline and reduced ability to form new short-time
memories observed in previous studies.
Concerning cocaine results, when we used a dose of 7.5 mg/kg for
the cocaine-induced sensitisation at ZT2, both WT and Bmal1-KO mice
showed locomotor sensitisation to the drug (Fig. 3A and C). Neverthe
less, when a higher dose was administered (10 mg/kg), Bmal1-KO
cocaine-induced sensitisation at ZT2 was impaired (Fig. 3D and F). In
fact, they showed reduced locomotor activity on day 5 compared to WT
mice (Fig. 3D). Additionally, WT mice displayed a higher locomotor
sensitisation than the mutant group independently of the dose (Fig. 3AF). The initiation of cocaine sensitisation involves alterations in dopa
mine transmission in the ventral tegmental area, STR and mPFC [47].
Dopamine biosynthesis is negatively regulated by circadian nuclear re
ceptor REV-ERBα [23] and CLOCK [17,30] through transcriptional
regulation of TH (the rate-limiting enzyme in dopamine synthesis).
Rev-erbα expression is controlled by binding lock proteins complex
(BMAL1:CLOCK or BMAL1:NPAS2) [22] to their E-box elements.
Therefore, it is expected that in the absence of Bmal1, animals will
exhibit increased TH and dopamine levels. Accordingly, we observed a
statistical tendency to increase TH protein basal expression in the STR of
Bmal1-KO (Fig. 4K).
Additionally, other authors observed that TH inhibition leads to the
rescue of some dopamine-induced alterations in Per2 mutants’ mice
[24]. Here, we reported reduced TH protein expression in the STR of
Bmal1-KO mice after acute cocaine administration at ZT3 (but not after
chronic administration) (Fig. 4K). TH is regulated by different regula
tory mechanisms. Among them, end-product feedback inhibition is an
essential mechanism by which dopamine exerts direct inhibitory control
upon TH when there is an excess in the levels of catecholamines [48].
Considering that Bmal1-KO mice probably present increased levels of
dopamine in basal conditions, the acute administration of cocaine would
result in a higher accumulation of dopamine in the synaptic cleft of these
mice compared to WT. Therefore, the decrease in TH protein levels
found in Bmal1-KO mice, after acute cocaine, could be due to the acti
vation of this regulatory mechanism.
On the other hand, the MAO is an enzyme that plays a key role in the
degradation of dopamine [49]. There are two MAO isoenzymes: MAO-A
and MAO-B [49]. Although both enzymes catalyse most of the biogenic
amines, the contribution of MAO-B to dopamine degradation is
controversial [50]. It is believed that MAO-A, but not MAO-B, mainly
contributes to striatal dopamine breakdown [50]. Besides, Bmal1
together with NPAS2 positively regulates MAO-A transcription [22], but
not MAO-B [24]. Here, we observed that after acute cocaine adminis
tration (ZT3), Bmal1-KO mice showed a robust MAO-B elevation in the
STR compared to WT (Fig. 4J). Different hypothesis could explain such
finding. First, there is a possibility that in the absence of Bmal1, MAO-B

3.12. Bmal1-KO showed reduced GluA1 (mPFC) protein level after
chronic cocaine administration (7.5 mg/kg)
The Student’s T-tests for the mPFC revealed decreased GluA1 protein
expression (t9 =3.312, p < 0.01) (Fig. 4A) after chronic cocaine
administration in the Bmal1-KO mice compared to WT. Samples were
obtained at ZT3.
3.13. Bmal1-KO showed reduced TH and increased MAO-B in STR after
a single i.p. cocaine injection (7.5 mg/kg)
The Student’s T-test analyses for the STR yielded that acute cocaine
administration increased protein expression of MAO-B (t9 =2.483,
p < 0.05) (Fig. 4J) and reduced TH (Fig. 4K) protein level (t10 =2.747,
p < 0.05) in Bmal1-KO mice in comparison with WT. Samples were
obtained at ZT3.
4. Discussion
Our results revealed that Bmal1-KO mice show less cocaine sensiti
sation at 10 mg/kg, impaired cocaine CPP at 5 mg/kg and reduced
cocaine-seeking behaviour in the self-administration paradigm. More
over at ZT2, these animals had increased locomotor activity, reduced
short-term memory and diminished novel social interaction. Regarding
molecular results, Bmal1-KO mice display lost circadian rhythmicity in
D2R and Clock mRNA expression in the mPFC. Moreover at ZT3, acute
cocaine administration induced enhanced protein expression of MAO-B
(STR) and reduced the synthesis of TH (mPFC) in Bmal1-KO. Lastly at
ZT3, chronic cocaine administration decreased protein expression of
GluA1 (mPFC) in Bmal1-KO in comparison with WT.
Generally, we found the most significant behavioural differences at
ZT2. This is in line with a previous study reporting that clock rhyth
micity is maintained during the dark phase in the absence of Bmal1 but
not during the light phase of the cycle [44]. Circadian clock genes can
impact behaviours like locomotion, cognition, and mood [12,22–24,45].
Regarding locomotion, other authors using full-body Bmal1-KO animals
reported reduced locomotor activity compared to WT [2,12,44] when
locomotion activity was recorded for 24 h in their home cage. In
contrast, other authors using different mouse models of circadian gene
deletion, which assess locomotion at specific time points, instead of the
entire cycle (24 h), revealed: slow locomotor habituation to a novel
environment in mutant mice compared to WT [23], less travelled dis
tance [23] and hyperactivity in rearing and locomotor activity in an
unknown environment [30,45]. In line with these reports, we observed
increased spontaneous locomotor activity in Bmal1-KO mice compared
to WT animals (Fig. 1A, C and D) at ZT2, confirming their reduced
ability to habituate to novel environments.
As mentioned before, Bmal1 gene is involved in cognition. Here, at
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Fig. 4. Western blot analyses in the medial prefrontal cortex and striatum of WT mice and Bmal1-KO animals under basal conditions and after acute or repeated
cocaine administration. We obtained the mPFC and the STR after the cocaine challenge (7.5 mg/kg sensitisation) at ZT3. Three treatment conditions: basal condition
(naïve mice), acute condition (saline during the sensitisation and cocaine injection for the challenge), and chronic condition (cocaine during the sensitisation and
cocaine injection for the challenge). Mean fold change relative to the WT group of (A) GluA1, (B) GluA2, (C) DAT, (D) MAO-A, (E) MAO-B in the mPFC. Mean fold
change relative to the WT group (F) GluA1, (G) GluA2, (H) DAT, (I) MAO-A, (J) MAO-B, (K) TH in the STR. Student’s T-test comparing WT and Bmal1-KO mice in
each treatment condition (*p < 0.05, **p < 0.01). The protein of interest in red and housekeeping protein in green. Bonferroni post-hoc comparison for the ANOVA.
Data are expressed as mean ± SEM (n = 4–6, run in duplicate).
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attempts to catalyse the dopamine elevation together with the reduction
of TH expression. Second, a recent study found an exclusive role of
MAO-B in tonic GABA inhibition of striatal neurons [51]. Evidence has
shown that MAO-B is the critical enzyme for GABA synthesis in astro
cytes [52]. Therefore, we hypothesise that the increase in MAO-B found
in Bmal1-KO mice after cocaine administration could represent a feed
back mechanism to control the cocaine-induced hyperactivation of
striatal neurons.
The reason why these feedback mechanisms are only found after
acute, but not chronic, exposure to cocaine is not clear. However, the
fact that both MAO-B and TH protein levels are not different from those
of the WT after chronic exposure could imply that these inhibitory
mechanisms have in fact decreased dopamine and striatal activation
similar to WT levels and, therefore, are not required anymore. Accord
ingly, the fact that there are no behavioural differences due to genotype
in the challenge of the cocaine 7.5 mg/kg sensitisation supports this
hypothesis.
The reduction of dopamine degradation suggested in the present and
previous studies [24] could raise the dopamine levels in brain areas such
as mPFC and STR. Therefore, higher cocaine doses could result aversive
in Bmal1-KO mice. This could explain why Bmal1-KO mice showed
reduced cocaine-induced locomotor sensitisation at the highest cocaine
dose (10 mg/kg), including reduced locomotion on day 5 compared to
day 1 (Fig. 3D).
Furthermore, other studies reported that D2R in the mPFC have a key
role in cocaine-induced responses [47]. Beyer and Stekettee (2002)
demonstrated that intra-mPFC injection of a D2R agonist blocked the
initiation and attenuated the expression of locomotor sensitisation to
cocaine [47]. Moreover, diurnal variations in DAT and D2R are critical
for dopamine activity and reward regulation [53]. Dopamine receptors
expression is regulated by NPAS2 [54], which acts as a CLOCK paralog
[55]. Here, we observed altered circadian rhythmicity in D2R (Fig. 2D)
and Clock (Fig. 2E) in the mPFC of Bmal1-KO. Those alterations could be
adding to the impaired cocaine-related responses.
Because of the alterations mentioned above in dopamine system
components observed in these mutant mice, we explored the role of
Bmal1 in the rewarding effects of cocaine by using two different
behavioural approaches: CPP and SA.
Our results showed no CPP at the lowest cocaine dose (5 mg/kg)
(ZT14) (Fig. 3G), and reduced cocaine-seeking during the SA paradigm
in the Bmal1-KO mice (ZT14) (Fig. 3I and J). These results suggest
reduced cocaine’s motivational effects in these mutant mice. Another
group evaluating cocaine-induced adaptations in circadian genes re
ported that increased cocaine consumption in the SA paradigm is
accompanied by elevated expression of several circadian genes like
Bmal1 in the STR of rats [29]. Hence, finding a reduced cocaine SA in
Bmal1 KO mice is not surprising. Other authors reported decreased
GluA1 in the STR of Clock mutants and they suggest these post-synaptic
changes as secondary adaptations to the increased dopaminergic sig
nalling [56].
Finally, GluA1 is closely related to cocaine sensitisation and
increased drug reward [40,43]. Here, we also reported that after chronic
cocaine administration, Bmal1-KO mice showed reduced GluA1 in the
mPFC (Fig. 4A). This is consistent with the reduced cocaine rewarding
effects and the altered cocaine response observed in the explored
paradigms.

brain’s reward circuitry, particularly to the motivational effects of
cocaine. Bmal1-KO mice display blunted CPP at 5 mg/kg and decreased
cocaine seeking in the SA paradigm. However, we did not avoid the fact
that CPP and SA experiments were carried out during ZT14, being the
absence of light, a cofounder of the responses observed.
We suggest that reduced cocaine’s rewarding effects in these mutant
mice might be related to the Bmal1 lack as an expression regulator of
MAO and TH, two essential enzymes involved in dopamine metabolism.
Further studies are needed to review the role of Bmal1-KO in a brainregion specific KO, to know the particular role of Bmal1 in the areas
related with the motivational effects of cocaine.
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increases cocaine intake through a mechanism involving plasticity in glutamate
signalling, Addict. Biol. 26 (2021), e12911, https://doi.org/10.1111/adb.12911.
[44] J. Husse, A. Leliavski, A.H. Tsang, H. Oster, G. Eichele, The light-dark cycle
controls peripheral rhythmicity in mice with a genetically ablated suprachiasmatic
nucleus clock, FASEB J. 28 (2014) 4950–4960, https://doi.org/10.1096/fj.14256594.
[45] A.A. Kondratova, Y. v Dubrovsky, M.P. Antoch, R. v Kondratov, Circadian clock
proteins control adaptation to novel environment and memory formation, Aging 2
(2010) 285–297, https://doi.org/10.18632/aging.100142.
[46] K.H. Snider, H. Dziema, S. Aten, J. Loeser, F.E. Norona, K. Hoyt, K. Obrietan,
Modulation of learning and memory by the targeted deletion of the circadian clock
gene Bmal1 in forebrain circuits, Behav. Brain Res. 308 (2016) 222–235, https://
doi.org/10.1016/j.bbr.2016.04.027.
[47] C.E. Beyer, J.D. Steketee, Cocaine sensitization: modulation by dopamine D2
receptors, Cereb. Cortex 12 (2002) 526–535, https://doi.org/10.1093/cercor/
12.5.526.
[48] I. Tekin, R. Roskoski, C.-S. Nurgul, K.E. Vrana, Complex molecular regulation of
tyrosine hydroxylase, J. Neural Transm. 121 (2014) 1451–1481, https://doi.org/
10.1007/s00702-014-1238-7.
[49] A. Mattevi, Monoamine oxidase, in: Encyclopedia of Biological Chemistry, second
ed, Elsevier, 2013, pp. 185–187, https://doi.org/10.1016/B978-0-12-3786302.00375-3.
[50] H.-U. Cho, S. Kim, J. Sim, S. Yang, H. An, M.-H. Nam, D.-P. Jang, C.J. Lee,
Redefining differential roles of MAO-A in dopamine degradation and MAO-B in
tonic GABA synthesis, Exp. Mol. Med 53 (2021) 1148–1158, https://doi.org/
10.1038/s12276-021-00646-3.
[51] H.-U. Cho, S. Kim, J. Sim, S. Yang, H. An, M.-H. Nam, D.-P. Jang, C.J. Lee,
Redefining differential roles of MAO-A in dopamine degradation and MAO-B in
tonic GABA synthesis, Exp. Mol. Med. 53 (2021) 1148–1158, https://doi.org/
10.1038/s12276-021-00646-3.
[52] B.E. Yoon, J. Woo, Y.E. Chun, H. Chun, S. Jo, J.Y. Bae, H. An, J.O. Min, S.J. Oh, K.
S. Han, H.Y. Kim, T. Kim, Y.S. Kim, Y.C. Bae, C.J. Lee, Glial GABA, synthesized by

10

A. Castro-Zavala et al.

[53]

[54]

[55]
[56]

Biomedicine & Pharmacotherapy 153 (2022) 113333

monoamine oxidase B, mediates tonic inhibition, J. Physiol. 592 (2014) 4951,
https://doi.org/10.1113/JPHYSIOL.2014.278754.
M.J. Ferris, R.A. España, J.L. Locke, J.K. Konstantopoulos, J.H. Rose, R. Chen, S.
R. Jones, Dopamine transporters govern diurnal variation in extracellular
dopamine tone, Proc. Natl. Acad. Sci. USA 111 (2014) E2751–E2759, https://doi.
org/10.1073/pnas.1407935111.
A.R. Ozburn, E. Falcon, A. Twaddle, A.L. Nugent, A.G. Gillman, S.M. Spencer, R.
N. Arey, S. Mukherjee, J. Lyons-Weiler, D.W. Self, C.A. McClung, Direct regulation
of diurnal Drd3 expression and cocaine reward by NPAS2, Biol. Psychiatry 77
(2015) 425–433, https://doi.org/10.1016/j.biopsych.2014.07.030.
J.P. DeBruyne, D.R. Weaver, S.M. Reppert, CLOCK and NPAS2 have overlapping
roles in the suprachiasmatic circadian clock, Nat. Neurosci. 10 (2007) 543–545,
https://doi.org/10.1038/nn1884.
K. Dzirasa, L. Coque, M.M. Sidor, S. Kumar, E.A. Dancy, J.S. Takahashi, C.
A. McClung, M.A.L. Nicolelis, Lithium ameliorates nucleus accumbens phase-

signaling dysfunction in a genetic mouse model of mania, J. Neurosci. 30 (2010)
16314–16323, https://doi.org/10.1523/JNEUROSCI.4289-10.2010.
[57] R. v Kondratov, A.A. Kondratova, V.Y. Gorbacheva, O. v Vykhovanets, M.
P. Antoch, Early aging and age-related pathologies in mice deficient in BMAL1, the
core componentof the circadian clock, Genes Dev. 20 (2006) 1868–1873, https://
doi.org/10.1101/gad.1432206.
[58] G. Yang, L. Chen, G.R. Grant, G. Paschos, W.-L. Song, E.S. Musiek, V. Lee, S.
C. McLoughlin, T. Grosser, G. Cotsarelis, G.A. FitzGerald, Timing of expression of
the core clock gene Bmal1 influences its effects on aging and survival, Sci. Transl.
Med. 8 (2016) 324ra16, https://doi.org/10.1126/scitranslmed.aad3305.
[59] S. Musatov, M.G. Kaplitt, D.W. Pfaff, S. Ogawa, Use of viral vectors to influence
behavior, in: Gene Therapy of the Central Nervous System: From Bench to Bedside,
Academic Press, 2006, pp. 195–205, https://doi.org/10.1016/B978-012397632-1/
50016-2.

11

