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ABSTRACT 

Brain and Muscle Arnt-like Protein 1 (BMAL1) is an essential component of the 

molecular clock underlying circadian rhythmicity. Recently, its function has also been 

associated with alterations in mood, and reward processing. We investigated the 

behavioural and neurobiological impact of Bmal1 gene deletion in mice, as well as how 

these alterations 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 as well as short term memory and 

social recognition impairments. In addition, Bmal1-KO mice experienced reduced 

cocaine-induced sensitization 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 

characterization 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. 
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ABBREVIATIONS 

SCN, suprachiasmatic nucleus 

KO, Knockout  

WT, wild type 

TH, tyrosine hydroxylase 

MAO-A, monoamine oxidase A 

MAO-B, monoamine oxidase B 

D2R, dopamine receptors 2 

D3R, dopamine receptors 3 

STR, striatum 

NPAS2, neuronal PAS domain protein 2  

CPP, conditioned place preference 

NOR, novel object recognition  

SA, self-administration 

mPFC, medial prefrontal cortex 

GluA1, AMPA receptor subunit 1 

GluR2, AMPA receptor subunit 2 

DAT, dopamine transporter 

PD, postnatal day 
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INTRODUCTION 

Circadian rhythms are endogenous oscillations lasting around 24 hours that synchronise 

physiology and metabolism with the external light-dark cycle. The suprachiasmatic 

nucleus (SCN) along with the numerous peripheral clocks distributed throughout the 

different tissues represents the core circadian machinery1,2. 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) heterodimerizes 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 via 

suppression of CLOCK-BMAL1 activity. The subsequent degradation of PER and CRY 

proteins leads to reinitiating the cycle3–5. Additionally, proteins including nuclear 

receptors RORα and REV-ERB also activate and suppress Bmal1 transcription, 

respectively, conferring additional stabilization to this molecular system 6,7. 

Unlike most clock genes8, Bmal1 is a non-redundant component of the circadian 

pacemaker and Bmal1 knockout (KO) is the only single-gene deletion that profoundly 

impairs circadian rhythmicity9. Constitutive Bmal1-KO mice display reduced lifespan and 

early ageing phenotype, which is related to increased levels of reactive oxygen species10. 

Moreover, these mice also present reduced body weight and abnormal locomotor 

activity11,12. 

Disruption of circadian rhythmicity is associated with the development of psychiatric 

disorders13. Data suggest a strong bidirectional relationship between circadian machinery 

and motivation processing14–17. While sleep disturbances are reported by drug users18, 

impairments in circadian rhythms impact motivational function and could lead to drug 

addiction15,17,19. The fact that dopaminergic activity displays circadian rhythmicity 

evidences the tight interplay between these systems20,21. Particularly, dopamine synthesis 

and degradation are under circadian control22. REV-ERBα represses tyrosine hydroxylase 

(TH) promoter23, while Bmal1 directly regulates murine monoamine oxidase A (MAO-

A) transcription24. Moreover, dopamine receptors 2 (D2R) and 3 (D3R) exhibit diurnal 

rhythm-dependent variations25, the latter being regulated by RORα and REV-ERB in the 

ventral striatum (STR)26. 
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Preclinical studies have evidenced that cocaine exposure alters clock genes27–29. 

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) 

paradigm30. Similarly, deletion of the circadian transcription factor neuronal PAS domain 

protein 2 (NPAS2) increases cocaine self-administration (SA)31. However, the role of 

Bmal1 as a potential modulator of cocaine responses is yet to be addressed. In this context, 

this work aimed to characterize 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. 

MATERIALS AND METHODS 

Animals 

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 12h light/dark cycle, 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 (+/+)). 

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 

minimize animal suffering and discomfort as well as the number of animals used. 

Drugs 

Cocaine was purchased from Alcatel (Madrid, Spain) and was dissolved in sterile 

physiological saline (0.9%).  

Spontaneous locomotor activity 

We used an automatized box to record spontaneous locomotor activity (LE881 IR, Panlab 

s.l.u., Barcelona, Spain), as previously described32. For 30 minutes, mice explored the 
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environment, while two types of movements were registered: ambulations (horizontal), 

and rearings (vertical). Data were collected in intervals of 5 minutes. Two independent 

experiments were performed (dark and light phases). 

Y-maze 

Spatial working memory of mice was assessed as previously reported33. The percentage 

of alternation was calculated. Two independent experiments were performed (dark and 

light phases). For detailed description see Supplementary methods. 

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 described34. All sessions were 

videotaped for subsequent analyses. Videos were assessed with the software BORIS35. 

Two independent experiments were performed (dark and light phases). 

Social interaction test 

The test was conducted as previously reported33,36. Briefly, the test consisted of three 10-

minute phases: habituation, sociability, and social novelty. For sociability, tested mice 

were introduced to an unfamiliar 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 (dark and light phases). 

Cocaine-induced behavioural sensitization 

The procedure consisted of three phases: habituation, acquisition, and challenge 37. In the 

habituation phase, mice were placed individually into actimetry boxes (24×24×24 cm; 

LE881 IR, Panlab s.l.u., Barcelona, Spain) for 30 min. On the following 5 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 activity was recorded for 30 

min. A cocaine challenge (7.5 or 10 mg/kg, 30 min) was administered 7 days after the 

last day of the acquisition phase (also to the saline group). Then, Δ scores were calculated. 

All mice were tested during the light phase. 
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Cocaine-induced conditioned place preference (CPP) 

The CPP was performed as previously reported33,38. We used two cocaine doses: 5mg/kg 

and 7.5mg/kg. The CPP score for each animal was then calculated. All mice were tested 

during the light phase. For detailed description see Supplementary methods. 

Cocaine self-administration (SA) 

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. All sessions took place during the dark phase. For 

detailed description see Supplementary methods.  

rt-qPCR 

Total RNA extraction from medial prefrontal cortex (mPFC) and STR samples was 

conducted using the trizol method as previously described40,42. For the qPCR, we used 20 

ng of sample to evaluate the expression of Clock, Per2, D2R and GAPDH as 

housekeeping gene. The ΔΔCt was calculated. For detailed description see Supplementary 

methods. 

Western blot (WB) 

WBs were performed as described previously40,41,43. We evaluated 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 sensitization were collected after the 

cocaine challenge. Hence, three treatment conditions were evaluated: basal condition 

(naïve mice), acute condition (saline during sensitization and cocaine injection during 

challenge), and chronic condition (cocaine during sensitization 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 through the light phase (9:00 to 12:00 h). For 

detailed description see Supplementary methods. 

STATISTICAL ANALYSIS 
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Data were analysed for conditions of normality (Kolmogorov-Smirnov'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 (time and 

genotype), sensitization (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 sensitization, 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 was followed by a Bonferroni post-hoc test if the main effect and/or 

interaction was 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. 

RESULTS 

Bmal1-KO animals show higher locomotor activity than WT mice during the light 

phase. 

We measured locomotor activity in WT and Bmal1-KO mice during light and dark phase 

for 30 minutes. 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 

Bmal1-KO group at minute 25 in comparison to WT mice (p<0.05). Time main effect 

(F3.76, 147=24.3, p<0.001) and the genotype × time interaction (F5, 195=4.68, p<0.001) were 

found during the dark phase, but no differences 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 (light phase) (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 dark phase, the 

two-way ANOVA showed a time main effect (F3.703, 148.1=20.60, p<0.001). Lastly, the 
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Student’s t-tests of the accumulated vertical values confirmed an increased vertical 

locomotion in the Bmal1-KO mice during the light phase (t32=1.108, p<0.05) (Fig. 1D).  

Bmal1-KO adult mice present unaltered body weight in adulthood.  

Animals were weighed during 6 specific postnatal days (PD21, PD28, PD35, PD42, PD49 

and PD56) to determine the influence of Bmal1-KO and sex on body weight (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). 

Bmal1-KO mice showed normal working memory function. 

To evaluate working memory, we performed the Y maze (Fig. 1F) during the light and 

the dark phase. No significant differences were identified in either phase (t24=1.476, ns 

and t39=1.359, ns, respectively). 

Bmal1-KO animals exhibit short-term memory impairment during the light phase. 

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 

(light phase) revealed that Bmal1-KO mice showed reduced ability to discriminate 

between objects (t31=2.227, p<0.05), but yielded no significant differences at 24 h 

(t31=0.4364, ns). No significative differences were found in the dark phase.  

Bmal1-KO mice have reduced social novelty recognition during the light phase.  

Regarding social behaviour during the light phase, 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 interaction 

(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 
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did (p<0.001). No significative differences were found in sociability or social novelty 

recognition during the dark phase. 

WT mice experience changes in D2R expression throughout the cycle in the mPFC, 

but these are lost in Bmal1-KO. 

Expression levels of Per2, D2R, and Clock mRNA at both phases (light and darkness) 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.   

WT and Bmal1-KO mice showed increased Per2 mRNA expression in the STR 

during the dark phase. 

We determined the levels of Per2, D2R, and Clock mRNA in the STR (Fig. 2F-H) during 

the light- and dark phases. 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)  

Cocaine-induced behavioural sensitization 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 

locomotion 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 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). 

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

hyperlocomotion in WT mice on day 5 compared to 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 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). 

Bmal1-KO mice exhibit reduced rewarding effects of cocaine at low doses (5 mg/kg) 

We evaluated the cocaine CPP at two different doses: 5 mg/kg (Fig. 3G) and 7.5 mg/kg 

(Fig. 3H) during the light phase. The two-way ANOVA for the 5 mg/kg dose showed a 

significant effect of treatment (F1,66=16.15, p<0.01), genotype (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 towards 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.  

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 10 

days under a fixed ratio (FR) 1 reinforcement schedule during the dark phase. Afterwards, 

animals underwent FR3 for 5 days.  

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 × 
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genotype interaction (F4,56=3.097, p<0.05). The Bonferroni’s test showed higher number 

of infusions made by WT on day 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 1 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 than KO on day 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). 

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. 

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. 

DISCUSSION 

Our results revealed that Bmal1-KO mice show less cocaine sensitization at 10 mg/kg, 

impaired cocaine CPP at 5 mg/kg and reduced cocaine-seeking behaviour in the self-

administration paradigm. Moreover, these animals had increased locomotor activity 

during the light phase, 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, acute cocaine 

administration induced enhanced protein expression of MAO-B (STR) and reduced the 
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synthesis of TH (mPFC) in Bmal1-KO. Lastly, chronic cocaine administration decreased 

protein expression of GluA1 (mPFC) in Bmal1-KO in comparison with WT. 

Generally, we found the biggest behavioural differences during the light phase. This is in 

line with a previous study reporting that clock rhythmicity 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 have an impact on 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 

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 distance 23 and hyperactivity in rearing 

and locomotor activity in a novel environment 30,45. In line with these reports, we observed 

increased spontaneous locomotor activity in Bmal1-KO mice compared to WT animals, 

confirming their reduced ability to habituate to novel environments. 

As mentioned before, Bmal1 gene is involved in cognition. Here, we reported impaired 

NOR after 3 h and failed capacity to discern between the familiar and novel mouse during 

the social novelty test. 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 mice45, and a forebrain-specific Bmal1-KO showed 

deficient acquisition in Barnes maze and novel object location memory46. 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 

sensitization, both WT and Bmal1-KO mice showed locomotor sensitization to the drug. 

Nevertheless, when a higher dose was administered (10 mg/kg), Bmal1-KO cocaine-

induced sensitization was impaired. In fact, they showed reduced locomotor activity on 

day 5 compared to WT mice. Additionally, WT mice displayed a higher locomotor 

sensitization than the mutant group independently of the dose. The initiation of cocaine 

sensitization involves alterations in dopamine transmission in the ventral tegmental area, 

STR and mPFC47. Dopamine biosynthesis is negatively regulated by circadian nuclear 

receptor REV-ERBα23 and CLOCK17,30 through transcriptional regulation of TH (the rate-
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limiting enzyme in dopamine synthesis). Rev-erbα expression is controlled by the binding 

of clock proteins complex (BMAL1:CLOCK or BMAL1:NPAS2)22 to their E-box 

elements. Therefore, it is expected that in absence of Bmal1, animals will exhibit 

increased TH and dopamine levels. Accordingly, we observed a statistical tendency to an 

increase in TH protein basal expression in the STR of Bmal1-KO. 

Additionally, other authors observed that TH inhibition leads to the rescue of some 

dopamine-induced alterations in Per2 mutants’ mice24. Here, we reported reduced TH 

protein expression in the STR of Bmal1-KO mice after acute cocaine administration (but 

not after chronic administration). We suggest a TH reduction in Bmal1-KO mice as a 

compensatory mechanism to counter the cocaine-induced dopamine activation. However, 

this will be only temporary because after repeated cocaine administration, Bmal1-KO 

cannot afford this compensation. 

On the other hand, behavioural sensitization to cocaine also requires a decrease in drug-

induced cortical dopamine concentrations47. The MAO is an enzyme that plays a key role 

in the degradation of dopamine 48. There are two MAO isoenzymes: MAO-A and MAO-

B48. Although both enzymes catalyse most of the biogenic amines, the contribution of 

MAO-B to dopamine degradation is controversial49. It is believed that MAO-A, but not 

MAO-B, mainly contributes to striatal dopamine breakdown49. Besides, Bmal1 together 

with NPAS2 positively regulates MAO-A transcription22, but no MAO-B’s24. Here, we 

observed that after acute cocaine administration, Bmal1-KO mice showed a strong MAO-

B elevation in the STR in comparison with WT. Therefore, there is a possibility that in 

the absence of Bmal1, MAO-B attempts to catalyse the dopamine elevation together with 

the reduction of TH expression.  

The reduction of dopamine degradation suggested in the present and previous studies 24 

could result in a rise of 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 sensitization 

at the highest cocaine dose (10 mg/kg), including reduced locomotion on day 5 compared 

to day 1.  

Furthermore, other studies reported that D2R in the mPFC have a key role in cocaine-

induced responses47. Beyer and Stekettee (2002) demonstrated that intra-mPFC injection 

of a D2R agonist blocked the initiation and attenuated the expression of locomotor 
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sensitization to cocaine47. Moreover, diurnal variations in DAT and D2R are critical for 

dopamine activity and reward regulation 50. Dopamine receptors expression is regulated 

by NPAS251 which acts as a CLOCK paralog52. Here, we observed altered circadian 

rhythmicity in D2R and Clock in the mPFC of Bmal1-KO. Those alterations could be 

adding to the impaired cocaine-related responses.  

Because of the above-mentioned alterations 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) and reduced cocaine 

seeking during the SA paradigm in the Bmal1-KO mice. These results suggest reduced 

cocaine’s motivational effects in these mutant mice. Another group evaluating cocaine-

induced adaptations in circadian genes reported that increased cocaine consumption in 

the SA paradigm is accompanied by elevated expression of several circadian genes like 

Bmal1 in the STR of rats29. Hence, it is not surprising to find a reduced cocaine SA in 

Bmal1 KO mice. 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 signalling53.  

Finally, GluA1 is closely related to cocaine sensitization and increased drug reward40,43. 

Here, we also reported that after chronic cocaine administration, Bmal1-KO mice showed 

reduced GluA1 in the mPFC. This is consistent with the reduced cocaine rewarding 

effects and the altered cocaine response observed in the paradigms that we explored. 

CONCLUSIONS 

Taken together, our results confirm the key role of Bmal1 as a molecular regulators of the 

brain’s reward circuitry and/or circadian rhythmicity. Moreover, we demonstrated a key 

role of Bmal1 in the motivational effects of cocaine since Bmal1-KO mice display blunted 

CPP at 5 mg/kg and decreased cocaine seeking in the SA paradigm. 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.  
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FIGURE LEGENDS 

Fig. 1 Effects of Bmal1 gene deletion on locomotor activity, body weight, and 

memory tasks. Mean of spontaneous locomotor activity (A-D) during the light phase 

(WT-mice n=19 and Bmal1-KO-mice n=15) and the dark phase (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 light phase (WT-mice n=19 and Bmal1-KO-mice n=15) and dark 

phase (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 light phase; 

WT-mice n=22 and Bmal1-KO-mice n=19 dark phase) (*p<0.05). Bonferroni post-hoc 

comparison of the ANOVA. Data are expressed as mean ± SEM. Experiments performed 

in the dark phase are shaded in the figure. 

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 compartments 

in the light phase (WT-mice n=19 and Bmal1-KO-mice n=15) and the dark phase (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 light condition 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 light condition 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 

in the dark phase are shaded in the figure. 

Fig. 3 Bmal1-KO induced alterations in the rewarding effects of cocaine in different 

paradigms. Sensitization. Locomotor activity (n=10-18/group) during behavioral 

sensitization 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). Sensitization 7.5 mg/kg. (A) Treatment effect 

(@@@p<0.001), days × treatment (cocaine vs saline, +++p<0.001; difference from day 
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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). Sensitization 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-adminsitration (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 in the dark phase are shaded in the figure. 

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 sensitization). Three treatment conditions: basal condition (naïve mice), acute 

condition (saline during the sensitization and cocaine injection for the challenge), and 

chronic condition (cocaine during the sensitization 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 or triplicate). 
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