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Rage, rage against the dying of the light. 

Though wise men at their end know dark is right, 

Because their words had forked no lightning, they 

Do not go gentle into that good night. 
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ABSTRACT 

Cocaine addiction is a chronic, relapsing disease characterized by the 

compulsive seeking and use of the drug despite its harmful consequences. 

Currently, there are no approved pharmacotherapies available for the 

treatment of cocaine addiction. Recently, isolated phytocannabinoid 

products have drawn great attention due to its potential therapeutic 

applications in diverse psychiatric conditions, including drug addiction. For 

instance, cannabidiol, unlike Δ9-tetrahydrocannabinol, does not directly 

activate cannabinoid receptors and thus, it is devoid of adverse, reinforcing 

effects. Moreover, pre-clinical and clinical studies suggest that cannabidiol 

could reduce the behavioral and molecular manifestations of maladaptive 

neuroplasticity underlying drug addiction. Here, we sought to determine 

the motivational effects of a subchronic treatment of cannabidiol in CD-1 

male mice exposed to a volitional paradigm of cocaine operant intake. 

Cannabidiol treatment reduces certain behavioral manifestations of cocaine 

reinforcement while showing anxiolytic and cognitive benefits. Behavioral 

effects are associated to attenuated cocaine-induced conditioned place 

preference, decreased total cocaine intake, reduced cocaine seeking under a 

reinforcement schedule of progressive ratio and diminished cue-induced 

reinstatement of cocaine seeking behavior. Noteworthy, not all measures of 

cocaine reinforcement ameliorate after cannabidiol repeated treatment. 

Furthermore, pharmacological approximations to the responsible 

mechanisms of action reveal a crucial role of cannabidiol’s pro-neurogenic 

effects in the attenuation of cocaine voluntary intake. The differential effects 

of cannabidiol treatment in reinstatement conditions are probably regulated 

by CB1 receptor-dependent activity. Altogether, our results expand upon 

the evidence supporting that cannabidiol has a protective, but limited, 

influence on the neurobehavioral development and expression of cocaine 

operant seeking and intake.  
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RESUM 

L´addicció a cocaïna és una malaltia recurrent, crònica, caracteritzada 

per la cerca i l´ús compulsius de drogues tot i les seves conseqüències 

negatives. Actualment, no hi ha teràpies farmacològiques aprovades per al 

tractament de l’addicció a cocaïna. Recentment, els productes a base de 

fitocannabionids han rebut molta atenció degut a les seves potencials 

aplicacions terapèutiques en diverses malalties psiquiàtriques, incloent 

l’addicció a drogues. Per exemple el cannabidiol, al contrari que el Δ9-

tetrahydrocannabidiol, no activa directament els receptors cannabinoides i 

per tant, no comporta efectes reforçants ni conseqüències adverses. A més, 

estudis preclínics i clínics suggereixen que el cannabidiol pot reduir les 

manifestacions moleculars i comportamentals de la plasticitat aberrant 

subjacent a l’addicció a drogues. En aquest estudi es pretenen determinar 

els efectes motivacionals d´un tractament subcrònic de cannabidiol en 

animals mascles CD-1 exposats a un paradigma d’administració voluntària 

de cocaïna. El tractament amb cannabidiol redueix algunes de les 

manifestacions comportamentals del reforçament que causa la cocaïna i a 

més mostra efectes ansiolítics i beneficis cognitius. Els seus efectes 

comportamentals estan associats a una atenuació de la preferència de plaça 

induïda, del consum total i de la cerca compulsiva de cocaïna sota un 

paradigma reforçant de rati progressiu i una disminució de la recaiguda en 

la cerca compulsiva de la cocaïna causat per una senyal associada. 

Notablement, no totes les mesures del reforç de la cocaïna milloren després 

d’un tractament crònic amb cannabidiol. Les aproximacions 

farmacològiques als mecanismes d’acció responsables revelen un rol crucial 

dels efectes pro-neurogènics del cannabidiol en l’atenuació del consum 

voluntari de cocaïna. Els diferents efectes del tractament amb cannabidiol 

en condicions de recaiguda es regulen probablement per un mecanisme 

dependent del receptor CB1.  En conjunt, els nostres resultats reforcen la 
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evidencia que el cannabidiol té un efecte protector, però limitat, en el 

desenvolupament i expressió de la cerca i consum de cocaïna.  

   



 
 

  XX 

LIST OF ABBREVIATIONS 

2-AG   2-arachidonoylglycerol 

5-HT   5-hydroxytryptamine 

AHN   Adult hippocampal neurogenesis  

AMPA  α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid    

receptor 

BDNF   Brain-derived neurotrophic factor 

CA   Cornu ammonis 

cAMP   Cyclic adenosine monophosphate 

CB1   Cannabinoid receptor 1 

CBD   Cannabidiol 

CBT   Cognitive-behavioral therapy  

Cdk5   Cyclin-dependent kinase-5  

CNS   Central nervous system 

CPP   Conditioned place preference 

CREB   cAMP response element-binding  

CS   Conditioned stimulus 

D1   Dopamine 1 receptor 

D2   Dopamine 2 receptor 

DA   Dopamine 

DAT   Dopamine transporter 

DG   Dentate gyrus 

DSM   Diagnostic and Statistical Manual of Mental Disorders 

eCB   Endocannabinoid system 

EPM   Elevated plus maze 

FAAH   Fatty acid amid hydrolase 

FABP7   Fatty acid-binding protein 7 

FDA   United States Food and Drug Administration 

GABA   γ-aminobutyric acid  



 
 

  XXI 

Glu   Glutamate 

GPCR   G-coupled protein receptor 

GPR55   G-protein receptor 55 

HPC   Hippocampus 

ICD International Statistical Classification of Diseases and Related 

Health Problems 

IL   Infralimbic prefrontal cortex 

LTD   Long-term depression 

LTP   Long-term potentiation 

MAPK   Mitogen-activated protein kinases  

mGluR5  Metabotropic glutamate receptor 5 

mPFC   Medial prefrontal cortex 

MSN   Medium spiny neuron 

mTOR   Mammalian target of rapamycin 

NAc   Nucleus accumbens 

NMDA  N-methyl-D-aspartate receptor 

PFC   Prefrontal cortex 

PKA   Protein kinase A 

PL   Prelimbic prefrontal cortex 

PPARγ   Peroxisome proliferator-activated gamma receptors 

THC   Δ9-tetrahydrocannabinol   

TMZ   Temozolomide 

TRPV1  Transient receptor potential vanilloid 1 

US   Unconditioned stimulus 

VBRT   Voucher-based reinforcement therapy 

VTA   Ventral tegmental area 

Wnt   Wingless/integrated pathway 

  



 
 

  XXII 

TABLE OF CONTENTS 

Agradecimientos ______________________________________ IX 

Abstract __________________________________________ XVII 

Resum ___________________________________________ XVIII 

List of abbreviations __________________________________ XX 

INTRODUCTION ______________________________________ 1 

1. The neurobiology of cocaine addiction ________________ 3 

1.1 Preface ____________________________________________ 3 

1.2 What is drug addiction? _____________________________ 4 

1.3 Particular features of cocaine addiction __________________ 6 

1.3.1 History of cocaine use and abuse ______________________ 6 

1.3.2 Epidemiology of cocaine use _________________________ 7 

1.3.3 Diagnosing cocaine addiction: DSM-5 and ICD-11 ______ 11 

1.3.4 Available treatments of cocaine addiction ______________ 14 

1.4 Cocaine addiction using basic experimental approaches: 

Animal models ____________________________________ 18 

1.4.1 Experimenter-administered drug paradigms ____________ 19 

1.4.2 Drug self-administration paradigms __________________ 21 

1.5 Converging pre-clinical and clinical evidence: theories of   

addiction _________________________________________ 25 

1.5.1 Concepts from animal learning theory _________________ 25 

1.5.2 Contemporary theories of drug addiction ______________ 26 

1.5.3 The neurocircuitry-based integrative perspective of drug 

addiction ________________________________________ 29 



 
 

  XXIII 

1.6 The mesocorticolimbic DA pathway in cocaine addiction __ 30 

1.6.1 DA and the motivational function ____________________ 30 

1.6.2 Cocaine mechanisms underlying its abuse potential ______ 34 

1.7 Beyond DA and the motivational circuitry _______________ 37 

1.7.1 The endocannabinoid system ________________________ 37 

1.7.2 The serotonergic system ____________________________ 39 

1.7.2 Neuroinflammation _______________________________ 41 

1.7.3 Hippocampal plasticity and neurogenesis ______________ 42 

2. The pharmacology of cannabidiol ____________________ 46 

2.1 General features __________________________________ 46 

2.2 Molecular targets within the endocannabinoid system ____ 49 

2.2.1 Overview of the endocannabinoid system ______________ 49 

2.2.2 Mechanisms of CBD in the endocannabinoid system ____ 52 

2.3 Endocannabinoid system independent activity of CBD ____ 56 

2.4 Therapeutic applications of cannabidiol in neuropsychiatric 

disorders _________________________________________ 58 

2.4.1 Anxiety disorders _________________________________ 58 

2.4.2 Schizophrenia ____________________________________ 60 

2.4.3 Depression ______________________________________ 62 

3. Cannabidiol as a novel therapeutic strategy to manage 

cocaine-induced responses ___________________________ 64 

3.1 Cannabidiol as a potential treatment for substance use 

disorders ________________________________________ 64 



 
 

  XXIV 

3.2 Cannabidiol effects on rodent models of cocaine-induced 

reinforcement and abuse _____________________________ 65 

3.2.1 Conditioned place preference _______________________ 65 

3.2.2 Facilitation of intracranial self-stimulation _____________ 66 

3.2.3 Intravenous self-administration paradigm ______________ 67 

3.3 Proposed mechanisms of action of cannabidiol on cocaine 

abuse ____________________________________________ 69 

HYPOTHESIS AND OBJECTIVES __________________________73 

RESULTS __________________________________________ 79 

     Article 1 ________________________________________ 81 

     Article 2 _______________________________________ 97 

     Article 3 _______________________________________ 111 

DISCUSSION _______________________________________ 153 

1.  Characterizing the behavioral phenotype induced by a repeated 

CBD treatment relevant to cocaine-induced responses ____ 154 

2.  Ascertaining the neurobiological adaptations induced by CBD 

relevant to cocaine-induced responses _________________ 164 

CONCLUSIONS _____________________________________ 175 

REFERENCES _______________________________________ 181 

ANNEX ___________________________________________ 217 

  



 
 

  XXV 

 

 

 

 

 

  

 OUTLINE 

1. The neurobiology of cocaine addiction 
 

2. Pharmacology of cannabidiol 
 

3. Cannabidiol as a novel therapeutic strategy 
to manage cocaine addiction 



/ INTRODUCTION 
 

 
 

  2 

    

  



/ INTRODUCTION 
 

 
 

  3 

 THE NEUROBIOLOGY OF COCAINE ADDICTION 

1.1 | Preface 

Most chordates, a phylum comprising more than 65.000 species, have a 

common feature: a central nervous system (CNS) responsible for organizing 

and directing its motor behavior to optimize resource acquisition and threat 

avoidance. At least two complex constructs necessarily emerge from this 

rather simple adaptation: motivation and emotion. The latter comprehends 

all the processes required to grant a stimulus the property of inducing 

approximatory or evasive responses. The former integrates all the steps 

needed to initiate, sustain and persevere in such response. As any other 

organ, the CNS is susceptible of alterations that can lead to misfunction. 

An alteration producing aberrant, sustained, perseverative behaviors 

towards certain stimuli can become maladaptive. Such deleterious 

alterations affecting emotional and specially, motivational processes are one 

of the roots underpinning addiction. However, even if these –over-

simplified– conceptions of emotion and motivation appear throughout 

most chordates, no single species other than humans show problems 

attributable to addiction in its natural environment. Such inconsistency 

points to what better defines our modern understanding of addiction: even 

if there are identifiable neurobiological alterations at the fundaments of the 

disorder, the sociocultural aspects of the human experience are undeniably 

necessary to define addiction. The present work acknowledges such inherent 

human experience as a basic tenet of the addiction disease. Nonetheless, the 

study of the biological foundations of motivation is still needed to widen 

our knowledge about the CNS and to prove empirical therapies aimed to 

manage drug-related problems. It is why this thesis will be focused on the 

CNS adaptations supporting aberrant motivation towards emotionally 

salient stimuli such as drugs of abuse. 
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1.2 | What is drug addiction? 

Humans have been consuming substances able to be abused since the 

dawn of civilization. The first evidence of drug use dates back to ancient 

China, where 12,000 years ago humans were already consuming alcoholic 

beverages. After adopting an agricultural lifestyle, the emergence of alcohol, 

cannabis, nicotine, caffeine, opium and hallucinogens consumption has 

been archeologically described in virtually every human culture1. Mentions 

of problematic drug use, with its negative consequences, appeared ⁓2,000 

years ago in Greco-Roman, Hebraic and Buddhistic texts, which provided 

evidences of pathological drug use. Celsus, the Roman physician, advocated 

that dependence to an intoxicating substance should be considered a natural 

disease2. But outside the Greek culture, substance intoxication and abuse 

were conceived a moral weakness rather than a pathological condition. 

Almost 1,900 years after, in the 19th century, precursors of modern scientific 

psychiatry such as B. Rush and P. Pinel firstly proposed that alcoholism was 

a medical disease, and not a consequence of depravity. Since then, our view 

of addiction has evolved towards a medical description of a brain condition 

highly shaped by environmental factors3. Nowadays, drug addiction is 

generally defined as a chronic, relapsing brain disease characterized by the 

compulsion to seek and take the drug, with a loss of control in limiting 

intake despite its harmful consequences4. We now know well that at the 

core of this malfunction resides an unbalanced brain circuitry favoring the 

excitability of dopaminergic mesolimbic pathways, in detriment of 

prefrontal cortex activity.  

Note that a liable definition of drug addiction (also referred as substance 

use disorder) should clarify how it is different than drug use. Such 

differentiation is not trivial. For instance, 68 % of adults in Spain reported 

using alcohol in the last year, whereas an alcohol use disorder was detected 

in only 0.9 % of them5. Overall, the prevalence of substance use disorders 
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among general population is roughly under ⁓2 % (Figure 1.1). An 

occasional, limited drug intake presents no immediate negative 

consequences, is conditioned by social and personal circumstances and does 

not displace other aspects of life such as family or work. Now, every possible 

conception of normal drug use is highly dependable on the substance, the 

culture of matter and the psychosocial determinants of the consumer. These 

conditioning factors hinder diagnosis and prognosis. This is why the 

scientific community is still devoted to exploring the universal 

neurobiological correlates underlying the transition from drug use to 

addiction. But before addressing the neurobiology of drug addiction, it is 

necessary to framework the concepts used in the scientific literature to 

empirically characterize the motivation to seek the drug and the 

problematic of cocaine addiction.     

Figure 1.1. Substance use disorders (SUD) among adults aged 18 or older. 

Source: Institute of Health Metrics and Evaluation, Global Burden of 

Disease (2016). 
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1.3 | Particular features of cocaine addiction 

Current theories of addiction -that will be further discussed in the text- 

adopt a unitary account of drug addiction. This means that, no matter the 

substance consumed, the ethiopathogenesis of addiction is the same. 

Despite founded criticism6, this account granted falsifiable hypothesis that 

have been probed generally right since 30 years ago. Notwithstanding the 

above, the particularities of each drug become more and more important 

when trying to understand the human disease from an epidemiological, 

historical and therapeutical perspective. For this reason, the next section 

will cover the specific traits of cocaine addiction. 

1.3.1 | History of cocaine use and abuse 

Cocaine use, in the form of coca leaves, spans back to more than 1,200 

years ago. Erythroxylon coca, the plant from where the alkaloid cocaine is 

extracted, has been extensively cultivated in the region which nowadays still 

produces three-quarters of the word supply: Peru, Colombia and Bolivia. 

Although no written records can be found in these native cultures (mainly 

Incas), there are archeological findings of ceramic pottery portraying coca 

leaves7. Traditionally, the coca leaf was reserved for Inca royalty, but its 

medicinal and recreational use was widespread between all social strata. 

Chewing coca leaves allowed workers to battle the arduous fatigue provoked 

by steep walks in the thin atmosphere of high-altitude plateaus. Cocada, as 

the Incas named coca, was such a central piece of this culture that it became 

a standard measure of time and distance8. The word cocada was used to 

express an interval of about 40 min, a period close to the psychostimulant 

action of chewed coca. It also meant a distance of ⁓ 2.5 km, or what a 

healthy young individual could run without hassle after chewing the plant. 

Noticeably, archeological records also point to the use of cocaine-filled 

saliva of the chewed coca leaves as a local anesthetic for trepanations. 
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Once Spaniards conquered these territories, they banned coca 

consumption alleging the plant was an “evil agent of the devil”. The 

prohibition quickly disappeared, as soon as the occupiers realized that its 

consumption was critical for the productivity of the native enslaved workers. 

Suddenly, the Spanish landowners start taxing coca trading, demanding a 

tenth of every crop. They also tried to export the coca plant to Europe, but 

it did not manage well the travel and was met with mixed response until the 

19th century. Cocaine was first isolated in 1860 by German chemist Albert 

Niemann. Shortly after, the substance gained popularity between the 

intellectual classes. In 1863, a new cocaine-derived product hits the market 

with great impact. Vin Mariani was a wine treated with coca leaves 

promising miraculous fortifying and nourishing effects. The acceptance in 

the public was such that the Pope Leo XIII himself publicized and awarded 

the wine (Figure 1.2).  Like Vin Mariani, the world most-popular drink 

was created to take advantage of the psychostimulating effects of cocaine. 

‘French Wine Coca’ was the precursor of modern-day Coca-Cola. Because 

of the alcohol prohibition in the United States, alcohol was substituted with 

sugar syrup, but the coca leaf extract remained in the recipe. After decades 

of uncontrolled use, the addictive properties of cocaine became manifest by 

the dawn of the new century. Finally, cocaine became prohibited by 1914 

in the United States, except for medicinal uses. In the coming years, most 

countries would follow the regulation.   

1.3.2 | Epidemiology of cocaine use 

According to United Nations Office of Drugs and Crime, 18 million 

adults worldwide aged 15-64 had used cocaine in the past year9. In Western 

countries, this estimate scales up to 1.85 % of their population. In the 

European Union, 18 million adults (5.4 % of this age group) have tried 

cocaine at least once in their lives10. Among the European countries, Spain 

and the United Kingdom had been leading the charts in terms of cocaine 
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users. In Spain, 2.8 % of the young adult population has used cocaine in the 

last year, and half of the total drug-related hospital emergencies involved 

cocaine11 in this period. Recently, Central European countries such as the 

Netherlands or France have reached the levels of cocaine use of Spain. 

Figure 1.2 Merchandising of cocaine containing products. The Pope Leo XIII is 

portrayed awarding the beverage. Other advertising posters show cocaine products 

marketed for pain-relieving and smoking purposes.  
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Cocaine use prevalence has always been difficult to estimate, as the drug is 

less visible in the indicators frequently used. Nonetheless, more and more 

signs of a marked increase in cocaine use are appearing9,10. The total number 

of cocaine seizures and volumes are at an all-time high10. The Sewage 

Analysis Core Group Europe has shown that the amount of cocaine 

residues in the sewage of European cities has been consistently growing 

during the last years (Figure 1.3). Of the total 38 cities assessed, 22 reported 

an increase in cocaine residues12. A constant increase in past-year cocaine 

use has been observed in the United States since 2011, with an acceleration 

in 201713. There, the ramping of cocaine use has followed the increase in 

cocaine availability and purity of the last year. Between 2011 and 2016, the 

number of casualties from cocaine overdose in United States black men and 

women exceeded those from opiate overdose14. Indeed, cocaine-only 

overdose deaths (6,904) reached in 2018 the historical maximum of 2006. 

Figure 1.3 Last year prevalence of cocaine use among young adults (15-

34). (European Drug Report: Trends and Developments, 2019). 
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This generalized increase in cocaine use has started showing its 

consequences. Already in 2013, the most recent data available in this case, 

there was a significant increase in cases of cocaine use disorders, specially 

between women15. In Spain, cocaine continues to be the most prevalent 

primary drug between all treatment entrants (39 %)11.  

The consequences of cocaine abuse can result in a wide range of adverse 

health outcomes. It is estimated that around 40 % of all emergency visits 

related to drug use are attributable to cocaine16. Cocaine misuse is associated 

to midline nasal and hard palate destruction, necrosis of extremities, 

intracerebral and peripheral hemorrhages, angioneurotic edema, 

rhabdomyolysis, renal failure, hepatotoxicity and cardiovascular 

pathology17. Comorbidity with other mental conditions is especially high. 

Clinical studies indicate co-occurring psychiatric comorbidity in ⁓ 65 % of 

cocaine dependent individuals18. The most prevalent psychiatric 

comorbidities are mood, anxiety, psychotic and personality disorders, 

specially the antisocial and borderline personality disorder19. Moreover, 

cocaine crack, a smokable free base form alternative to cocaine powder, 

presents an even higher risk of consumption. Crack cocaine is associated 

with worse progression of use, abuse liability and treatment outcome20. The 

drug is cheaper in this form, and it tends to be more used within population 

with lower socioeconomic status21. In conclusion, the cocaine problem is far 

from solution. Contrary to what was believed some years ago, cocaine use 

and abuse between the general population has not remained constant. 

Rather, it has increased. The health consequences of this increase have 

started to become apparent and thus, more efforts are needed in the quest 

for new therapeutic solutions. 
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1.3.3 | Diagnosing cocaine addiction: DSM-5 and ICD-11 

Diagnosing a mental disorder is key for not only the clinical experience, 

but also for communication, scientific replication, and ethical consideration 

of the conditions implicated by the disease. Diagnosis serves as a cardinal 

point that basic and applied research must seek in both directions.  As we 

will see further in the text, drug addiction research has the privilege of 

having relatively good animal models, contrary to what happens in 

schizophrenia or autism research fields, for instance. For this reason, it is of 

special interest to precisely characterize diagnostic criteria in order to 

improve the quality of relevant, translatable scientific output. Drug 

addiction diagnosing has unfortunately reflected the moral stigmatization 

typically associated with this disease. This changed in 1980, when the 

Diagnostic and Statistical Manual of Mental Disorders - 3rd edition (DSM-III) 

was published. DSM-III broke with psychoanalytic tradition and instituted 

consensus-based diagnostic criteria. It is notable that the new iteration 

appeared devoid of the stigmatizing term “alcoholic”. The DSM-III is thus 

considered a major milestone in the field, reflecting a reemergence of the 

medical model and the rise of research investigators as the most prominent 

voices within the field22. In the recent years, updated versions of the two 

main diagnostic manuals (DSM-5 and International Statistical Classification 

of Diseases and Related Health Problems 11th revision, ICD-11) have taken 

steps forward in incorporating more evidence-based criteria, although not 

without compromises23.  

Remarkably, the word ‘addiction’ does not appear in the current 

diagnostic manuals of mental disorders for ethical reasons. Instead, it is 

conceptualized as substance use disorder (DSM-5) or substance 

dependence (ICD-11). The equivalent to cocaine addiction in the DSM-5 

is the stimulant use disorder. Cocaine use disorder is specified as a subtype 

within this category. Thus, it is conceived as: 
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Table 1.1 DSM-5 and ICD-11 diagnostic criteria for cocaine addiction 

 DSM-5 ICD-11 

Clustering 

criterion 

Stimulant use leading to clinically  

significant impairment or distress, as 

manifested by at least two of the 

following: 

Disorder of regulation of 

cocaine use requiring two 

or more of the three 

following central features: 

Compulsive use 

Stimulant taken in larger amounts or 

over a longer period than was 

intended. 

 

Strong internal drive to 

use cocaine, which is 

manifested by impaired 

ability to control use. 
Impaired control 

Persistent desire or unsuccessful 

efforts to cut down stimulant use. 

 

Craving 
Craving, or a strong desire or urge to 

use the stimulant. 

Inability to fulfill 

roles 

Continued use despite having 

persistent or recurrent social problems 

caused by the use of the stimulant. 

 

Increasing priority given 

to use over other 

activities and persistence 

of use despite harm or 

negative consequences. 

Neglect of 

activities 

Important social, occupational, or 

recreational activities are given up 

because of stimulant use. 

 

Harmful use 

Recurrent stimulant use in situations 

in which it is physically hazardous. 

 

Continued use 

despite problems 

Stimulant use is continued despite 

knowledge of it causing a persistent 

health problem. 

Pharmacological 

changes 

Tolerance. 

Tolerance, withdrawal or 

repeated use of cocaine or 

pharmacologically similar 

substances to prevent or 

alleviate withdrawal 

symptoms. 

Withdrawal. 
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 ‘A pattern of amphetamine-type substance, cocaine, or other stimulant 

use leading to clinically significant impairment or distress, as manifested 

by at least two of the following criteria (Table 1.1), occurring within a 

12-month period’.  

 These highly broad DSM-5 criteria offer a heterogeneous, but 

complete concept of stimulant use disorder23. It also has the advantage of 

allowing for severity scoring. The diagnose of substance use disorder for 

cocaine will be considered mild if at least 2-3 symptoms are present. 

Similarly, the condition will be termed moderate if 4-5 symptoms are 

recorded. If 6 or more symptoms are present, the diagnose is severe. In 

ICD-11, cocaine addiction is represented by the ‘cocaine dependence’ 

entity. The description in it is that cocaine dependence is:  

‘A disorder of regulation of cocaine use arising from repeated or 

continuous use of cocaine. The characteristic feature is a strong internal 

drive to use cocaine, which is manifested by impaired ability to control 

use, increasing priority given to use over other activities and persistence 

of use despite harm or negative consequences. These experiences are 

often accompanied by a subjective sensation of urge or craving to use 

cocaine. Physiological features of dependence may also be present, 

including tolerance to the effects of cocaine, withdrawal symptoms 

following cessation or reduction in use of cocaine, or repeated use of 

cocaine or pharmacologically similar substances to prevent or alleviate 

withdrawal symptoms. The features of dependence are usually evident 

over a period of at least 12 months, but the diagnosis may be made if 

cocaine use is continuous (daily or almost daily) for at least 1 month’. 

ICD-11 diagnostic guidelines indicate that at least two of the 

symptoms presented in the Table 1.1 are required. A side-by-side 

comparison of both diagnostic systems is seen in Table 1.1. Although the 

symptomatology arrangement chosen is different between manuals, an 

equivalency appears clear. The conclusion here is that a diagnosable 
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addiction phenotype has three core components: (i) craving to pursue the 

drug with loss of control in limiting cocaine intake, (ii) perseverance in the 

consumption despite harmful and displacing consequences and (iii) 

pharmacological changes induced by the repeated exposure to the drug.   

Both definitions are, however, not in full accordance with the 

(neurobiological based) definition of addiction presented in section 1.2. 

This difference lies in the inclusion of tolerance and/or withdrawal as a 

defining component of addiction. While both manuals offer these 

symptoms as an optional but defining criteria, tolerance/withdrawal is not 

commonly considered as a defining component of drug addiction within 

the neurobiological scientific community24. The negative emotional states 

triggered by withdrawal, however, do importantly define the addiction 

phenotype. The rationale behind this discrepancy is that some drugs that do 

not possess a clear withdrawal syndrome, such as cocaine, can induce 

addiction. As well as drugs that induce withdrawal symptomatology, like 

selective serotonin reuptake inhibitors, cannot be considered addictive25. 

Thus, it seems that addiction phenotype develops independently from 

physical dependence. This consideration is of special interest to the present 

work as it is not aimed to assess the impact of the phytocannabinoid CBD 

on diagnostic assessment of cocaine withdrawal symptomatology. Instead, 

equivalent diagnostic measures of craving and compulsivity to pursue 

cocaine in mice were selected as markers of cocaine reinforcing potential 

and abuse liability (see section 1.4 below). Before that, a brief summary of 

the current available tools to tackle cocaine addiction is presented.  

1.3.4 | Available treatments of cocaine addiction 

As aforementioned above, cocaine use disorders and overdose deaths 

are a major health issue not expected to improve. Quite the opposite, 

cocaine abuse is becoming more prevalent despite extensive efforts on 
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health campaigns and innovative therapeutic strategies. The scientific 

community has been devoted to unravelling the neurobiological 

mechanisms by which cocaine exerts its reinforcing effects for decades. The 

advancements in the pre-clinical field have been outstanding and procured 

a clear, profound (though yet incomplete) idea of the neuroplastic actions 

of cocaine and the neural substrates of motivated behavior. But given all the 

non-conclusive clinical trials already completed, a satisfactory 

pharmacotherapy seems now farther than ever before. Currently, no United 

States Food and Drug Administration (FDA)-approved medications are 

available for the treatment of cocaine addiction.  

Because the lack of approved pharmacotherapies for cocaine use 

disorders, psychosocial interventions are the standard treatment.  

Psychosocial therapies encompass a wide variety of strategies aimed to 

reduce cocaine consumption, prolong abstinence periods and reduce 

relapse. These methods are generally based on behavioral strategies aimed 

to overcome the urge to seek the drug when craving is experienced, offer 

alternative reinforcing activities and ensure psychosocial reinsertion. 

Despite criticism within the pharmacology community, the psychosocial 

strategies here presented have empirically proved its efficacy. In 2018, De 

Crescenzo et al. published a meta-analysis comprising 50 clinical studies 

including 6942 individuals to compare the efficacy of psychosocial 

interventions against other pharmacological treatments in clinical studies. 

Psychosocial interventions resulted more efficient than other 

pharmacological treatments in maintaining abstinence measured by urine 

drug screenings and treatment retention26. Between those psychosocial 

interventions examined, contingency management alone or in combination 

with cognitive-behavioral therapy showed the best results. This kind of 

interventions generally occur in a combination of group, individual and 

family sessions provided in several sessions (usually one or two) per week.  
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Psychosocial interventions usually consist in counselling, but treatment 

efficacy and retention can be greatly improved by incorporating contingency 

management voucher-based reinforcement therapy (VBRT) and/or 

cognitive-behavioral therapy (CBT). Contingency management therapies 

are especially efficient in promoting initial cocaine abstinence. However, 

they come at a cost. VBRT requires controlled environments wherein 

community-based activities and services have to be carefully managed by a 

professional team. The advantage of CBT is that once patients have 

consolidated the impulse control skills that are taught, they continue to 

apply them even if the intervention is done. Psychosocial interventions 

prove that cocaine addiction is manageable. The disadvantages of these 

therapies, however, are limiting. The cost of implementation is high, and 

the retention rates are poor, making it staggeringly hard to reach all the 

individuals susceptible of treatment. Conveniently, treatment retention and 

a broader reach is the gap that a tolerable pharmacotherapy could 

successfully fill.  

The neuroplastic changes induced by drugs of abuse are thought to be 

irreparable. As a chronic mental disease, pharmacotherapies are essentially 

symptomatologic. As explained further below, addiction pharmacological 

treatments are mainly aimed to promote and maintain abstinence while 

reducing the internal desire to compulsively pursue the drug. Currently 

pendent of FDA approval, experimental pharmacological treatments are 

clustered into three categories: γ-aminobutyric acid (GABA)/glutamate 

(Glu) agents and dopaminergic (DA) replacement agonists. GABA/Glu 

agents are drugs aimed to restore some collateral neurotransmission changes 

induced by the repeated administration of cocaine. Briefly, the abuse 

liability of cocaine is due to its ability to excite DA neurons within the 

ventral tegmental area (VTA) that project to the nucleus accumbens (NAc), 

among other key structures. GABA neurotransmission is inhibiting, and 
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agents favoring these signals could help reducing DA neuronal 

hyperexcitability27. On the other hand, Glu antagonists are intended to 

block excitatory Glu inputs into the NAc to reduce cocaine craving and 

prevent relapse28. Within this category, topiramate stands out as the most 

currently studied compound to treat cocaine addiction29. Topiramate is an 

anticonvulsant that both agonizes GABAA receptors and antagonizes Glu α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors 

(AMPA). Some pre-clinical studies using rodents have demonstrated that 

it can reduce cocaine intake and relapse, although not without exceptions30. 

Nevertheless, 7 clinical trials tested this compound in cocaine dependent 

humans during the last decade31. The current conclusion, however, is that 

the efficacy of topiramate in attaining abstinence and reducing relapse is yet 

to be demonstrated. Even more, patients report that sensations of lethargy 

and abulia induced by topiramate hindered treatment retention.   

Replacement therapies, such as methadone or buprenorphine for the 

treatment of opioid abuse, have been used for decades. Similarly, DA 

replacement agonists are compounds that share with cocaine the ability to 

increase DA signaling. Ideally, replacement treatments should target the 

same substrate than cocaine (the DA transporter, DAT), but with less 

potency. Thus, the patient can then be given the replacement compound 

with fewer related harms and a decreasing dose schedule. These treatments 

usually allow for better retention rates and tolerability by patients. In the 

case of cocaine, this can be achieved with weaker DAT blockers. The 

pharmacokinetic profile of the drug can also yield it ideal for this use:  slow-

onset, long-acting DAT blockers would render fewer reinforcing effects 

than cocaine itself. Among these substances, modafinil is among the best-

known examples. Modafinil is an exceptionally weak DAT inhibitor with 

lower binding affinity than cocaine32. Other pharmacological targets are 

comprised by the orexin system. Modafinil activates orexin neurons located 
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in the lateral hypothalamus and, by doing so, promotes wakefulness, arousal 

increase and circadian rhythm synchronization33. So far, 11 randomized 

controlled trials have tested the efficacy and safety of modafinil as cocaine 

dependence treatment. Although the drug showed beneficial effects in 

cocaine abstinence rates and tolerable side-effects, data to confirm it as a 

viable medication is still insufficient34. The main advantage of this class of 

substances, treatment retention improvements, are not yet considerable.  

Small size effects and critical incoherent data between clinical studies 

are the main reasons behind the current situation in which no FDA-

approved substances are available for the treatment of cocaine addiction. A 

liable cocaine pharmacotherapy will need to show clear, consistent results 

or, at least, advantages in secondary treatment outcomes, such as retention. 

Several other strategies are being simultaneously explored, but the number 

of clinical studies for each of them is still low. Between these pathways, 

promising results have been observed using acetylcholinergic agents, 

hallucinogens such as ketamine and synthetic or natural cannabinoids, the 

matter of this thesis. Different approaches are trying to develop effective 

anti-cocaine vaccines or transcranial magnetic stimulation interventions. 

1.4 | Cocaine addiction using basic experimental approaches: 
Animal models 

Clinical trials only comprehend a portion of all the research efforts 

directed to develop a pharmacotherapy for cocaine addiction. Most of the 

basic research is conducted in animal models. As pointed out before, no 

single species other than humans have shown an addiction pattern of 

consumption of any substance present in its natural ecosystem. Considering 

this, could any animal model be a reliable method for recapitulating human 

drug addiction? As it happens with many other mental diseases, this may 

be an unanswerable question35. Nonetheless, the consensus between the 
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pre-clinical and clinical scientific communities is that animal models are an 

invaluable tool for addressing specific elements of the addiction phenotype 

under experimental conditions otherwise not applicable in humans. This 

path may never lead us to a complete understanding of drug addiction as it 

happens in humans, but it can be extremely useful to (i) ascertain the 

specific brain mechanisms underpinning drug abuse and to (ii) test new 

therapeutic solutions. Although there is a considerable number of animals 

being used to said purposes, this section will only summarize those 

employing rodents: mice and rats. Generally, a model with face validity 

should be rooted on the volitional pursuing of cocaine, under the closest 

conditions to the human case. However, cocaine intake by a rodent is, by 

far, not an ecological behavior. This makes the task not easy to apprehend 

experimentally. For this reason, some -most of- rodent models do not 

require voluntary cocaine intake and thus, the compound is administered to 

the rodent by the experimenter. So, on one hand, non-operant models of 

drug abuse offer a faster, accessible way to assess certain aspects of 

behavioral and biological processes presumable involved in cocaine abuse. 

On the other hand, operant models of drug addiction offer a more holistic, 

costly way to model behaviors and brain processes presumably analogous to 

the ones underpinning cocaine addiction in humans.  

1.4.1 | Experimenter-administered drug paradigms 

Among non-operant models of drug abuse, behavioral sensitization and 

conditioned place preference are the most classical paradigms. In a 

behavioral sensitization experiment, the animal is repeatedly treated with 

the drug and placed in an open field or a chamber usually equipped with 

movement detection hardware. The observed behavior is the distance 

travelled by the rodent in a defined interval. This is measured across 

sessions, usually occurring in different days, always using the same dose of 

cocaine. Sensitization of the psychostimulating effects of cocaine is usually 
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defined by the increment in the locomotor activity on last day in respect to 

the first one. If cocaine behavioral sensitization is reduced, it is usually 

inferred that the drug exerted less neuroplastic changes underling the 

transition from normal to compulsive drug use36. Although this method has 

allowed a rapid progression in the understanding of the neural changes 

implicated on mesolimbic hyperexcitability37, the relevance of this process 

in humans is still unclear35. Behavioral sensitization is inherently a non-

associative process. Therefore, cocaine-related cues and contexts, which are 

critical for the expression of drug craving, are incorporated into these 

protocols not without complications38. The conditioned place preference 

(CPP) paradigm takes a different approach. Its theorical framework is based 

on Pavlovian, or classical conditioning. Drugs of abuse are unconditioned 

stimulus able to innately induce emotional responses due to its 

pharmacological mechanisms. Subjects learn from the relationships of the 

surrounding events of their environment by creating contingency 

associations between unconditioned stimuli and predictive stimuli. Such a 

predictive stimulus does not need to innately induce emotional responses.  

Crucially, through its association with the unconditioned stimulus it 

ultimately gains the emotional and motivational value of the unconditioned 

stimulus and becomes a conditioned stimulus. Drugs of abuse are extremely 

efficient inducing conditioned learning of associated clues. The CPP 

paradigm evaluates the degree by which drugs of abuse can induce 

approaching behaviors towards conditioned stimuli and contexts. The 

experimental set up, instead of a box or labyrinth, consists of a two-chamber 

rectangular box with a connecting smaller central compartment that can be 

locked or open. Both chambers are designed to be emotionally neutral but 

perceptibly different between them. It involves three main phases: in the 

pre-test phase, animals are treated with saline and placed in the central 

compartment that remains open during the whole sessions. The time spent 

in each chamber is measured. In a second conditioning phase, animals are 
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given the cocaine and contingently placed across days in one of the 

compartments with the central aperture closed. In alternate sessions, 

animals are given saline and placed contingently in the other compartment. 

This is usually performed daily, commonly during 4 to 8 days. In the test 

phase, animals are treated with saline and placed in the opened central 

compartment, with freedom to explore both chambers. Again, the time 

spent in each compartment is measured. The measure of interest obtained 

in the CPP is the preference towards the cocaine-paired compartment. 

Preference is inferred as to the difference in time spent between both 

compartments in the test phase, or the difference in time spent in the 

cocaine-paired compartment between the pre-test and the test sessions39. 

In the case of cocaine, a preference to spend more time in the cocaine-

paired chamber is gained after repeated pairings. Now, despite common 

misinterpretations, the intimate nature of what psychological process drives 

the rodent towards the drug-paired compartment is unknown. Although it 

is usually conceptualized as the rewarding potential of the drug, a more 

careful interpretation should consider it as the drug’s potential to induce 

approaching behaviors towards associated contexts or stimuli. That being 

said, CPP paradigms still have a good predictive validity: compounds that 

reduce cocaine-induced CPP in rodents (such as topiramate or modafinil) 

show effects in reducing cue-elicited drug craving in humans. This test has 

also good construct validity, and its relevance has been probed using 

humans40.  

1.4.2 | Drug self-administration paradigms 

As in humans, rodents in the self-administration paradigm voluntarily 

choose to take the drug. This paradigm is based on the tenets of the operant 

conditioning. Instead of learning about the contingencies between 

surrounding events (classical conditioning), subjects usually learn from the 

consequences of its behavior. Behaviors that led to appetitive consequences 
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tend to be reinforced and thus their probability of future appearance 

increase. Here, the subjective effects of the drug are the appetitive 

consequence of a very specific behavior: a lever press or a hole nosepoke. In 

a classical self-administration experiment, animals are tested in operant or 

Skinner boxes. There, animals usually dispose of two manipulanda, one that 

delivers the drug when operated (named ‘active’) and another that does not 

deliver the drug (‘inactive’). The manipulanda can be levers or nosepoke 

holes. Nosepoke holes are generally recommended, especially for mice, as 

this is a more ecological behavior for them than lever pressing. Additionally, 

the drug is usually administered with the presentation of a discrete stimulus 

(light or tone) that allows the animal to discriminate between the different 

consequences of active and inactive holes. The way to deliver the drug varies 

in function of the administration pathway chosen. Oral administrations, 

like alcohol or food, usually consist in a liquid dispenser or a food cup 

presentation. For drugs that are generally smoked, inhaled and injected by 

humans, the common via of administration in rodents is intravenous. That 

is the case for cocaine operant responding studies. In this case, active 

nosepokes result in activation of a cocaine-loaded pump connected to the 

mouse jugular vein via a catheter. Hence, intravenous catheterization 

requires a surgical intervention to allow self-administration studies. One of 

the advantages of these procedures is that they are hugely versatile. Indeed, 

the drug self-administration paradigm should be better considered as a 

sandbox of experimental tools specifically designed to profile different 

aspects and phases of the addition phenotype. Hence, drug addiction 

profiling can hugely vary across different experimental set ups. The simpler 

manipulation possible changes the response requirement to earn a drug 

infusion. Animals usually learn the task under a fixed ratio 1 reinforcement 

schedule. That is, each cocaine infusion is delivered after each nosepoke, or 

lever press. Response requirements can be increased -higher fixed ratios- so 

one can evaluate more demanding, human-like scenarios in which 
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consuming the drug requires significant efforts. Fixed ratio protocols during 

operant learning acquisition are thought to represent the initial steps of 

normal drug taking in humans that do not have a drug-related problem41. 

Once the task is learned, fixed ratio schedules can by changed to progressive 

ratio requirements. In this test type, the requirement to earn the drug is 

increased after each drug delivery. The increment is exponential, making 

the drug harder and harder to get as the session progresses. Self-

administration paradigms consisting on progressive ratio sessions are 

reliable measures of the compulsive-like drug seeking state in which 

individuals start to show abusive patterns of drug consumption42. The 

paradigm allows considerably good replications of the human condition. 

These, however, become staggeringly arduous to perform and are usually 

restricted to rats (given its superior learning skills). For instance, the 

protocol developed by Deroche-Gamonet et al.43 is built around the clinical 

diagnostic criteria stablished for humans (see section 1.3.3). To consider that 

a rat consuming cocaine shows an addiction-like behavior, three different 

tasks are employed to evaluate three different diagnostic criteria. Inability 

to stop drug use, substance use despite punishment and extremely high 

motivation to work for the drug are scored in each individual. If the rat 

scores high relative to its companions in all three tests, it is considered an 

addicted-like subject.  

The possibilities of drug self-administration paradigms do not end here. 

One of the main features of drug addiction is its recidivating nature. That 

is: the endless abstinence-relapse cycling phase in which most dependent 

subjects spend the rest of its life. Drug use termination is evaluated in 

rodents using extinction procedures. Extinction sessions are identical to 

fixed ratio sessions with the exception that active nosepokes have no 

consequences, and thus the drug (plus the associated discrete clues) is not 

presented anymore. Voluntary abstinence can also be replicated in rodents 
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that are offered a natural reinforcer (food or social contact) as an alternative 

to drug use44. Relapse in the consumption of the drug is approximated with 

reinstatement procedures45. Reinstatement occurs after drug seeking is 

abolished in extinction sessions and is precipitated by different methods. 

Drug seeking can be reinstated by non-contingent presentation of discrete 

clues previously associated with the drug delivery; this is termed cue-

induced reinstatement. Priming-induced reinstatement is achieved by an 

experimenter-driven exposure of the drug to the animal. Lastly, drug 

seeking can be triggered by stress. Stress-induced reinstatement procedures 

involve the presentation of stressful conditions such as footshocks in the 

operant box or the administration of pharmacological stressors like 

yohimbine. 

As concluding remark, animal models of drug reinforcement embody 

one of the best psychiatric disease models available to the scientific 

community. Thankfully, cocaine addiction can be assessed from different 

levels and phases. No drug use model is wrong by itself. Instead, the 

neurobiological nature of drug addiction can be progressively approximated 

from simple, efficient paradigms, and then advance towards more complex 

procedures. With careful interpretation of data, procedures such as 

conditioned place preference or fixed ratio operant responding, as many 

others, can greatly contribute to the understanding of very specific, while 

meaningful facets of the drug addiction process. Using the animal models 

here explained, in combination with other procedures, researchers have 

developed a theoretical framework of drug addiction. The next section will 

cover contemporary theories of drug addiction that allow us to integrate the 

basic tenets of animal learning theory (behavioralism), the neurobiology of 

dopamine signaling and the human determinants of drug addiction. 

 



/ INTRODUCTION 
 

 
 

  25 

1.5 | Converging pre-clinical and clinical evidence: theories of 
  addiction 

1.5.1 | Concepts from animal learning theory 

Since the discoveries of Pavlov and other behavioralists, animal learning 

theory laid the ground for the formal description of motivated behavior and 

emotionally relevant stimuli46. As such, the scientific study of drug 

addiction is based on the concepts then proposed. Drugs of abuse have 

traditionally been labelled as rewards or reinforcers. Reinforcers are stimuli 

that increase the probability of future appearance of the behavior that led to 

them47. Reinforcers allow the individual to learn from the consequences of 

his actions. They mobilize approach behaviors, decision making, emotional 

processing, and acquisition of information regarding the contextual 

conditions where the reinforcement occurs. The term ‘reward’, however, has 

other connotations that do not necessarily correspond to ‘reinforcer’. 

Rewards have a hedonic component that it is not inherent to the concept 

of reinforcer. Rewards have the potential to induce positive emotions, such 

as pleasure48. The implicit value of pleasure, evoked by the reward, drives 

the motivation to repeatedly inquire in the behavioral strategy used to reach 

that reward. In contrast, a reinforcer can strengthen a behavioral strategy 

without eliciting positive emotions. Reinforcers do often motivate behavior 

by signaling, e.g., self-preservation or the disappearance of an occurring 

negative state.  

Pavlovian conditioning concepts are commonly summoned when 

defining variables in evidence-based animal studies of drug addiction. 

Pavlovian or classical conditioning is understood as all the brain processes 

required to learn the associations between the stimuli surrounding us. It 

differentiates between two classes of stimuli: conditioned and 

unconditioned. Unconditioned stimulus (US) are stimulus able to innately 
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induce a response in the subject. Drugs of abuse are US, given that they all 

innately induce responses due to its pharmacological effects. Noticeably, a 

myriad of stimulus surrounding us can elicit emotional responses in a non-

innate way. This is possible thanks to the active processes engaged by the 

subject to create an association between an US and the stimuli predicting 

its appearance. These predictors are known as conditioned stimulus (CS). 

CS ultimately gain the motivational value of the US. Consequently, the 

subject seeks, or avoids, CS as if they were US49. Hereby, drug users 

commonly report the ‘rush’ experienced when exposed to drug-related cues. 

Places, objects or people or such as the drug-dealer can become as powerful 

as the drug itself in mobilizing behavior towards consumption. Thus, CS 

and other concepts from learning theory have become extremely useful for 

extrapolating the findings from animal and human models to the current 

theoretical framework of drug addiction40.  

1.5.2 | Contemporary theories of drug addiction 

Traditional views of drug addiction dealt with tolerance and withdrawal 

distress as key features of addiction50. However, as soon as the refined 

concepts of animal theory were applied to the study of drug addiction, it 

soon became clear that these views could no account for important features 

of addiction. For instance, withdrawal syndrome differs too much between 

stimulant and depressant drugs to be considered a homologous 

symptomatic entity. Also, the probability to relapse increases as a function 

of time, while the withdrawal symptoms decrease. And finally, some drugs 

of abuse do not possess a considerable withdrawal syndrome, such as 

cocaine, but can indeed be addictive.  

To fill these gaps, Wise and Bozarth proposed in 1987 the psychomotor 

stimulant theory of addiction51. Their fundamental premise was that all 

reinforcers stimulate orienting and exploratory behaviors to prioritize 
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incoming related information useful for future predictions and decisions to 

get the reinforcer again.  They predicted that all addictive drugs would have 

psychomotor actions because all of them would act over the same 

neurobiological substrate governing exploratory behavior. Drugs of abuse 

would be addictive because this substrate is overlapped with the circuitry in 

charge of positive reinforcement processes. Hence, the reinforcing effect of 

a drug could be inferred by observing its ability to induce psychomotor 

activation. All these predictions were soon confirmed by the observation 

that most drugs of abuse, including the depressant ones (as morphine or 

alcohol) induce hyperlocomotion in rodents. The theory, however, wander 

off the overlapping component between the exploratory behavior and the 

positive reinforcement neurobiological systems. Their prediction was that 

the activation of positive reinforcement circuitry by drugs of abuse would 

render all drug effects desirable each time consumed. This confronted 

consumer reports stating that once abused, the drug becomes no longer 

pleasurable. Berridge and Robinson answered this issue by proposing their 

incentive-sensitization theory of addiction36. The main assumption was 

that the overlapped system that drugs of abuse modify is in charge of 

attributing incentive salience to reinforcers and related stimuli. Attribution 

of incentive salience consists in the modification of the motivational 

properties of a reinforcer in a way that it becomes more able to catch the 

attention of the subject and mobilize more behavioral resources to ensure 

approach and consumption. The prediction was that repeated use of drugs 

of abuse, by modifying DA signaling, would sensitize this salience 

attribution mechanism. Therefore, the drug would become more and more 

important to the consumer. The authors of this idea noted that this is 

independent of the hedonic properties of the drug. But even more, as this 

system shares the brain circuitry with the exploratory behavior system that 

Wise and Bozarth indicated, salience sensitization could be inferred by the 

sensitization of the hyperlocomotor effects of the drug. The greater drug-
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induced hyperlocomotion sensitization, the greater sensitization of the 

incentive salience attribution change. Fifteen years later, the theory is still 

valid, but its implications have been probed short. While it offers a great 

explanation for the initial phases of drug consumption, it does not offer a 

satisfactory description of the changes needed to loss control over drug use 

and the insensitivity to the harmful consequences of drug intake. To explain 

so, Robbins and Everitt postulated soon after that the core feature of 

addiction is indeed a series of long-term brain plasticity adaptations leading 

to aberrant engagement of normal learning processes that over-consolidate 

the transition from goal-directed behavior to habits52. The maladaptive 

incentive habit theory of addiction stated that drug users loss control over 

drugs of abuse because its behavior is no longer controlled by the results 

(the desired subjective effects of the drug). In turn, drug intake becomes 

automatized and triggered by paired stimuli and contexts. Over-

consolidation of drug use renders a persistent behavior that is not affected 

by undesired consequences or non-contextualized situations. By the time, 

Koob and Le Moal complementarily presented their hedonic homeostatic 

dysregulation theory of drug addiction53. This view advocated that the core 

feature of drug addiction is negative reinforcement. Negative reinforcement 

consists on the removal of an aversive stimulus or state. A behavior that 

ensures such removal is reinforced and thus, its probability of future 

appearance increases. In this case, the unpleasant state to avoid is not the 

withdrawal symptom but the chronic irritability, emotional and physical 

pain, dysphoria, abulia and malaise that come with it. Drug seeking 

behaviors are reinforced because they reduce these symptoms. Unlike 

withdrawal, negative emotional symptoms persist during protracted 

abstinence and contribute to craving and relapse, overcoming some caveats 

of withdrawal/tolerance classical postulations.  
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1.5.3 | The neurocircuitry-based integrative perspective of drug addiction 

The current understanding of drug addiction has taken a step forward 

with a conceptual framework that roots its advantages in a rather obvious 

characteristic: the integration of known concepts and theories in one multi-

dimensional, multi-step theory. The neurocircuitry-based integrative 

perspective is nowadays theoretical framework of drug addiction. Volkow 

and Koob are the main promotors of the view54,55. Instead of proposing a 

new, different core component of addiction aetiology, they integrate each 

previous perspective within the range of conditions and stages of the disease 

that better each previous core feature characterize. This can be visualized in 

Figure 1.4. The model states that in the first, non-abusive stages of drug 

Figure 1.4. The three componens of the addictive cycle and its 

respective neurobiological systems. Source: extracted from Koob61

(2008). 
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consumption, the mesocorticolimbic DA alterations are important for 

setting up the new incentive salience deleterious adaptations. Here is where 

Robinson and Berridge’s theory plays a prominent role. As abusive 

consumption escalates and homeostatic changes try to cope with the drug’ 

allosteric effects, negative reinforcement processes take center stage. Here, 

deleterious neuroplasticity is mainly occurring in the extended amygdala 

neurocircuitry. Finally, in the transition towards an addictive pattern of 

drug consumption, the disease is more prominently characterized by 

excessive drug craving and preoccupation/anticipation, ultimately leading 

to addiction and recidivating episodes of abstinence and relapse. As 

indicated by Robbins and Everitt52, maladaptations in prefrontal circuits are 

thought to be behind the deterioration of executive cognitive functions that 

should control aberrant cue-directed behavior. 

1.6 | The mesocorticolimbic DA pathway in cocaine addiction 

Considerable progress in addiction neurobiology can be framed within 

the heuristic three-stage addiction framework known as the neurocircuitry-

based integrative perspective. As previously pointed out, alterations within 

the mesolimbic, frontostriatal and amygdala circuitries underlie the three 

neurobehavioral domains that define drug addiction: binge/intoxication, 

preoccupation/anticipation and withdrawal/negative affect, respectively. 

Along this section, the neurobiological mechanisms by which repeated 

cocaine can stablish an addictive pattern of intake are further detailed. 

Before assessing the pharmacological and neuroplastic actions of cocaine 

leading to drug abuse, a detailed description of the natural substrates where 

the drug acts is needed. 

1.6.1 | DA and the motivational function 
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Motivation is such a well-preserved function in animals that its 

biological substrate can be traced back to reptiles. This substrate is 

dopaminergically signalized. DA is a monoamine neuromodulator 

delivered by DA neurons located in the midbrain. The main sources of DA 

in the brain are the VTA, the arcuate nucleus and the substantia nigra. The 

substantia nigra is usually associated with the initiation of motor actions 

and its disfunction is crucial for dyskinetic conditions such as Parkinson 

disease. Projections coming from the substantia nigra and projecting to the 

basal ganglia comprehend the nigrostriatal DA pathway. Arcuate nucleus 

DA projections, in contrast, project to the hypothalamus, conforming the 

tuberoinfundibular pathway that influences hormonal secretion. VTA-

projecting DA neurons target both the striatum and the prefrontal cortex 

(PFC) (Figure 1.5). Also known as the mesocorticolimbical network, this 

pathway regulates motivated behavior’ crucial components like behavioral 

Figure 1.5. The mesocorticolimbic DA system and its principal afferents. 

Source: extracted from Scofield et al.57 (2016). 



/ INTRODUCTION 
 

 
 

  32 

invigoritzation, instrumental learning, execution of effort and sustained 

engagement56,57. Generally, such neurons fire at low frequency (1-5 Hz), 

which results in a specific DA baseline tone that activates DA 2 receptors 

(D2) in the ventral striatum. VTA DA neurons encode reinforcing events 

through changes in their firing patterns, thus changing to high-frequency 

(>20 Hz) spiking resulting in DA 1 receptor (D1) activation58. Crucially, 

DA neurons also can react to salient, associated stimuli predicting the 

appearance of the reinforcing unconditioned event59. Burst firing of DA 

neurons in the VTA requires glutamatergic input and dampened GABA 

interneuron inhibitory control. Once the reinforcement event is signaled, 

the signal must be processed in the striatum, specifically in the nucleus 

NAc. There, medium spiny neurons (MSN) integrate the signal with other 

Glu, GABA, serotonergic and acetylcholinergic inputs to compute the 

motivational value of the stimulus and orchestrate early decision-making by 

favoring specific motor action selection. Therefore, the NAc is the master 

switch of this mesocorticolimbic circuitry. Its main inputs are 

comprehended by glutamatergic PFC projections. Although highly 

heterogeneous in function and structure, PFC-NAc connectivity is 

generally thought to oversee inhibitory control over impulsive, automated 

behaviors such as those induced by VTA DA signals, acting as circuit 

'brake'. Another key point for NAc afferences is the amygdala. Glu inputs 

arising from the basolateral amygdala are reinforcing and strongly 

implicated in cue-induced reward-seeking behavior60. The extended 

amygdala circuitry is (mainly) comprised by the central nucleus of the 

amygdala and the bed nucleus of the stria terminalis. These structures send 

norepinephrinergic, corticotropin-releasing factor and dynorphin 

efferences to the NAc and compute negative emotional and stress-related 

states into the mesolimbic pathway61. Finally, the ventral and dorsal parts 

of the hippocampus (HPC) send downstream glutamatergic terminals to 

the NAc shell portion. Although their neuropsychological interpretations 
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is not yet clear, HPC efferences facilitate D1 receptor activation in the 

NAc, increasing reward-seeking behaviors62.  

Striatal patterns of neuronal plasticity follow an interesting dynamic 

selected to process the transition from goal-directed, reward-seeking 

behaviors towards automatically triggered, habitual behaviors63. In initial 

stages of learning, where a salient stimulus is emotionally processed, MSN 

activity within the striatum is located at the ventral structures such as the 

NAc shell. There, decision-making is tightly influenced by the hedonic 

properties of the reinforcer. Goal-less and harmful behaviors will be avoided 

by decreased DA input in the region while DA-signaled behaviors leading 

to desirable consequences will be prioritized. This processing requires 

attentional resources being dedicated to the reinforcer, but the behavior is 

flexible and ensures favorable outcome procurement. As the learning 

progresses, there is a shift of control to the dorsal striatum, yet the ventral 

striatum continues to influence (Figure 1.6). Dorsal striatum enables fast, 

Figure 1.6. Mesocorticolimbic organization of neuronal dynamics through habit 

formation. DLS, dorsolateral striatum. Source: adapted from Yin and 

Knowlton65 (2006). 
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automatic responses to well-known stimuli cues. A similar shift occurs in 

the transition from the core to the shell of the NAc64.  This results in a 

relieve of attentional resources needed to perform the response, but it comes 

with a price. Dorsal striatum signaling is less sensitive to the emotional 

consequences of the behavior and thus, it becomes less plausible that reward 

prediction errors are used to update the existing US/CS-response 

association65.  

1.6.2 | Cocaine mechanisms underlying its abuse potential 

As hypothesized by Wise and Bozarth51, all drugs of abuse should 

interact with this circuitry, even with different pharmacodynamical effects. 

Cocaine interferes with DA signaling in the brain by blocking the DAT. It 

also blocks norepinephrine and 5-hydroxytryptamine (serotonin, 5-HT) 

uptake, as well as voltage-dependent sodium channels, which produces local 

anesthesia66. However, the addictive properties of the drug are usually 

attributable to the DAT blockade effect. Due to competitive DA reuptake 

inhibition, cocaine increases synaptic DA levels. The end result is that 

cocaine enhances D1 and D2 receptor signaling, leading to activation or 

inhibition (respectively) of adenylate cyclase and further downstream 

pathways67 (Figure 1.7). Due to this, cocaine “hijacks” the VTA-sourced 

DA signaling in the ventral and dorsal striatum, where its motivational 

properties are magnified. Even more, as DA is exogenously raised, satiation 

mechanisms cannot act as a negative feedback in the circuit. Also, DA levels 

will always be increased, no matter the actual consequence of the cocaine 

taking behavior. In summary, this explains the reinforcing potential of 

cocaine. The long-term neuroplastic alterations induced by cocaine, 

however, may outlast the drug. Ultimately, these are responsible for the 

transition from normal use to compulsive cocaine seeking and are far more 

intricated and profound than the acute effects.  
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It has been widely reported that cocaine induces a potentiation of 

excitatory input onto DA neurons in the VTA. This long-term potentiation 

(LTP) is manifested by increased ratios of AMPA/N-methyl-D-aspartate 

(NMDA) receptors in DA neurons, leading to augmented synaptic 

plasticity. Such neuroplastic change can be observed a week after a single 

injection of cocaine68. In the NAc, cocaine self-administration increases the 

amount of membrane surface AMPA receptors. In cocaine abstinence 

periods, the subunit composition of AMPA receptors changes. Longer 

withdrawal periods led to the long-lasting expression of GluA2 subunit-

lacking AMPA receptors (which are Ca2+ permeable) that correlate with 

Figure 1.7. The pharmacological action of cocaine on DA reuptake. 

The pharmacological mechanisms of amphetamine (AMPH) are also 

shown. Source: extracted from Korpi et al.67 (2015) 
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measures of cocaine craving and seeking in relapse conditions69. By 

interfering with downstream intracellular pathways, cocaine can drastically 

influence neuronal cytoskeletal architecture critical for synaptic plasticity. 

After repeated exposure to the drug, the expression of the transcription 

factor ΔFosB is augmented70. ΔFosB is a member of the Fos family 

including c-Fos, FosB, Fra1 and Fra2. ΔFosB is especially interesting 

because, despite its low expression, its levels accumulate in D1 receptor-

containing NAc neurons. Indeed, ΔFosB expression can persist despite 

relatively long periods of withdrawal. One of the targets of this transcription 

factor is the cyclin-dependent kinase-5 (cdk5). Cdk5 expression increases 

dendritic spine density in the NAc after cocaine repeated exposure. This 

mechanism allows cocaine to develop the synaptic architecture of neurons 

responsible for encoding its motivational value in a long-lasting manner71. 

The molecular actions of cocaine leading to neuroplastic changes in the 

PFC are less clear. Suggesting evidence points to the relevance of cell 

adhesion molecules called integrins and its downstream pathway Arg 

kinase. Acute and repeated cocaine exposure impairs integrin-Arg signaling 

in the PFC, leading to impaired behavioral flexibility and increased cocaine 

reinforcement72. In this way, the role of distinct subregions that 

comprehend this heterogeneous structure has been probed capital. Using 

optogenetic tools, it seems now clear that the activation of prelimbic PFC 

(PL) projecting to the NAc promotes cue-induced cocaine seeking in mice. 

Contrary, the infralimbic cortex (IL), an adjacent region, contributes to 

inhibit the drive to engage in cocaine seeking73. Finally, cocaine 

neuroplastic actions have also been probed relevant to the long-term 

plasticity of the amygdala circuits. After cocaine self-administration, Glu 

neurotransmission is enhanced in the basolateral amygdala, through a 

mechanism involving D1-dependent LTP. Moreover, the excitatory 

projections originated in the basolateral amygdala targeting the NAc shell 

are needed for motivated behavior driven by cocaine-related cues69. The 
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central part of the amygdala, a major output nucleus and part of the 

extended amygdala circuit, is affected by corticotropin-releasing factor 

changes induced by cocaine. Such alterations are required for stress-induced 

reinstatement of cocaine seeking74.  

1.7 | Beyond DA and the motivational circuitry 

Sometimes the mesocorticolimbic DA system is treated as an isolated, 

closed entity. However, no brain system consists in a closed loop. As such, 

New candidates to influence the motivational properties of cocaine and 

other drugs of abuse are constantly being discovered. Here, some of the 

most prominent cases will be reviewed, especially those potentially related 

to the pharmacological effects of CBD. 

1.7.1 | The endocannabinoid system 

DA neuronal bursts require the fine tuning of excitatory Glu and 

inhibitory GABA inputs to the VTA. The endocannabinoid (eCB) system 

results to be uniquely positioned to serve this fine functioning75. 

Cannabinoid receptor 1 (CB1), a Gi protein-coupled inhibitory receptor, is 

widely implicated in different forms of synaptic plasticity, and is the main 

brain substrate for eCB transmission. One of the main particularities of 

eCB signaling is that it is mainly retrograde; that is, eCB endogenous 

ligands are delivered from the membrane of the post-synaptic neuron and 

bind to the pre-synaptic CB1. CB1-induced short-term regulation of 

synaptic plasticity is achieved through depolarized-induced suppression of 

excitatory and inhibitory transmission and short-term depression. Such 

changes are usually mediated by the endogenous CB1 ligand 2-

arachidonoylglycerol (2-AG) in reward-related events of the VTA, 

amygdala, HPC and PFC and typically last a minute or less. Long-term 

depression plasticity (LTD) is a persistent form (hours to weeks) of 
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weakened synaptic strength that can be initiated by CB1 activation in 

motivation-related areas like the NAc, PFC, amygdala and the VTA76. 

Exposure to cocaine induces eCB-LTD of inhibitory transmission in the 

VTA. There, CB1 is expressed in GABA interneurons and Glu terminals. 

DA VTA neurons do not have CB1 and the density of this receptor is 

higher in GABA than in Glu neurons. Such distribution ensures that when 

a DA neuron activates, it will retrogradely deliver 2-AG to nearby CB1-

expressing afferences. In this case, inhibitory GABA interneurons and 

excitatory Glu terminals. However, due to higher expression of CB1 in 

GABA interneurons, the net action will result in an inhibition of the 

inhibitory afferences, thus leading to an hyperactivation of DA neurons in 

the VTA77 (Figure 1.8). In NAc, however, cocaine diminishes eCB-LTD 

of excitatory neurotransmission. Cocaine-induced reduction of eCB-LTD 

is mediated by D1-dependent activation of Homer scaffolding proteins that 

reduce the membrane expression of post-synaptic metabotropic Glu 

Figure 1.8. Cocaine-induced enhancement of eCB-LTD of inhibitory 

synapses. Green terminal: glutamatergic neuron. Blue terminal: GABA 

interneuron. AEA, anandamide. NAPE, N‑arachidonoyl-

phosphatidylethanolamine. DAG, 1,2‑diacylglycerol lipase. FAAH, fatty 

acid amide hydrolase. MAGL, monoacylglycerol lipase. Source: extracted 

from Parsons and Hurd76 (2015). 
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receptor 5 (mGluR5), a Glu metabotropic receptor controlling eCB 

production. As a result, excitatory signaling in the NAc is strengthened78. 

The intimate molecular and cellular relation between the eCB and DA 

neurotransmission procures to the eCB system a prominent role in the 

modulation of cocaine motivational properties in mouse models of cocaine 

addiction79. 

1.7.2 | The serotonergic system 

The pharmacological effects of cocaine overcome those centered in the 

DA system. As previously mentioned, cocaine also binds to other 

monoamine transporters, such as the 5-HT transporter. Furthermore, 

epidemiological evidence supports that cocaine addiction is highly 

comorbid in respect to depressive disorders. Historically, the 5-HT system 

was soon considered as one major component of the neurobiology of 

cocaine addiction. 5-HT functions are controlled by 14 different subtypes 

of 5-HT receptors, grouped into seven different families. Among them, 13 

are G-coupled protein receptors (GPCR) binding to 4 different types of G-

proteins. One 5-HT receptor is an ionic channel. The 5-HT2C receptor, for 

instance, is the only GPCR known to undergo pre-RNA editing, with more 

than 32 mRNA isoforms that could encode 24 different receptor protein 

isoforms. This unparalleled pharmacological complexity has greatly 

obstructed our ability to ascertain specific roles and functions of this system 

in cocaine addiction80. Most of the research has focused on the role of 5-

HT ligand unspecific alterations or the participation of 5-HT2A and 5-

HT2C receptors. The actions of 5-HT1A receptor activation could be of 

special interest for our study due to the agonistic effects of CBD81. 5-HT-

producing neurons arise from the dorsal and medial raphe nucleus. From 

there, they project to key areas implicated in cocaine addiction, namely: the 

VTA, the NAc and the PFC. The former structure has received more 

attention given the common implication of both, 5-HT and prefrontal 
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function in impulsivity, a trait found increased in cocaine dependent users 

and responsible for the loss of control over cocaine seeking. In the PFC, 

Gαq/11-bound 5-HT2A and 5-HT2C receptors are homogenously expressed 

on excitatory Glu pyramidal neurons and GABA interneurons82. It is 

generally believed that PFC 5-HT2C receptor activity inhibits impulsive 

cocaine-seeking while 5-HT2A increases it. After cocaine prolonged self-

administration exposure or withdrawal, PFC 5-HT2C is blunted and the 

circuit imbalances towards impulsive-like behaviors (Figure 1.9)80. Much 

less is known about the implication of 5-HT1A receptors. Its CNS 

distribution (highly expressed in the HPC and PFC) points to a putative 

role in mood regulation and stress-related responses83. Consequently, it has 

been observed that it provides an inhibitory tone over cocaine reward80.  

Figure 1.9. Prefrontal 5-HT2A: 5-HT2C balance controls impulsive 

behaviors. After cocaine extended exposure, the balance shifts to favor 

cocaine cue reactivity. DRN, dorsal raphe nucleus. Source: extracted 

from Cunningham and Anastasio80 (2014). 
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1.7.2 | Neuroinflammation 

So far, the mechanisms here detailed have been related to the neuronal 

function. Nonetheless, it has come to light that glial cells also actively 

influence neuronal and behavioral functions. Indeed, it is now evident that 

glial cells regulate some of the neuroadaptations induced by drugs of abuse 

due its ability to orchestrate the development, maturation and refinement 

of neuronal synaptic functions. Glial cells are comprised by astrocytes, 

microglia, oligodendrocytes and ependymal cells. While all of them have 

been reported important for different addiction-related changes, most of 

the research has been focused on microglia and astrocytes. Astrocytes are 

the most abundant cell type in the brain and its function has been 

traditionally reduced to a passive logistic sustainment of neuronal 

homeostasis and synaptic support. Nowadays, it is clear that astrocytes also 

actively participate, as third-party messengers, in synaptic environments 

with other neurons and astrocytes. Its main impact on neuronal function 

comes from the cleavage and recycling of Glu, via the glutamate transporter 

1, and calcium84. It also can influence neuronal functioning by delivering 

neurotrophic factors and pro- and anti-inflammatory signals. Microglial 

cells are the CNS equivalent to immune macrophages by acting as antigen 

presenting cells (mainly through toll-like receptors) using phagocytic and 

cytotoxic mechanisms85.  

The mechanisms by which glial cell activity is altered in presence of 

cocaine is not yet fully understood. Glial cells respond to aberrant 

supraphysiological changes in endogenous neurochemicals after cocaine 

pharmacological effects86. After glial function is disestablished, the related 

neuronal processes are disrupted, contributing to the deleterious 

consequences of cocaine use. For instance, cocaine exposure causes the Glu 

transporter-1, expressed in astrocytes, to be downregulated87. Without an 

efficient Glu reuptake response, the levels of the neurotransmitter 
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accumulate, leading to increased excitatory input into the VTA and 

excitotoxicity. Additionally, cocaine repeated response is able to activate 

microglial cells by agonizing sigma-1 receptors that initiate pro-

inflammatory responses. The increase in pro-inflammatory cytokines by 

cocaine is especially relevant in the NAc, PFC and HPC. In such structures, 

the inflammatory response start a series of downstream neuronal pathways 

leading to decreased synaptic plasticity, blunted protein synthesis and 

finally, apoptosis86. The loss of circuit integrity and neuronal function in 

areas controlling cocaine seeking is theorized to be one of the mechanisms 

responsible for cocaine behavioral maladaptations.  

1.7.3 | Hippocampal plasticity and neurogenesis 

The HPC is a sea horse-shaped limbic structure well known for its 

implications in cognitive and emotional functions. Briefly, it is comprised 

mainly by Glu neurons (90%) and GABA interneurons. It is subdivided in 

three main areas, namely: cornu ammonis (CA) 1, and CA3 and the dentate 

gyrus (DG). Excitatory projections from the brain enter the HPC particular 

architecture by the entorhinal cortex and synapse with DG neurons, 

creating the perforant path. From there, DG neurons integrate the message 

and send it to CA3, creating the mossy fibers. In CA3 the signal is relayed 

towards CA1, the main output site for the HPC88. Among other sites, CA1 

excitatory projections coming from the HPC target the PFC, NAc and the 

VTA through a septum relay. The so-called tri-synaptic circuitry (DG-

CA3-CA1) has a pivotal role in declarative memory. Moreover, it is also 

exerting emotional control, through a neuroendocrine regulation of stress 

responses, and cognitive functions. In rodent models of cocaine addiction, 

the HPC has an important implication for contextual memories 

encompassing drug experiences. The circuitry governing HPC modulation 

of VTA DA activity is as follows: excitatory projections form CA3 synapse 

with inhibitory GABA neurons located in the lateral septum. The lateral 
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septum is composed by long-projecting GABA neurons that contact with 

VTA GABA interneurons. The consequence is that CA3 activations leads 

to VTA DA increase by excitation of septal neurons inhibiting VTA 

inhibitory interneurons. These indirect connections allow contextual 

information to be multiplexed with the motivational value encoded in DA 

VTA activity89. Cocaine acts in the HPC by altering LTP synaptic 

plasticity. Following cocaine exposure, LTP is found aberrantly increased 

in the CA1 Schaffer collaterals fibers. It does so by increasing 

phosphorylated states of LTP-controlling factors such as mitogen-activated 

protein kinases (MAPK) and cAMP response element-binding (CREB). 

Cocaine induces MAPK/CREB excessive phosphorylation in the HPC by 

facilitating DA influx coming from the VTA (the HPC has high DA 

receptor density). It is believed that cocaine recruits HPC function in an 

exacerbate way, prompting cocaine-associated contexts a higher 

motivational value than physiological conditions90,91.  

Finally, the HPC stands out among other motivation-related areas due 

to its exclusive ability to generate newborn neurons able to integrate into 

pre-existing circuits in rodent and human adults92. Newborn neurons are 

generated within the subgranular zone of the DG from radial precursor 

cells. These cells show astrocytic-like features and can differentiate to 

astrocytes or neuroblasts (by asymmetric replication). Young neuroblasts 

can still replicate, show unique electrophysiological responses (like being 

excited by GABA) and are not integrated in the surrounding neuronal 

circuits. Days to weeks after, neuroblasts differentiate into immature 

neurons. Immature neurons show cytoskeletal neuronal processes and 

project to CA3, where their first synapses are formed. From the first to third 

week of existence, immature neurons undergo apoptosis or survival, 

depending on its degree of integration and excitation within the HPC 

circuitry62. A lot has been hypothesized about the functional implications 
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of adult hippocampal neurogenesis (AHN).  It is hypothesized that newly 

generated neurons can improve memory and learning function acting as 

encoding units and as active modifiers of mature neuron firing, 

synchronization, and network oscillations93. Regarding cocaine addiction, 

it has been shown that drugs of abuse regulate AHN. Despite some early 

misunderstanding of this relationship, drugs do not necessarily reduce 

AHN. Sometimes, drugs facilitate neurogenesis to stablish new associations 

with environmental stimuli94. In other conditions, drugs do seem to reduce 

AHN. AHN-reduced states after cocaine exposure lead to restructured 

brain networks that end up impairing cortico-striatal connectivity needed 

for inhibitory control processes95,96. This results in increased vulnerability to 

cocaine abuse. For instance, inhibiting HPC activity and neurogenic 

proliferation by low frequency electrical stimulation or genetic 

manipulation enhances cocaine-seeking reinstatement97,98. On the other 

side, environmental interventions that favor AHN (voluntary exercise or 

environmental enrichment) consistently reduced the propensity of rodents 

to self-administer cocaine99–101. In summary, extensive pre-clinical evidence 

supports that AHN increments can confer protection against aberrant 

motivation to pursuit cocaine intake (Figure 1.10).  
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Figure 1.10. Adult hippocampal neurogenesis as a regulatory mechanism 

with notable implications to cocaine reinforcement. Source: extracted 

from Castilla-Ortega et al.94 (2019). 
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    THE PHARMACOLOGY OF CANNABIDIOL 

2.1 | General features 

Cannabis sativa plant products have been used by a wide range of 

cultures for over 4800 years with medicinal, recreational and religious 

purposes. The plant is indigenous from the Himalayan hills and the first 

written record of its use spans back to Hindu religious texts from 1500-

1000 BCE. Ancient Greek authors described the subjective effects of 

cannabis seeds and mentioned its use as a ritual plant for funerals and as a 

medicinal remedy for earache102. It was considered a pharmakon, which was 

the term used to refer a substance that could produce both therapeutic and 

poisoning effects. In Western cultures, the first medicinal use of cannabis 

was introduced by O’Shaughnessy in 1839, recommending it as an 

analgesic103.  

Despite widespread use throughout the world, the identification of the 

main active principles of the plant would not come until 1964-1966, when 

Gaoni and Mechoulam firstly synthesized Δ9-tetrahydrocannabinol (THC) 

and CBD104,105. Nowadays, around 120 phytocannabinoids have been 

identified, making up approximately 24 % of the total plant extract, and 

more than 400 terpenoids106. Such constituent diversity makes cannabis 

sativa one of the most complex botanical specimens known. This discovery 

paved the way for extensive innovative research that ultimately influenced 

the discovery of CB1 and the eCB system in the mammalian brain107. The 

subjective effects of consuming the plant, in its different forms, are often 

reported as experiences of relaxation, enhanced perception and improved 

mood, but also paranoia, anxiety and hallucinations108. This, in combination 

with the medicinal but also abusive nature of the plant, led to theorize that 

individual constituents of the plant would be exerting different, sometimes 

opposite, pharmacological effects. Such possibility invigorated the research 
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efforts focused to investigate the pharmacology of each isolated 

phytocannabinoid. A formal description of the intrinsic nature of each 

phytocannabinoid can not only help us understand the complex 

consequences of cannabis use but also exploit the potential therapeutic 

applications of promising, specific constituents109.  

Contributing to this shift of paradigm, the legal status of recreational 

and medicinal cannabis is changing around the world. In the United States, 

11 states have recently approved the legalization of recreational cannabis. 

Its medical use is legal in a total of 33 states. The recreational use of cannabis 

was approved federally in Canada since 2018. In the European Union, 

cannabis is only approved for medicinal purposes, but the decriminalization 

of recreational marijuana is becoming more frequent110 (Figure 2.1). This 

opened the gates to new therapeutic compounds that were showing 

promising results in the pre-clinical field. The first licensed medication 

using a combination of phytocannabinoids was licensed in 2010. Sativex® 

is a prescription-only medicine approved for the treatment of spasticity and 

Figure 2.1. Penalties in law for consumption of cannabis in the European Union and 

legality of cannabis in the United States. In Spain, cannabis use is only penalized if 

performed in public spaces (like alcohol). Sources: EMCDDA10 (2019) and the 

National Conference of State Legislatures (2019) 
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chronic pain due to multiple sclerosis. It consists of a 1:1 ratio of THC and 

CBD, the two main phytocannabinoids in the cannabis plant. In 2018, the 

first medicine constituted exclusively by CBD was approved by the FDA. 

Its brand name is Epidiolex® and it is intended for the treatment of two 

rare forms of refractory childhood epilepsy: Lennox-Gastaut syndrome and 

Dravet syndrome111. 

Regarding these phytocannabinoids, considerable knowledge has been 

obtained about THC because of its prominent psychoactive nature effects. 

On the other side, there has been a shortage of experimental inquiry 

regarding CBD, albeit being the second most abundant phytocannabinoid 

in the plant. CBD, unlike THC, does not display reinforcing potential 

effects and does not agonize block CB1 or CB2 cannabinoid receptors. Its 

pharmacology, however, seems more complex, yet it remains mostly 

unknown. It is an efficient anxiolytic and there is evidence suggesting that 

it can be antinflamatory, neuroprotective, antidepressant and 

antipsychotic112. Interestingly, CBD has been proposed as a novel 

therapeutic strategy for different mental disorders such as drug addiction, 

depression or schizophrenia. Consequently, CBD has gained a great 

research interest during the last decade (Figure 2.2). 
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Figure 2.2. Number 

of results obtained 

when searching 

“Cannabidiol” in 

PubMed.  
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The purpose of the next section is to address the molecular and behavioral 

characteristics of CBD. Among all of them, those that could justify its 

potential use against aberrant drug motivation are prioritized. For this 

reason, a thorough description of the components of the eCB system is 

provided.  

2.2 | Molecular targets within the endocannabinoid system 

2.2.1 | Overview of the endocannabinoid system 

The existence of endogenous molecular targets of THC was not 

considered a likely possibility due to the lipophilic nature of this compound. 

Instead, it was though that it could act by influencing membrane fluidity. 

However, the synthesis of the first synthetic tritium-labeled cannabinoid 

[3H]CP-55,940 led soon after to the conclusive evidence that THC effects 

were mediated by a specific endogenous cannabinoid receptor: the CB1107. 

In the coming years, a second cannabinoid receptor was identified: the 

CB2113. CB1 is the most abundant 7-transmembrane receptor in the 

mammalian brain. CB1 is highly expressed in motor and cognitive control 

areas such as the basal ganglia, cerebellum, HPC, substantia nigra and brain 

stem. It is also widely expressed in peripheral tissues114. Within the brain, 

CB1 is especially co-expressed in GABA and Glu neurons, which 

highlights its ability to modulate neuronal activity. Although not 

exclusively, CB1 is mainly located in pre-synaptic neurons, where it can 

modulate the release of a variety of neurotransmitters. Moreover, this 

receptor has also been localized in astrocytes and neuronal mitochondria115. 

The characterization of the CB2 receptor in the CNS is not as complete as 

in the case of CB1 receptors. It was firstly state that CB2 receptors were 

not expressed in the brain, but subsequent studies showed that it was indeed 

localized in neurons and microglial cells116. However, technical problems 

with the poor selectivity of CB2 antibodies, and the fact that some CB2 
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knockout mice conserve a nonfunctional portion of the proteins, have 

greatly obstructed the verification of CB2 neuronal expression and 

functionality.  

CB1 receptors are associated to Gi/o proteins and transduce ligand 

signaling by inhibition of adenylyl cyclase and activation of MAPK 

pathways (Figure 2.3). CB1 activation inhibits voltage-gated Ca2+ channels 

and activates inwardly rectifying K+ channels. The inhibition of adenylyl 

cyclase leads to cAMP downregulation that decreases protein kinase A 

(PKA) activity. These changes ultimately contribute to hyperpolarization 

and neurotransmitter release inhibition. But due to its signaling complexity, 

Figure 2.3. Complexity of cannabinoid receptor signaling. CB1R negatively regulate 

voltage-gated Ca2+ channels and positively regulates inwardly rectifying K+ channels, 

thereby inhibiting neurotransmitter release. Cross-talk between signaling pathways is 

illustrated by the variety of responses requiring cannabinoid-mediated inhibition of 

PKA. Source: extracted from Bosier et al.117 (2010). 



/ INTRODUCTION 
 

 
 

  51 

some downstream consequences of CB1 activation are hard to predict. For 

instance, CB1 receptor activation upregulates the MAPK-CREB pathway 

and, at the same time it also inhibits cAMP-protein kinase A-CREB 

pathway117. Cannabinoid receptors are also characterized as β-arrestin-

coupled receptors. Generally, β-arrestin signaling can be isolated from the 

G protein-mediated pathways. β-arrestin recruitment has been thought to 

mask G-protein-mediated signaling. As such, β-arrestin binding leads to 

desensitization and internalization of the CB1 receptor118. Moreover, recent 

investigations show that β-arrestin signaling exceeds receptor 

internalization to activate MAPK pathway and promote gene expression119. 

Finally, recent studies postulate the existence of other ligand binding 

sites that could explain some non-CB1/CB2 cannabinoid actions, the so-

called ‘expanded’ eCB system. The transient receptor potential vanilloid 1 

(TRPV1) is a nonselective cation channel implicated in the sensation of 

noxious stimuli activated by capsaicin, acid or harmful heat. Notably, 

anandamide (AEA), the major brain endocannabinoid has a binding site in 

TRPV1 channels. The gating of the channel leads to Ca2+ influx and 

facilitation of neurotransmitter release, making it the ionotropic 

counterpart of the CB1/2 receptors120. TRPV1 brain expression is very low, 

but mRNA and protein have been found in cortical and HPC pyramidal 

neurons (in CA1, CA3 and DG), as well as in limbic structures like the 

striatum or the amygdala. The main brain functional relevance attributable 

to TRPV1 is the modulation of descending pain pathways. Other 

neurobehavioral functions have been studied, but results show 

inconsistencies yet. Nonetheless, suggesting evidence points to interesting 

roles in the activation of microglial cells and induction of AHN120,121. The 

second receptor claimed to be part of the eCB system is the orphan G-

protein receptor 55 (GPR55). Different endocannabinoids, and 

phytocannabinoids, bind to this highly expressed receptor. However, 
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GPR55 signaling profile is radically different from CB1/2 receptors and 

thus, the downstream effects of endocannabinoids in this receptor remain 

partly unknown. Nonetheless, it is known that GPR55 increases 

intracellular Ca2+ and thus, it is theorized to promote neurotransmitter 

release. Regarding the functional implications, more studies are needed to 

confirm some physiological effects, but initial investigations probe that it 

could be modulating procedural memory, HPC activity, anxiety and motor 

coordination122.  

The proteins responsible for the biosynthesis, transport and inactivation 

of endocannabinoids also comprehend the eCB system. The most studied 

endocannabinoid messengers are AEA and 2-AG, both binding to CB1 

and CB2 receptors. Unlike classic neurotransmitters, endocannabinoids are 

produced de novo and “on demand”. That is, instead of being stored in 

vesicles prior to its delivery, they are synthesized when needed, and secreted 

directly from the membrane. The biosynthesis of AEA is mediated by N-

acyl-phosphatidylethanolamine-selective phospholipase and its enzymatic 

hydrolysis is facilitated by the fatty acid amid hydrolase (FAAH). 2-AG is 

synthesized by diacylglycerol lipases and hydrolyzed by the 

monoacylglycerol hydrolase.  

2.2.2 | Mechanisms of CBD in the endocannabinoid system 

As described in section 1.7.1, the eCB system plays a pivotal role in the 

reinforcement systems responsible for cocaine seeking and use. The 

pharmacological actions of CBD over this system are, to say at least, 

complex. Nevertheless, the potential implications of a physiologically 

relevant eCB-CBD connection are tempting123. Because of this, a 

considerable number of studies have tried to demonstrate a mechanism by 

which CBD would modulate cannabinoid receptor activity.  
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Regarding the CB1 receptor, it became soon clear that CBD had very 

low affinity for the orthosteric binding site124. Even though, a single report 

showed that CBD displayed unexpectedly high potency as an antagonist of 

CB1 receptor125. According to a posterior meta-analysis, important 

methodological covariates between studies could explain these 

discrepancies126. One important confounding factor would be implied by 

the possibility that CBD could be interacting with CB1 receptors at an 

allosteric site127. Indeed, CBD can act as a negative allosteric modulator of 

the CB1 receptor128 in vitro and in vivo. This interaction has been recently 

replicated by the same129, and a different group130. A negative allosteric 

modulator non-competitively binds the receptor in an allosteric site and 

influences the consequence of orthosteric ligands. There is great interest in 

exploring therapeutic strategies with allosteric modulators, as they interfere 

less with the endogenous signaling process and thus, are hypothesized to 

elicit fewer side effects131. CBD affinity to allosterically bind CB1 receptor 

equals that of well-characterized negative allosteric modulators of the CB1 

receptor such as ORG2759 and PSNGBAM-1132. Crucially, this action 

was reached at submicromolar concentrations (<1 μM), that are generally 

conceived as physiologically relevant. The neuroplastic consequences of 

these findings need to be further explored. For instance, this finding implies 

that CBD can inhibit ligand-induced recruitment of β-arrestin 2, a 

mechanism with important implications for CB1 sub-cellular distribution 

and signaling availability133. This, often unnoticed, mechanism of CBD at 

CB1 receptors could explain a considerable number of in vivo studies 

reporting CBD-induced changes being modulated by CB1 

antagonists/agonists, even if CBD is not coupled to the orthosteric site of 

CB1. In this sense, it was reported that CBD facilitated extinction and 

reconsolidation of conditioned fear134, as well as marble burying behavior135, 

an effect blocked by the CB1 receptor inverse agonist AM251. CBD-

induced reduction of microglial activation also depended on the CB1 
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receptor in vivo136. On the last 2 years, various works have observed the 

same CB1-CBD connection in CBD-induced changes on memory137–139, 

anxiety140, depressive-like behavior141, nociception142, sucrose reward143, 

aggressive behavior144, cognitive executive functions145, hippocampal 

neurogenesis146, CB1 downstream activation147 and alcohol teratogenesis148. 

In conclusion, in vivo studies undoubtedly point to a crucial participation 

of CB1 receptors in the neurobehavioral actions of CBD. However, in vitro 

binding studies suggest a very low affinity for the receptor in the orthosteric 

site. Thus, the participation of CB1 in CBD actions must be explained by 

its allosteric modulation. Unfortunately, negative allosteric modulators of 

CB1 are much less characterized than its orthosteric counterparts. For that 

reason, our understanding of CBD-CB1 interaction needs to be further 

developed to allow effective predictions of CBD pharmacological effects. 

The weak predictive validity of CBD studies is one of the main obstacles 

that the field needs to overcome in the following years.  

Regarding CBD effects on CB2 receptors, early studies showed 

contradictory results indicating that CBD could antagonize or show very 

low affinity for CB2 receptors149. In fact, CBD seems to allosterically 

modulate CB2 receptors129,130,150. Recent evidence also supports a 

participation of CB2 receptors in the changes induced by CBD in 

memory137, nociception142, neurogenesis146 and sucrose or cocaine 

reward143,151. In this case, CB2 receptor function in the neuroactive actions 

of CBD is even harder to explain. Here, the complexity of CBD-CB2 

binding interaction is not the only difficulty. This adds to the role of CB2 

receptors in traditional-associated neuronal functions, such as learning or 

memory, which are far from being understood. Another confounding factor 

behind the discrepancy between binding and in vivo studies of CBD-

CB1/2 interactions is the inhibition of FAAH activity by CBD. This 

phytocannabinoid is able to modulate the degradation of 
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endocannabinoids152 through the inhibition of FAAH140,153–156. In addition, 

it has been reported that CBD can bind, and inhibit, the fatty acid-binding 

protein 7 (FABP7), which reuptakes anandamide and facilitates its 

metabolism157. Therefore, CBD also influences cannabinoid receptor 

activity by indirect agonism (Figure 2.4).  

In parallel, CBD exerts pharmacological effects on the so-called 

‘expanded’ eCB system. Unlike most of the other phytocannabinoids, CBD 

has been reported to act at TRP cation channels in vitro and in vivo. 

Different in vitro studies support the agonistic effects of CBD over TRPV1 

channel154,158,159. Noteworthy, CBD is the second most potent 

phytocannabinoid activating this channel after tetrahydrocannabivarin149. 

In vivo explorations of this mechanism also confirm the participation of 

TRPV1 channels in CBD effects. The attenuating effect of CBD on cocaine 

seeking was blocked by capsazepine, a TRPV1 anagonist151. The analgesic 

effects of CBD was also inhibited by the TRPV1 selective antagonist 5-

Figure 2.4. Main molecular targets of CBD in the CNS reported in vitro and in vivo. 
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iodo-resiniferatoxin160. A similar participation of TRPV3161, TRPV2 and 

transient receptor potential ankyrin 1 channels158 has also been reported. 

The agonistic interaction of CBD and TRP channels has important 

implications for neuroinflammation, nociception, anxiety, neurogenesis, 

and even learning121. Finally, the GPR55 receptor has been identified as a 

target of CBD. At submicromolar concentrations, CBD inhibited GPR55 

in rat HPC slices, thus suppressing excitatory output from pyramidal 

cells162.  

 2.3 | Endocannabinoid system independent activity of CBD 

CBD pharmacology is rather prolific. More than 20 different molecular 

targets have been at least once reported. Surprisingly, this 

phytocannabinoid has shown a wide pharmacodynamical profile outside the 

eCB system. Here, the main effects of CBD over 5-HT receptors, 

adenosine reuptake and peroxisome proliferator-activated gamma receptors 

(PPARγ) will be detailed. Among all other targets, these three substrates 

may possess special importance for the variety of implications that its 

modulation can have in different psychiatric disorders. 

Considerable in vivo evidence supports CBD producing its effects via 

5-HT receptors, predominantly the 5-HT1A
149. However, only two in vitro 

studies found that CBD was able to enhance the ability of  5-HT1A agonists 

to stimulate G-protein binding81,163. Despite of that, the putative 

antipsychotic, antireward and antidepressant effects induced by this 

mechanism have motivated considerable research on the issue. The 

Laviolette group elegantly demonstrated a mechanism by which CBD 

modulates fear memory formation through an interaction with the 5-HT1A 

receptors expressed in MSNs of the NAc that receive DA inputs from the 

VTA164. This discovery highlights the potential of CBD to reduce 

psychotic-like symptoms and improve emotional regulation145,165. 
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Antidepressant-like effects of CBD have also been dose-dependent related 

to its action over 5-HT1A receptors141,166,167. Also, the implication of 5-HT1A 

in CBD anxiolytic effects seems to be crucial168, and has been repeatedly 

corroborated169–172. Relevant to this work, the antipsychotic, anxiolytic and 

antidepressant effects produced by CBD have all been proposed as a 

plausible way to tackle excessive drug reinforcement. This 5-HT 

mechanism would provide a way to counteract cocaine reinforcement. 

Consequently, Galaj et al.151 recently reported that the reduction of cocaine 

rewarding effects by CBD was mediated by 5-HT1A receptors, among 

others. 

The antinflamatory and immunosuppressive effects of CBD are well 

known, but the underlying mechanism remains elusive. The main candidate 

to satisfy such activity is adenosine signaling. CBD is able to block, in vitro, 

the transporter of adenosine, (equilibrative nucleoside transporter 1, 

ENT1) well below submicromolar concentrations (one of CBD’s most 

potent molecular mechanisms)173,174.  Interestingly, it has been shown that 

CBD can reduce microglial reactivity by inhibiting ENT1 reuptake of 

adenosine in the NAc175,176. The other main candidate to explain CBD 

immunosuppressive effects may be the PPARγ. PPARγ is a nuclear 

hormone receptor abundantly expressed in astrocytes and D1/2-expressing 

neurons of the NAc, PFC and amygdala177. CNS PPARγ have been mainly 

associated with lipid metabolism, but also neuroprotection, stem cell 

maintenance and inflammation178. Due to its brain distribution, they are 

thought to exert a key role in pathophysiological processes of several CNS 

disorders. This receptor, that could be complementing adenosine effects, 

has been probed to mediate CBD-induced reduction of glial reactivity in 

vivo179–181. However, only one study has confirmed the molecular 

interaction between CBD and PPARγ in vitro182.  
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2.4 | Therapeutic applications of cannabidiol in 
neuropsychiatric disorders 

CBD’s complex pharmacology has baffled the scientific community, 

who still tries to elucidate the full therapeutic potential of CBD. The 

pharmacology of CBD was firstly tested with therapeutic purposes for 

epilepsy, in the 1970s183. Since then, mounting pre-clinical and clinical 

studies have supported the beneficious effects of CBD ameliorating 

epileptic seizures and improving the quality of life in such patients112. The 

results of these research efforts led to the first approved medication using 

CBD for the treatment of rare childhood epilepsies (Epidiolex®). Now, 

numerous research groups are trying to recapitulate this pathway for the 

treatment of other mental disorders. Here, the main evidence supporting 

CBD for the treatment of anxiety, schizophrenia and mood disorders will 

be detailed. These three disorders are of interest to this work due to its 

putative implications for the treatment of cocaine use disorders. 

Antidepressant, antipsychotic and anxiolytic drugs have all been proposed 

as useful pharmacotherapies for the treatment of drug addiction184. This is 

also the case of antiepileptics, but more compelling works already cover this 

topic, that has been recently revised185. For the sake of simplicity, only key 

pre-clinical studies of each finding and placebo-controlled, randomized 

trials will be presented. 

 2.4.1 | Anxiety disorders 

Anxiety disorders (generalized and social anxiety, panic, phobias and 

post-traumatic stress disorder) are serious forms of psychiatric illness with 

considerable lifetime prevalence. They are often chronic in nature and 

inadequately treated186. Anxiety disorders involve extreme fear or worry 

associated with an exacerbated sympathetic response. Certain types, as 

phobias or post-traumatic stress disorder are characterized by aberrant end 
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persistent emotional memories of fear-related stimuli. In the laboratory, the 

effects of anxiolytic drugs are normally studied in animal models using 

elevated plus maze (EPM), elevated T-maze and Vogel conflict tests. In the 

maze tests, animals tend to avoid the open arms, as they are more fearful 

situations for them, and stay in the closed arms. The rationale goes as 

follows: the more time the animals spent in the open arms, the less anxiety 

they experienced. In the Vogel test, water-deprived rodents are forced to 

make a choice either to drink the water, while receiving a painful footshock 

or to remain thirsty. In this test, anxiolytic drugs produce an increase in 

punished water consumption.   

Using the EPM and elevated T-maze tests, Guimarães and co-workers 

showed that systemic administration of CBD produced a bell-shaped dose-

response curve in rodents, being anxiolytic at intermediate doses but not at 

lower or higher doses. Albeit some exceptions187, most studies have 

confirmed these findings (see a review on the issue188). Importantly, the 

anxiolytic effects of CBD do not seem to be associated with impaired 

locomotion or sedation, since the number of total entries into the arms are 

comparable to control animals189. Similarly, CBD (10 mg/kg) injected to 

male rats increased punished water licking in the Vogel test190,191. To model 

the presence of persistent emotional memories of fear-related stimuli, the 

aversive event can be associated with a context or a discrete stimulus. In 

these models, CBD also showed that it can reduce freezing responses and 

sympathetic measures induced by footshock-associated contexts170. The 

extinction of such a conditioned fear response is also facilitated by CBD139.  

In summary, pre-clinical evidence strongly supports the anxiolytic effects of 

CBD and its therapeutic activity for anxiety-related responses112. In the case 

of anxiety disorders, the mechanism by which CBD is acting is well 

described. Generally, the anxiolytic response induced by CBD can be 

prevented by 5-HT1A antagonists192. The extensive pharmacology of CBD 
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accounts for its bell-shaped dose-response curve in anxiety models. While 

intermediate doses of CBD do not have actions on the TRPV1 channel, 

higher doses do it. Thus, when higher doses of CBD are co-administered 

with a TRPV1 antagonist, the bell-shaped dose-response curve disappears, 

and high doses become anxiolytic as well. Crucially, these results are fully 

replicated when CBD and the TRPV1 antagonist are specifically injected 

in the periaqueductal gray region of the brain193. Finally, CB1 receptors 

could play an important role in the extinction of fear-related memories, as 

co-administration of CB1 antagonists and CBD dampened the facilitated 

extinction process induced by CBD alone139.  

Because of these well-reported findings, several clinical studies tried to 

explore such anxiolytic effects in humans. Nonetheless, a recent meta-

analysis identified only two relevant placebo-controlled, randomized 

clinical trials in this matter194. Both explored the efficacy of an acute 

administration on anxiety symptoms in a population of individuals with 

social anxiety disorder. On both, oral CBD (400 – 600 mg) significantly 

decreased levels in anxiety scores, cognitive impairment and alert in 

anticipatory speech when compared to placebo195,196.  

2.4.2 | Schizophrenia 

The relationship between cannabis consumption and schizophrenia has 

been largely investigated. The acute use of cannabis can lead to a transient 

psychotic episode197 and its chronic consumption has been identified as a 

risk factor for the development of schizophrenia198,199. Intriguingly, it has 

been shown that THC/CBD ratios are associated with such risk to develop 

a psychotic disorder199. High THC/low CBD cannabis strains tend to have 

more adverse consequences than CBD-rich cannabis200. Epidemiological 

clues like this one, as well as some pharmacological actions of CBD have 

invigorated the research of its therapeutic potential for psychotic diseases. 
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The main obstacle here, however, are the available animal models. 

Schizophrenia rodent models suffer from poor face validity, compared to 

other mental diseases. In the laboratory, psychotic-like symptomatology is 

mainly inferred from psychomotor agitation, impaired sensorial gating 

(pre-pulse inhibition) and social reclusion. All these alterations are present 

in human patients with psychosis and improve after antipsychotic 

medication. 

Chronic CBD treatment is effective reducing ketamine and 

amphetamine-induced hyperlocomotion in mice201,202. CBD is also able to 

normalize the impairments induced by amphetamine203 or MK-801204 

(NMDA receptor antagonist) in sensorial gating, as performed in the pre-

pulse inhibition test. This protective action was dependent on CBD-

induced upregulation of the mammalian target of rapamycin (mTOR) 

pathway, bypassing increases in wingless/integrated (Wnt) pathway. 

According to the authors, this mechanism could explain the absence of 

extrapyramidal effects after CBD treatment203. Several subsequent studies 

have reported the lack of cataleptic symptomatology after CBD treatment, 

contrary to what happens with haloperidol112,205. Specifically in rats, only 

low doses of CBD (1-3 mg/kg) seem to normalize hyper-locomotion and 

social interaction206–208. Recently, one study employed a rodent model of 

schizophrenia using a prenatal infection with a polyinosinic-polycytidilic 

acid (poly I:C) that initiates a maternal immune response, raising 

proinflammatory cytokines in the placenta, amniotic fluid, and fetal brain. 

They showed that CBD can ameliorate cognitive performance and memory 

in psychotic-like rats209. In conclusion, and according to Zuardi et al.210 

thorough revision of the topic, CBD appears to have antipsychotic effects 

with a pharmacological profile similar to that of atypical antipsychotic 

drugs. However, the mechanism by which CBD could be exerting this 

action is not yet clear. A suggesting approximation has been done by 
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Laviolette and colleagues. They present solid evidence supporting that the 

effects of CBD on signal transduction pathways relevant to schizophrenia 

may rescue an HPC-NAc circuitry involved in mesolimbic DA activity that 

is affected in psychotic states. This alteration might be recovered by CBD’s 

5-HT1A agonism in the NAc211.  

At least five clinical studies have tried the antipsychotic effects of CBD 

in placebo-controlled, randomized experimental setups. Three of them 

found significant positive symptomatology improvements (see a review of 

the topic194). However, no improvements in cognitive function were 

reported after CBD exposure212. CBD was generally associated with fewer 

side effects than already approved antipsychotic medications. The two other 

clinical trials reported no significant improvements in any of the psychotic 

symptomatology measured213,214.   

2.4.3 | Depression 

Finally, recent advances in the understanding of CBD pharmacology 

have disclosed a potential antidepressant application. The evidence in this 

regard is less extensive than for anxiety or schizophrenia, but results seem 

rather convincing. Major depressive disorder is a disabling psychiatric 

condition mainly characterized by depressed mood and anhedonia. Rodent 

models of depression include measures of the latter and helplessness, also 

known as despair. Despair is inferred through the tail suspension and forced 

swimming test. The tests consist in measuring the latency in halting escape 

responses upon an unavoidable aversive situation. The shorter the latency, 

the greater the despair-like behavior and thus, the depressed mood.  

The first study reporting a possible antidepressant-like effect of CBD 

was conducted in the forced swimming test166. An acute injection of 30 

mg/kg of CBD was enough to increase the latency to show despair-like 

behavior in mice. A subsequent study corroborated these initial findings and 
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expanded them using the tail suspension test215. New studies have replicated 

such antidepressant effects in rats and mice undergoing acute and chronic 

CBD (3 – 30 mg/kg) treatments187,216. CBD is also effective in reducing 

despair-like states in lesion models of depression. Acute CBD (30 mg/kg) 

was effective attenuating such states in rats and mice when submitted to the 

olfactory bulbectomy model of depression217,218. One of the more interesting 

features of CBD putative antidepressant actions is its fast-acting 

efficiency167. While traditional antidepressant drugs take weeks to elicit 

such an effect, CBD seems able to do so after an acute injection, similar to 

ketamine219. The proposed mechanism responsible for this action is the 

increased brain-derived neurotrophic factor (BDNF) signaling observed 

after acute CBD injections220. CBD-induced BDNF expression increases 

specifically in the medial PFC and the HPC, and is paralleled by increased 

expression of synaptophysin and PSD95217. Crucially, the antidepressant 

effects of CBD disappears when a tropomycin receptor kinase B (BDNF 

receptor) antagonist is administered221. These studies support the idea that 

CBD is inducing rapid neuroplastic changes favoring the functionality of 

areas related to improved mood states. Nonetheless, other mechanisms 

could be participating as well. For instance, both 5-HT1A and CB1 receptor 

antagonism depletes the antidepressant effect of CBD141,166,222. 

Interestingly, BDNF increased expression is one common consequence of 

downstream signaling after CB1 and 5-HT1A receptors223,224. Although 

promising, the number of pre-clinical studies demonstrating an 

antidepressant effects for CBD is still scarce, so any interpretation of the 

data warrants further replication. Another consequence of this pre-clinical 

work shortage is the current absence of placebo-controlled, randomized 

clinical trials.  
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CANNABIDIOL AS A NOVEL THERAPEUTIC STRATEGY TO MANAGE 

COCAINE-INDUCED RESPONSES 

3.1 | Cannabidiol as a potential treatment for substance use 
disorders 

As in the case of depression, schizophrenia, anxiety disorders, and other 

neuropsychiatric diseases, CBD has also been proposed as a novel 

therapeutic strategy to treat drug addiction. The first successful use of CBD 

aimed to modulate some pharmacological changes induced by drugs of 

abuse spans back to 1976. Then, Bhargava showed the reduction of 

naloxone-precipitated abstinence signs in morphine-treated mice225. 

Almost 30 years after, the group of Mechoulam performed an study 

exploring the effects of CBD in the behavioral manifestation of drug 

reinforcement226. Here, Parker and colleagues showed the first evidence 

suggesting that CBD could be useful facilitating the extinction of cocaine- 

and amphetamine-induced CPP in rats. The rationale for using CBD-alone 

in this pioneering study was based on the antiemetic and analgesic effects 

of the compound, as showed in previous works of the same group227,228. 

Following the slow progression of CBD studies in the addiction field, 

Hurd’s laboratory probed five years later that CBD is indeed able to inhibit 

operant heroin seeking in extinction and relapse conditions229. This elegant 

work marks the starting point of what would end up being the current 

enthusiasm to investigate CBD and its promising characteristics in rodent 

models of drug addiction. The next report that would greatly influence the 

state of CBD research in this topic was published 4 years after. The finding 

that CBD only inhibited the reward-facilitating effect on intra-cranial self-

stimulation of morphine, but not cocaine230, prompted the idea that CBD 

would not be effective for the treatment of psychostimulant drug abuse231. 

In the coming years, multiple works probed that CBD is able to reduce 
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morphine-induced CPP232,233, facilitation of brain stimulation 

reinforcement as well as alcohol self-administration234 and the posterior 

cue-induced reinstatement of alcohol-seeking234,235. All these successful 

studies using depressant drugs were culminated by the first placebo-

controlled, randomized clinical trial using CBD for the reduction of heroin 

craving in dependent individuals. Congruently, CBD reduced self-reported 

measures of heroin craving after the presentation of related cues, suggesting 

a potential role for CBD to alleviate clinical signs critical to the continued 

cycle of addiction236. Despite the lack of extensive pre-clinical literature 

assessing the interactions between CBD and psychostimulants, a phase II 

clinical trial aimed to ascertain the therapeutic potential of CBD in cocaine 

dependent subjects is currently undergoing (NCT02559167). Patients will 

receive 400 or 800 mg of CBD, daily. This randomized, placebo-controlled 

study will monitor craving measures and cocaine consumption 10 days after 

inpatient medical detoxification and will follow-up outpatients for 12 

weeks. The trial, sponsored by Jutras-Aswad at the Centre hospitalier de 

l'Université de Montréal, is expected to be completed by the end of 2019. 

3.2 | Cannabidiol effects on rodent models of cocaine-induced 
reinforcement and abuse 

3.2.1 | Conditioned place preference 

Despite the early promising results of Parker et al.226, the effects of CBD 

on the addictive properties of cocaine have been scarcely investigated237. 

Excluding the manuscripts presented in this thesis, only 6 pre-clinical 

published works have evaluated the effects of CBD-alone on the reinforcing 

effects of cocaine. The first available evidence was gathered with a CPP 

extinction-targeted treatment of CBD in male rats. CBD (5 mg/kg) 

potentiated the extinction of cocaine-induced CPP when administered 30 

min prior to receiving a single extinction trial226. This effect was 
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independent of both the number of cocaine pairings and the administration 

of SR141716 (a CB1 receptor antagonist). A later trial supported that a 

post-extinction, acute administration of CBD (10 mg/kg), immediately 

after the reactivation of CPP memory (by confining the rats to the drug-

paired chamber), attenuated the reconsolidation of cocaine-induced 

CPP233. This effect persisted up to 14 days after CBD treatment. Recently, 

the protective actions of CBD were also tested in sleep-deprived rats 

undergoing a priming-induced reinstatement of methamphetamine 

CPP238. Interestingly, an intracerebroventricular administration of CBD 

(10 μg/5 μl) could suppress methamphetamine-induced reinstatement in 

control and sleep-deprived rats. These results suggest an effective action of 

CBD over psychostimulant-induced CPP, even in stressful conditions like 

sleep-deprivation.  

3.2.2 | Facilitation of intracranial self-stimulation 

CPP experiments offer a good starting point that allow to hypothesize 

if CBD would favor or hinder the development of cocaine seeking behaviors 

in rodents. A middle step between CPP and self-administration paradigms 

is the intracranial self-administration. In this model, animals are trained to 

press a lever in order to receive highly appetitive electrical stimulations at 

the medial forebrain bundle. Brain reinforcement stimulation offers the 

possibility to test animals under the influence of different drugs of abuse. If 

intracranial self-administration is facilitated by an intraperitoneal injection 

of cocaine, it means that cocaine is sensitizing the same neural system in 

charge of motivated behavior and thus, it is reinforcing. Katsidoni and 

colleagues230 tested in 2013 the influence of CBD (5, 10 and 20 mg/kg) on 

cocaine (5 mg/kg)-induced facilitation of brain stimulation reinforcement. 

Surprisingly, CBD did not alter the facilitating effect of cocaine. Moreover, 

this same procedure showed that CBD could reduce the facilitating effect 

of morphine, indicating that the negative results using cocaine were not due 
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to unspecific experimental protocol issues. Their experimental design also 

allowed to observe that CBD (10 and 20 mg/kg) could increase brain 

stimulation thresholds in drug-naïve rats. Taken together, this data 

suggests that CBD can interact with the mesolimbic DA circuitry. Indeed, 

CBD can dampen reinforced behavior even in morphine-exposed rats, but 

this alteration is not specific or relevant enough to modulate motivated 

behavior in cocaine-treated rats. However, a recent finding has challenged 

this view. Galaj et al.151 have shown that CBD (20 mg/kg) blocked cocaine 

(2 mg/kg) enhancement of brain stimulation reinforcement. The studies 

were conducted under similar parameters, but the discrepancy between 

results may be explained by the different doses of cocaine used. Therefore, 

CBD only seems to be effective in reducing the facilitating effect of low 

doses of cocaine in brain stimulation reinforcement procedures.  

3.2.3 | Intravenous self-administration paradigm 

The effects of CBD on cocaine self-administration have been evaluated 

in other three studies. In rats, an acute injection of CBD (5 and 10 mg/kg) 

did not attenuated neither cocaine (0.5 mg/kg/inf) taking nor seeking under 

a progressive ratio reinforcement schedule239. CBD did not modify 

extinction of cocaine-seeking after operant training under a fixed interval 

reinforcement schedule. In the same study, an equivalent CBD exposure 

(10 mg/kg) induced significant CNS actions as anxiety-like behavior was 

reduced on the EPM test. These discouraging results were contrasted by the 

study of Gonzalez-Cuevas et al. To do so, CBD was administered by 

transdermal route. According to the authors, this treatment strategy was 

selected to enhance the translational relevance of the results, given the low 

bioavailability of other preparations (6 %)240. CBD gel preparations were 

chronically implanted in rats after extinction and reinstatement of cocaine 

(1 mg/kg/inf) operant responding. After that, rats were subsequently re-

exposed to a cocaine-paired context or yohimbine injection to repeatedly 
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induce the reinstatement of cocaine seeking behavior. While onboard, 

CBD (~15 mg/kg) reduced context- and stress-induced reinstatement of 

cocaine seeking behavior. In posterior reinstatement tests, these actions 

were protracted even 5 months after CBD exposure was halted. CBD did 

not affect sucrose self-administration or spontaneous locomotion. 

Complementarily, CBD reduced anxiety-like responses in an EPM and 

decreased impulsive behavior on a delay discounting task. The complexity 

of self-administration experiments makes comparisons between studies 

hard to justify. The major discrepancy between these two first studies of 

CBD in self-administration models is the chronicity of the treatment. 

According to the available data, it would seem that repeated administration 

of CBD is necessary to observe such a protective effect. Again, this idea has 

been recently challenged by the recent experiments of Galaj and co-

workers151. After acquiring a stable cocaine (0.5 mg/kg/inf) taking behavior, 

(male) rats were acutely treated with CBD (10 and 20 mg/kg) and tested 

on a dose-response test session. CBD (20 mg/kg) specifically reduced 

cocaine consumption at lower doses (up to 0.25 mg/kg/inf). When tested 

in progressive ratio reinforcement schedule, CBD 40 mg/kg was able to 

reduce breaking points of cocaine (0.25 mg/kg/inf) seeking behavior. This 

effect disappeared with lower doses of CBD (20 mg/kg) or higher doses of 

cocaine (0.5 mg/kg/inf). Overall, the pre-clinical evidence supporting CBD 

as a novel therapeutic strategy to manage cocaine use disorders is still scarce 

and controversial. Despite that, some of the aforementioned studies 

ascertained key neurobiological changes induced by CBD that could explain 

its sometimes elusive, therapeutic effects.  
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3.3 | Proposed mechanisms of action of cannabidiol on cocaine 
abuse 

Little information about each of the specific molecular actions of CBD 

is available. Currently, the only proposed working hypothesis has been 

developed using a rat model of fear learning. However, the structures and 

neurotransmitters involved in the phenotypes evaluated are highly 

analogous to those in charge of cocaine excessive reinforcement, which 

allow us to extrapolate the implications of these discoveries. The well-

characterized in vivo CBD-5-HT1A interaction has been shown crucial to 

observe some of its protective effects165. For instance, CBD blunted 

morphine-facilitation of brain stimulation reinforcement in a 5-HT1A 

dependent manner230. Similarly, CBD anxiolytic effects depended on 5-

HT1A neurotransmission in the PFC140. Even within the mesocorticolimbic 

pathway, CBD counteracted catalepsy-inducing effects of haloperidol via a 

5-HT1A dependent mechanism in the dorsal striatum241. In this way, it has 

been recently reported that an intra-NAc shell CBD administration 

strongly modulates neuronal network dynamics directly in the VTA164. This 

change is thought to occur via activation of GABA projecting neurons 

innerving DA neurons of the VTA. Surprisingly, this effect was 

independent of both DA and CB1 receptor substrates but dissapeared when 

a 5-HT1A antagonist was co-administered (Figure 3.1). Such reduction of 

VTA DA excitability has been recently replicated by the same group147. The 
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implications of this finding for the study of CBD in drug-dependent 

rodents are critical. To date, this remain the only proposed mechanism by 

which CBD could directly modulate VTA DA neuronal activity. 

5-HT1A activation in the PFC is thought to underlie a putative 

protective action of CBD over stress-related cocaine maladaptations. There 

are, at least, three clues pointing to such a mechanism. First, 5-HT1A 

receptors are highly expressed in the PFC83. Second, serotonergic 

homeostatic processes in the PFC control impulsive-like behaviors 

triggered by stress, anxiety and drug withdrawal discomfort80. And third, 

CBD attenuates stress-induced reinstatement of cocaine-seeking 

behavior235 while modulating cocaine intake in a 5-HT1A dependent 

manner151. Nonetheless, no experimental study has tried to directly asses 

the implication of 5-HT1A receptors in the ameliorating actions of CBD 

over cocaine reinforcement facilitated by stressful conditions. 

As explained in section 1.7.1¸ the eCB system is uniquely positioned to 

serve as a fine tuner of DA excitability within the mesolimbic system. This, 

Figure 3.1. Effects of intra-NAc shell CBD administration on VTA DA neuronal 

activity patterns. (a) Sample rastergram showing a typical VTA DA neuron 

inhibitory response pattern following intra-NAc shell CBD. (b) Sample 

rastergram showing a typical VTA DA neuron response following 

coadministration of CBD with NAD299 (5-HT1A receptor antagonist). Source: 

extracted from Norris et al.166 (2016). 

b a 



/ INTRODUCTION 
 

 
 

  71 

combined with the previously detailed eCB actions of CBD (section 2.2.2), 

led to hypothesize that CBD could reduce cocaine excessive reinforcement 

by targeting the eCB system, which is regulating emotional memories 

implicated in the motivational processing of drugs of abuse. We know that 

CBD can facilitate the extinction of emotional memories and disrupt its 

reconsolidation192,242. And both processes seem to be mediated by the 

activation of the eCB system in the PFC, amygdala, HPC and NAc137,243. 

In these areas, CBD is improving eCB neurotransmission by the inhibition 

of AEA metabolism237. In the case of emotional cocaine-related memories, 

the results by Gonzalez-Cuevas et al.235 show that CBD can block the 

recovery of cocaine seeking behaviors after being extinguished. 

Unfortunately, no study has directly assessed the implication of CB1 on the 

extinction and retrieval of cocaine-related memories in CBD-treated 

animals. Further studies are needed to elucidate such putative mechanism.  

Neuroinflammation provoked by chronic cocaine contributes to the 

dysregulation of neural structures in charge of inhibitory control such as the 

medial PFC and the HPC86. The possibility that CBD could be reducing 

cocaine pro-inflammatory effects and microglial reactivity is currently under 

consideration. CBD shows a clear antinflamatory profile244 and it is able to 

attenuate the increase of PFC pro-inflammatory cytokines induced by the 

reinstatement of methamphetamine CPP238. Similarly, other studies have 

reported a CBD-induced reduction of microglia reactivity induced by 

nicotine withdrawal245. In case this mechanism is further explored, the 

contribution of PPARγ and TRPV1 receptors should be addressed. CBD 

can activate both TRPV1 and PPARγ receptors. Noteworthy, both 

substrates regulate neuroinflammation processes by the modulation of 

cytokines expression and mitochondrial function in glial cells of the 

CNS246,247. Unfortunately, no studies have evaluated the antinflamatory 
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effects of a CBD treatment able to produce substantial changes in a model 

of cocaine self-administration or compulsive seeking. 

And finally, several authors have advocated for the neuroprotective 

consequences of the pro-neurogenic effects of CBD237,248. As explained in 

section 1.7.4, induction of AHN in animals exposed to drugs of abuse is an 

effective way to reduce drug seeking and use94–97. Conveniently, AHN in 

the DG of the HPC is substantially increased by CBD in all kind of 

experimental setups140,180,187,249,250. There are at least two molecular 

mechanisms that can explain this neuroadaptation to CBD. First, CB1 

receptors in the HPC regulate and promote newborn neuron survival250 and 

CBD can indirectly activate CB1 receptors by inhibiting FAAH. 

Consequently, the pro-neurogenic effects of CBD have been prevented by 

administering a CB1 receptor antagonist140. And second, TRPV1 activity, 

which CBD can induce, increases neural proliferation and differentiation in 

the HPC120. In this case, no studies have evaluated the state of AHN in 

CBD-treated animals exposed to cocaine. Two different studies confirmed 

the implication of CB1/2 receptors and eCB tone in the pro-neurogenic 

effects of CBD in cocaine-naïve conditions. In vitro¸ CBD drives HPC 

progenitor cell proliferation, an effect abrogated by pharmacological 

blockade of CB1 and CB2 receptors or by overexpression of FAAH140. In 

vivo, CBD increased neural proliferation and differentiation markers in 

chronically stressed mice and this effect was prevented by CB1 and CB2 

receptor antagonists co-administration146. To date, this remains one of the 

most promising mechanisms that could explain the putative protective 

effects of CBD on cocaine abuse. This is mainly due to the extensive amount 

of studies demonstrating both (i) the pro-neurogenic effects of CBD and 

(ii) the beneficial consequences of elevated AHN levels in drug-exposed 

animals.   
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HYPOTHESIS 

As seen in section 1.3.2, cocaine problematic use is currently growing, 

and its health consequences are becoming more tangible than years before. 

Despite extensive efforts and substantial neurobiological understanding, 

there are no approved medications for the management of cocaine 

addiction. The pharmacotherapies that are now being experimentally 

explored lack of efficacy and produce undesirable side effects that 

undermine treatment retention. Psychosocial interventions, while helpful, 

are costly to implement and hard to reach. The consequence is that there is 

gap of therapeutic tools for subjects already consuming the drug or 

individuals trying to maintain abstinence long after a psychosocial 

intervention. A liable pharmacotherapy must provide a harm-reduction 

strategy and ensure treatment retention. This could be achieved by 

compounds lacking undesirable side effects, while inducing other 

beneficious changes like anxiety reduction or cognitive improvement. In 

this sense, the study of isolated phytocannabinoids has yielded suggesting 

clues about a potential candidate. CBD has been shown effective reducing 

drug taking and seeking in animal and human experimental works at doses 

devoid of side effects. Its complex pharmacological profile offers a wide 

range of beneficial neuroadaptations that are also desirable. However, there 

is substantial shortage of pre-clinical studies assessing its potential to help 

manage cocaine intake and seeking. Even more, no neurobiological 

mechanisms have been thoroughly tested in rodent models of cocaine 

voluntary consumption. To do so, this thesis has been developed to 

ascertain both (i) the behavioral consequences of CBD treatment in mouse 

models of cocaine reinforcement and other neuropsychological relevant 

domains (anxiety, cognition) and (ii) the neurobiological mechanisms 

responsible for such effects. The specific objectives of this thesis are detailed 

further below:   
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OBJECTIVE 1 

To characterize the behavioral phenotype induced by a repeated CBD 

treatment in the development of anxiety-like behaviors, recognition 

memory and cocaine-induced responses in male mice. 

 

1. To describe whether CBD has anxiolytic and memory effects. 
 

2. To determine whether CBD repeated exposure can prevent the 

development of cocaine-induced conditioned place preference.   
 

3. To study the potential of CBD repeated treatment to prevent the 

development of the sensitization of cocaine-induced locomotor 

responses after cocaine repeated exposure. 
 

4. To evaluate whether CBD repeated treatment is able to impair the 

acquisition of cocaine self-administration operant learning. 
 

5. To investigate the long-lasting behavioral changes induced by 

CBD in the execution of cocaine pursuing compulsive-like 

behaviors and the extinction and reinstatement of cocaine seeking. 

 

6. To study the effects of a CBD repeated treatment concomitant to 

the extinction of cocaine seeking behavior and its consequences 

over drug-, cue-, and stress-induced reinstatement. 
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OBJECTIVE 2 

To ascertain the neurobiological adaptations induced by CBD repeated 

exposure responsible for its protecting actions against the development of 

cocaine taking and seeking behaviors. 

 

1. To assess the CBD-induced changes in the levels of CB1 receptor 

protein expression on the prefrontal cortex, striatum and 

hippocampus. 
 

2. To study the levels of microglial cell reactivity markers in the 

dentate gyrus of cocaine self-administering mice after CBD 

repeated treatment. 
 

3. To detail the phosphorylated levels of downstream molecular 

pathways involved in the protein synthesis machinery of the 

hippocampus in cocaine self-administering mice. 
 

4. To describe the pro-neurogenic effects of CBD in the expression of 

cell markers of neural proliferation and differentiation in the 

dentate gyrus of cocaine self-administering mice. 
 

5. To dissect the causal implication of CBD-induced adult 

hippocampal neurogenesis in the reduction of cocaine operant 

taking behavior, anxiolytic responses and recognition memory. 

 

6. To determine the role of CB1 receptors in the modulatory changes 

of CBD extinction-targeted treatment in drug-, cue- and stress-

induced reinstatement of cocaine seeking behavior.  
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ABSTRACT 

Cocaine addiction is a brain disorder characterized by the consumption of 

a drug despite harmful consequences, the loss of control over drug intake 

and increased risk of relapse. Albeit prolonged research efforts, there is no 

available medication approved for the treatment of cocaine addiction. In the 

last decade, cannabinoid-based compounds have drawn increased interest 

for its potential therapeutic applications in various psychiatric conditions. 

Cannabidiol, a non-psychotomimetic constituent of the C. sativa plant, 

shows promising results in rodent models of anxiety, schizophrenia, 

depression and drug addiction. However, the specific effects and 

mechanisms of action of cannabidiol in a rodent model of extinction-based 

abstinence and drug seeking relapse remain unclear. Here, we administered 

cannabidiol (20 mg/kg) to male CD-1 mice trained to self-administer 

cocaine (0.75 mg/kg/inf) during extinction training (8–12 days). Then, we 

evaluated the reinstatement of cocaine seeking induced by cues, stress and 

drug priming. To ascertain the participation of CB1 receptors in these 

behavioral responses, we systemically administered the neutral cannabinoid 

antagonist AM4113 (5 mg/kg) before each reinstatement session. The 

results document that cannabidiol (20 mg/kg) does not modulate extinction 

training but attenuates ‘extinction burst’ responding after one cannabidiol 

injection. Furthermore, cannabidiol specifically blocked the reinstatement 

of cocaine seeking triggered by a cue presentation, an effect prevented by 

AM4113 (5 mg/kg). Unexpectedly, cannabidiol facilitated stress-induced 

reinstatement of cocaine seeking behavior, also by a CB1-dependent 

mechanism. Finally, cannabidiol did not affect cocaine-primed (10 mg/kg) 

precipitation of cocaine seeking. Our results reveal a series of complex 

changes induced by cannabidiol treatment with opposite implications for 

the reinstatement of cocaine seeking behavior that may limit therapeutic 

opportunities. The activity of CB1 receptors seems to play a crucial role in 
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the expression of cannabidiol-induced neuroplasticity underlying both the 

desirable and undesirable reinstatement effects here detailed.  

KEYWORDS: Cannabidiol, cocaine, reinstatement, self-

administration, stress, CB1 receptor. 

 

ABBREVIATIONS:  

5-HT1A: 5-hydroxytryptamine 1 A receptor 

AEA: anandamide 

AMPA: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

receptor 

CB1: cannabinoid receptor type 1 

CB2: cannabinoid receptor type 2 

CBD: cannabidiol 

EXT: extinction 

FAAH: fatty acid amid hydrolase 

FR1: fixed ratio 1 

GPR55: G-protein receptor 55 

Nac: Nucleus accumbens 

PPARγ: peroxisome proliferator-activated gamma 

TRPV1: transient receptor potential vanilloid 1 receptor 
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INTRODUCTION 

Drug addiction is a chronic and relapsing disease characterized by the 

compulsive taking and pursue of the drug, despite its harmful consequences 

(Koob and Volkow, 2016). Cocaine is the most consumed psychostimulant 

worldwide and has shown increased markers of prevalence in the last years 

(European Monitoring Centre for Drugs and Drug, 2019; United Nations, 

2019). Despite extensive research on the neurobiological bases of the 

disease, no approved medication is yet available (Kampman, 2019).  

In the recent years, there has been resurged interest in the potential 

therapeutic benefits and applications of cannabinoids, or cannabis-based 

products (Fischer et al., 2015). This situation has been further accelerated 

in the current context of the proliferation of medicinal and recreational 

cannabis legalization in several countries (Ware, 2018). Nonetheless, 

prescription of Cannabis sativa for medical use faces major challenges 

(Wilkinson et al., 2016). However, Cannabis sativa contains other 120 

phytocannabinoid compounds, each one with particular pharmacological 

characteristics and mechanisms of action (ElSohly and Gul, 2015). Recent 

advances in the experimental assessment of isolated phytocannabinoids 

have spurred the search for those constituents that may offer improved 

opportunities and be more readily amenable for use as therapeutics than Δ⁹-

tetrahydrocannabinol (THC) (Chye et al., 2019).  

Cannabidiol (CBD), the most abundant non-psychotropic constituent of 

the Cannabis sativa plant, has drawn the attention of scientific community 

due to its putative desirable effects for the treatment of various psychiatric 

diseases (Devinsky et al., 2014), including drug addiction (Zlebnik and 

Cheer, 2016). CBD has been shown able to reduce the behavioural and 

molecular manifestations of maladaptive neuroplasticity underlying drug 

addiction (Hurd et al., 2019). However, available evidence supporting a 
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protective role of CBD in pre-clinical models of volitional drug seeking, 

and its mode of action, is still scarce. So far, two studies have suggested that 

CBD administration can reduce cocaine intake in mice (Luján et al., 2018) 

and rats (Galaj et al., 2019). A single report by Gonzalez-Cuevas et al. 

(2018) supported the treatment potential of CBD in reducing cue- and 

stress-induced retrieval of cocaine seeking behavior in rats. In contrast, it 

was also reported that CBD had no effect on cocaine seeking behavior 

(Mahmud et al., 2017). Inquiries into the responsible mechanisms of action 

highlight the relevance of CBD’s pro-neurogenic effects (Luján et al., 

2019), as well as cannabinoid receptor 2 (CB2), 5-hydroxytryptamine 1A 

(5-HT1A) and transient receptor potential vanilloid 1 (TRPV1) receptor 

activity (Galaj et al., 2019) to reduce cocaine intake. Until date, no studies 

have evaluated CBD-induced pharmacological effects underlying its 

influence on the reinstatement of cocaine seeking behavior (Calpe-López 

et al., 2019). Pharmacological studies aimed to decipher CBD’s 

mechanisms of action on the reduction of cocaine seeking reinstatement are 

crucially needed. This is because reinstatement to drug seeking after 

extinction-based abstinence in rodents resembles the clinical setting in 

which most treatment entries occurs (Epstein et al., 2006). Exploring the 

mechanisms of action by which CBD exerts its protective effects in a rodent 

model of cocaine relapse would allow us to gain critical insights into the 

therapeutic strengths, and limitations, of this phytocannabinoid.  

CBD is thought to interact with a several cellular and molecular targets 

(Campos et al., 2017). Its main molecular effects within the central nervous 

system are comprehended by the agonism of 5-HT1A, TRPV1, G-protein 

receptor 55 (GPR55), peroxisome proliferator-activated gamma (PPARγ) 

receptors and the antagonism of adenosine reuptake (Turner et al., 2017). 

Despite initial controversy about its endocannabinoid targets (Zlebnik and 

Cheer, 2016), recent evidence also supports CBD as a negative allosteric 
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modulator of CB1 and CB2 receptors at physiologically relevant 

concentrations (Laprairie et al., 2015; Martínez-Pinilla et al., 2017; 

McPartland et al., 2015; Navarro et al., 2018; Tham et al., 2019). In 

addition, CBD reduces anandamide (AEA) metabolism by inhibiting fatty 

acid amid hydrolase (FAAH) enzymatic activity (De Petrocellis et al., 

2011). Among these molecular targets, CB1 receptors are of special interest 

to the motivational effects of CBD. CB1 receptors are uniquely positioned 

to serve as fine tuners of the mesolimbic dopaminergic activity (Oleson et 

al., 2012; Wenzel and Cheer, 2018) underlying cocaine-related behaviors. 

Therefore, compounds that modify CB1 receptor activity are known to 

modulate reinstatement of cocaine-seeking behavior (De Vries et al., 2001; 

De Vries and Schoffelmeer, 2005).       

In the present study, we evaluate the pharmacological effects of an 

extinction-targeted CBD treatment on the reinstatement of cocaine 

voluntary seeking in a mouse model of intravenous self-administration. 

Moreover, we assess the effects of CBD on cue-, stress- and drug-induced 

reinstatement of cocaine seeking behavior. To explore a possible CB1 

receptor mechanism underlying the expression of CBD effects, we 

administer the antagonist AM4113 in CBD- and vehicle-treated mice 

undergoing cocaine-seeking reinstatement.  

METHODS 

Animals 

All animal care and experimental protocols were approved by the 

UPF/PRBB Animal Ethics Committee, in line with European Community 

Council guidelines (2016/63/EU). Male CD-1 mice (PND 41-44) were 

purchased from Charles River (Barcelona, Spain). All efforts were made to 

minimize animal suffering and to reduce the number of animals used. 

Animal studies are reported in compliance with the ARRIVE guidelines 
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(Sert et al., 2019). Animals were maintained in a 12h light–dark cycle, in 

stable conditions of temperature (22ºC), with food and water ad libitum. 

The CD-1 mouse strain was selected for its optimal sensitivity to the 

reinforcing effects of cocaine (McKerchar et al., 2005) and its fast recovery 

from catheterization surgery. A total sample of 68 mice was used for the 

self-administration studies. 

Cocaine operant self-administration 

Surgical procedures 

The self-administration procedure here employed was conducted as 

previously described in Tourino et al. (2012) and Luján et al. (2018; 2019). 

Surgical implantation of the catheter into the jugular vein was performed 

following anaesthetization with a mixture of Ketamine hydrochloride (100 

mg/kg; Imalgène1000, Lyon, France) and Xylazine hydrochloride (20 

mg/kg; Sigma Chemical Co., Madrid, Spain). The anesthetics solution was 

injected in a volume of 0.15 mL/10 g body weight, i.p. Briefly, a 6 cm length 

of silastic tubing (0.3 mm inner diameter, 0.6 mm outer diameter) (silastic, 

Dow Corning, Houdeng-Goegnies, Belgium) was fitted to a 22-gauge steel 

cannula (Semat, Herts, England) that was bent at a right angle and then 

embedded in a cement disk (Dentalon Plus, Heraeus Kulzer, Germany) 

with an underlying nylon mesh. The catheter tubing was inserted 1.3 cm 

into the right jugular vein and anchored with a suture. The remaining tubing 

ran subcutaneously to the cannula, which exited at the mid-scapular region. 

All incisions were sutured and coated with antibiotic ointment (Bactroban, 

Glaxo- SmithKline, Spain). After surgery, mice were housed individually 

and allowed to recover for at least 3 days. During recovery, mice were 

treated daily with an analgesic (meloxicam 0.5 mg/kg, injected in a volume 

of 0.1 mL/10 g, i.p.) and an antibiotic solution (enrofloxacin 7.5 mg/kg, 

injected in a volume of 0.03 mL/10 g, i.p.). The home cages were placed 

upon thermal blankets to avoid post-anesthesia hypothermia. 
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Acquisition of operant taking behavior 

Active and inactive nosepoke holes were assigned randomly to each animal. 

Cocaine (0.75 mg/kg) was delivered in a 20 μl injection over 2s via a syringe 

mounted on a microinfusion pump (PHM-100A, Med-Associates, 

Georgia, VT, USA) connected to the mouse’s intravenous catheter. All 

FR1 sessions started with a cocaine priming infusion. When mice 

responded on the active hole, the stimulus lights lit up for 4s. Each infusion 

was followed by a 15s time-out period in which active nosepokes had no 

consequences. Mice were considered to have acquired stable self-

administration behavior when the following criteria were met on 2 

consecutive FR1 sessions: a) 80% stability in reinforcements; b) ≥ 75% of 

responses were received at the active hole; and c) a minimum of 8 responses 

on the active hole. Overall FR1 phase operant responding was quantified as 

the mean number of responses in the active hole given after having reached 

acquisition criteria.  

Extinction of cocaine operant responding and CBD treatment 

After training, animals that reached acquisition criteria were moved to the 

extinction phase 48 h after the last FR1 session. Extinction sessions (2 h) 

were conducted once a day and responses on the active hole produced 

neither a cocaine infusion nor stimulus light presentation. Before the first 

session, animals were randomly assigned to the CBD or vehicle group. 

CBD (20 mg/kg, i.p.), or vehicle, were systemically administered 

immediately before the start of each self-administration session. Animals 

underwent a minimum of 8, and a maximum of 12 extinction sessions and 

were required to reach extinction criteria to progress to the reinstatement 

tests. A subject was considered to have extinguished cocaine seeking 

behavior when performing less than 8 active nosepokes or 40% of the overall 

FR1 phase responding during two consecutive sessions.  

Reinstatement of cocaine seeking behavior and CB1 receptor blockade 
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24 h after extinguishing cocaine seeking behavior, CBD- and vehicle-

treated mice were randomly assigned to one out of three reinstatement 

conditions. Reinstatement test sessions (2 h) were conducted as reported in 

Soria et al. (2008). Cue-induced reinstatement was precipitated by 

presenting the cocaine-associated cue light after each active nosepoke. A 

time-out period of 15 s for light presentation was stablished. Additionally, 

the sessions started with a non-contingent presentation of the light cue (5 

s). For the drug-induced reinstatement sessions, animals were confined to 

operant chambers immediately after receiving an i.p. cocaine injection (10 

mg/kg). Active nosepokes had no consequences whatsoever. Finally, stress-

induced reinstatement of cocaine seeking behavior was accomplished by 

delivering a 2 s footshock (0.21 mA) every minute during a 5 min period 

(total footshocks: 5). As in the case of cocaine-induced reinstatement, no 

cue light or cocaine were presented after nosepoking.  

Each animal received two reinstatement sessions separated of 48 h. To 

minimize the number of animals used in the study, the administration of 

the CB1 antagonist AM4113 (5 mg/kg, i.p.) followed a within-subject 

design. Each subject performed one reinstatement session after vehicle 

injection and the other reinstatement session after AM4113 administration. 

The order in which vehicle and AM4113 were administered was 

counterbalanced between subjects. AM4113 treatment conditions were the 

same among the three different sets of animals undergoing cue-, drug- or 

stress-induced reinstatement sessions.  

Materials 

Drugs 

Cocaine HCl (0.75 mg/kg, 10 mg/kg; Alcaliber S.A., Madrid, Spain) was 

dissolved in 0.9% NaCl. CBD (20 mg/kg) was provided by courtesy of 

Phytoplant Research S.L., (Córdoba, Spain) and freshly prepared in a 2% 



/ RESULTS 
 

 
 

  122 

Tween80-containing 0.9% NaCl solution. CBD doses were selected based 

on previous studies from our laboratory showing an attenuating effect on 

cocaine taking behavior (Luján et al., 2019; 2018), and were within the 

range of doses used in previous studies (Fogaça et al., 2018; Ren et al., 

2009). AM4113 (5 mg/kg) was purchased from Axon Medchem L.L.C. 

(Reston, VA, USA) and dissolved in a 0.9% NaCl solution containing 5% 

cremophor. To avoid an unspecific effect of CB1 receptor blockade on 

cocaine seeking behavior (De Vries et al., 2001), an ineffective dose of 5 

mg/kg (He et al., 2018) was chosen.  

Apparatus 

Self-administration training and testing occurred in operant chambers 

(Model ENV-307A-CT, MED Associates, Inc., Georgia, VT, USA) 

equipped with two presence-detecting nosepoke holes. Chambers were 

made of aluminum and clear acrylic, had grid floors connected to an 

electrical shocker (ENV-414, MED Associates, Inc., Georgia, VT, USA), 

and were housed in sound- and light-attenuated boxes equipped with fans 

to provide ventilation and ambient noise. Two cue lights per nosepoke were 

used, one located above and the other inside the nosepoke hole.  

Data acquisition and analysis 

The data and statistical analysis in this study comply with the 

recommendations on experimental design and analysis in pharmacology 

(Curtis et al., 2015). Data were expressed as mean ± SEM. Animals were 

randomly assigned to an experimental group. During the behavioural 

manipulations and data interpretation, researchers were blind to the 

treatment that each animal had received. The exact group size for the 

individual experiments is shown in the corresponding figure legends. We 

analysed the results of single factor, parametric measures with unpaired 

Student’s t tests. Parametric measures resulting from the combination of 
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two factors were analysed with 2-way ANOVAs. When an experimental 

condition followed a within-subject design (e.g. session, AM4113 treatment) 

a two-way ANOVA with repeated measures was calculated. The α-level of 

statistical significance was set at p < 0.05. When required, ANOVAs were 

followed by Bonferroni’s post‐hoc tests (GraphPad Prism 7, La Jolla, CA, 

USA). This was done only in the case that the F value reached the level of 

significance, dependent measures followed a normal distribution (Shapiro‐

Will's test), and no significant variance in homogeneity was observed 

(Bartlett's test).  

RESULTS 

CBD treatment effects on the extinction of cocaine seeking operant 

behavior 

After being trained to nosepoke for cocaine (0.75 mg/kg/inf) for 10 days 

(Figure 1a), animals were submitted to an extinction protocol for 8-12 days 

and were repeatedly treated with CBD (20 mg/kg) immediately before 

being placed in the operant chambers. A two-way, repeated measures 

ANOVA analysis of nosepoke responding yielded a significative 

contribution of the factor day (F9,479 = 38.11; p < 0.001), but not CBD 

treatment (F1,65= 0.29; p > 0.59). However, a significant interaction between 

both factors was found (F9,479 = 2.45; p < 0.01), meaning that CBD exerted 

day-dependent behavioral effects (Figure 1b). This result was followed by 

Bonferroni’s multiple comparisons tests. Results indicate that the time-

dependent modulation of extinction learning was due to a significant 

reduction of cocaine seeking in CBD-treated mice on the first day of this 

experimental phase (Bonferroni; p < 0.05). A closer examination to the 

CBD effect on the first day of extinction is presented in Figures 1c and 1d. 

Student’s t test revealed that after a single CBD (20 mg/kg) injection, 

cocaine seeking was attenuated in the first extinction session (unpaired t 
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test: t66 = 2.01; p < 0.05) (Figure 1c). A two-way ANOVA with repeated 

measures was carried out to evaluate CBD’s modulation of cocaine seeking 

within the first session of extinction. We found that both, CBD treatment 

(F1,65 = 4.14; p < 0.05) and time (F11,715 = 7.65; p < 0.001) factors significantly 

influenced cocaine seeking during this specific session. Both factors 

significantly interacted (F11,616 = 2.36; p < 0.001), and a post-hoc analysis 

indicated that CBD effects became manifest after the first hour of session 

(VEH vs CBD, 70-min bin: Bonferroni; p < 0.01) (Figure 1d). ‘Extinction 

bursting’ behavior is considered as the paradoxical increase of operant 

responding when the instrumental behavior is no longer followed by the 

reinforcer presentation (Lerman et al., 2012; Skinner, 1938). To 

characterize this feature, we calculated a two-way repeated measures 

ANOVA for nosepoke responding during the FR1 phase, the first 

extinction session and the last extinction day. To better profile FR1 cocaine 

consumption, measures of this phase were defined as the mean number of 

active responses given in all sessions starting from the session in which 

acquisition criteria was reached. Results indicate that nosepoke responding 

changed across sessions (session factor:  F2,127 = 89,97; p < 0.001) and was, 

overall, equivalent between the vehicle and CBD groups (CBD treatment 

factor: F1,6 = 3.22; p = 0.07). A significant interaction effect (F2,127 = 4,92; p 

< 0.01) evidences that CBD affected cocaine seeking depending on the 

session. Bonferroni’s post-hoc comparisons reveal that all groups exerted 

more nosepokes in the first extinction day than in the last FR1 session 

(Bonferroni; p < 0.001) and that the CBD group exhibited less cocaine 

seeking behavior in the first extinction day, compared to vehicle group 

(Bonferroni; p < 0.01) (Figure 1e). Furthermore, cocaine seeking behavior 

showed a significant decrease between the FR1 phase and the last extinction 

session in both groups (Bonferroni; p < 0.05), indicating that mice 

extinguished cocaine seeking behavior after undergoing the extinction 

protocol. Finally, our results show that the number of days required to reach 
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extinction criteria did not differ among groups (unpaired t test: t66 = 0.01; p 

> 0.99) (Figure 1f).  

CBD blocks cue-induced reinstatement of cocaine seeking behavior in a 

CB1-dependent manner 

After reaching extinction criteria and performing a minimum of 8 sessions, 

17 animals were randomly assigned to the cue-induced reinstatement 

condition. All mice underwent two consecutive reinstatement sessions 

separated 24h apart. They received AM4113 (5 mg/kg) in one session and 

vehicle on the other. The order of the injections was counterbalanced among 

subjects. As such, AM4113 treatment was considered a within-subject 

factor. Two determine the reinstatement of cocaine seeking behavior, a 

two-way ANOVA with repeated measures was calculated for nosepoke 

responding throughout the FR1 acquisition phase, the last extinction day 

and the session in which animals reinstated cocaine seeking behavior after 

receiving a vehicle injection. Analyses show a significant effect of the factors 

CBD treatment (F1,15 = 7.03; p = 0.181), session (F2,30 = 25.55; p < 0.001) and 

its interaction (F2,30 = 8.23; p < 0.01). The interaction effect was followed by 

Bonferroni’s post-hoc analyses revealing that CBD (20 mg/kg) specifically 

reduced cocaine seeking, compared to vehicle controls, in the cue-induced 

reinstatement session (Bonferroni; p < 0.001) (Figure 2a). Moreover, CBD-

treated mice nosepoke responding in the reinstatement session did not 

significantly differ from the last extinction session (Bonferroni; p = 0.078). 

In contrast, vehicle mice significantly increased nosepoke responding in the 

reinstatement session, compared to the last extinction session (Bonferroni; 

p < 0.001). To determine if CBD attenuated cue-induced reinstatement of 

cocaine seeking in a CB1-dependent manner, we carried out a two-way, 

repeated measures ANOVA of seeking behavior throughout the two 

reinstatement sessions, one receiving vehicle and the other receiving 

AM4113 (5 mg/kg). CBD treatment was considered a between-subject 
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factor and AM4113 treatment a within-subject factor. Results indicate that 

AM4113 treatment factor influenced nosepoking in reinstatement 

conditions (F1,15 = 7.24; p < 0.05). CBD treatment did not alter seeking 

behavior in all groups (F1,15 = 2.58; p < 0.5), but significantly interacted with 

AM4113 treatment (F1, 15 = 5.28; p < 0.05). Bonferroni’s post-hoc 

comparisons showed that CBD-treated mice exerted fewer nosepokes than 

vehicle-treated animals in the absence of AM4113 (Bonferroni; p < 0.05). 

However, when animals received AM4113, the difference between CBD 

and vehicle groups disappeared (Bonferroni; p > 0.999) (Figure 2b). 

AM4113 did not influence cocaine seeking behavior by itself, as vehicle-

treated mice performed equally with or without AM4113 acute 

administration (Bonferroni; p > 0.999).   

CBD facilitates the stress-induced reinstatement of cocaine seeking 

behavior in a CB1-dependent manner 

After extinguishing cocaine seeking behavior, mice underwent two stress-

induced reinstatement sessions in which they alternatively received 

AM4113 (5 mg/kg) or vehicle. In both sessions, cocaine seeking behavior 

was precipitated by the presentation of 5 mild footshocks (0.21 mA) within 

the operant chamber for 5 minutes. To characterize stress-induced 

reinstatement of cocaine seeking behavior in CBD-treated mice we ran a 

two-way ANOVA with repeated measures that yielded a significant 

participation of the session (F2,18 = 26.08; p < 0.001) and CBD treatment 

factors (F1,9 = 12.93; p < 0.01). A significant interaction between factors 

(F2,18 = 20.14; p < 0.001) allows to ascertain that only CBD-treated mice 

reinstated cocaine seeking behavior after footshock presentation (last 

extinction day vs reinstatement: Bonferroni; p < 0.001). Data suggests that 

control animals did not reinstated cocaine seeking behavior following 

footshock delivery (last extinction day vs reinstatement: Bonferroni; p = 

0.677). Furthermore, the effects of CBD (20 mg/kg) on the reinstatement 
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session were confirmed by comparing the magnitude of operant responding 

within this session between both groups (Bonferroni; p < 0.001) (Figure 

3a). Moreover, the effects of the CB1 antagonist AM4113 (5 mg/kg) were 

evaluated using a counterbalanced, within-subject design along the two 

reinstatement sessions. A two-way ANOVA of nosepoke responding in 

these two sessions with AM4113 treatment as within-subject factor yielded 

a significant effect of CBD treatment (F1,9 = 23.39; p < 0.001), but not 

AM4113 treatment (F1,9 = 3.90; p = 0.07). However, as both factors 

interacted (F1,9 = 7.70; p < 0.05), Bonferroni’s post-hoc comparisons 

indicated that AM4113 (5 mg/kg) reversed the facilitating effects of CBD 

on stress-induced reinstatement (CBD/VEH vs CBD/AM4113: 

Bonferroni; p = 0.021) (Figure 3b). Conveniently, AM4113 (5 mg/kg) did 

not modulate cocaine seeking behavior reinstatement after footshock 

presentation by itself (VEH/VEH vs VEH/AM4113: Bonferroni; p > 

0.999).  

CBD does not influence cocaine-primed reinstatement of cocaine seeking 

behavior 

After extinction, cocaine seeking behavior was reinstated by administering 

an i.p. injection of cocaine (10 mg/kg) immediately before each 

reinstatement session. A two-way, repeated measures ANOVA of 

nosepoke responding along the FR1 phase, last extinction session and 

reinstatement session without AM4113 was calculated in order to elucidate 

whether animals recovered initial levels of cocaine seeking after drug 

priming. A significant effect of the session factor (F2,30 = 7.52; p < 0.05) 

indicated that cocaine responding varied across experimental phases (Figure 

4a). However, the CBD treatment (F1,15 = 1.15; p = 0.30), and the interaction 

between factors (F2,30 = 0.58; p = 0.561) did not show significant effects. 

Nonetheless, the session factor effect was significant, and thus it allowed us 

to perform a session-specific post-hoc test for all animals, independently 
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from the group. Results indicated that, overall, nosepoke responding was 

higher in the reinstatement session than in the last extinction session, 

indicating that drug-induced reinstatement occurred in both groups. Figure 

4b shows the absence of AM4113 (5 mg/kg) effects on the reinstatement 

of cocaine seeking behavior after drug priming. A two-way, repeated 

measures ANOVA disclosed CBD treatment (F1,15 = 0.26; p = 0.614) and 

AM4113 treatment (F1,15 = 1.83; p = 0.196) as non-significant factors. There 

was no interaction between main factors (F1,15 = 3.95; p = 0.065).  

DISCUSSION 

The results obtained herein document an unexpected differential 

modulation of the reinstatement of cocaine seeking, following CBD (20 

mg/kg) treatment during extinction learning. Extinction-targeted CBD 

treatment did not drastically affect extinction learning but decreased 

‘extinction burst’ responding and cue-induced reinstatement of cocaine 

seeking. Conversely, the same CBD treatment facilitated cocaine seeking 

precipitated by a footshock presentation. Finally, CBD did not influence 

cocaine-seeking behavior reinstated after re-exposure to a priming dose of 

the drug. Furthermore, results suggest a participation of CB1 receptors in 

the behavioral manifestation of CBD-induced neuroplasticity, as measured 

in the cocaine seeking reinstatement tests. Therefore, CB1 receptor 

antagonist AM4113 (5 mg/kg) blunted the facilitation and decrease of 

cocaine seeking behavior in the stress- and cue-induced reinstatement 

phases, respectively.  

We treated cocaine self-administering mice with CBD (20 mg/kg) during 

an extinction-based period of abstinence to the drug. Extinction of operant 

drug seeking behavior is the most used preclinical paradigm to model drug 

use cessation (Bossert et al., 2013). For this reason, manipulations that 

strengthen extinction memories have been proposed as useful strategies that 
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help to maintain abstinence (Everitt, 2014; Farrell et al., 2018; Kalivas and 

Volkow, 2011). Our results show a lack of effect of CBD (20 mg/kg) on 

cocaine seeking behaviors during extinction conditions. Studies assessing 

the potential protective effects of CBD in psychostimulant-consuming 

rodents are still scarce. For this reason, comparisons with other previous 

works are limited. The closest approximate was reported in Luján et al. 

(2018). In this previous study, we showed that animals treated with CBD 

(20 mg/kg) during the acquisition phase of cocaine operant taking 

extinguished seeking behavior in a similar extent than control mice. 

Similarly, CBD (60 mg/kg) did not facilitate extinction learning of ethanol 

taking behavior in rats (Viudez-Martínez et al., 2018). Another study using 

heroin also described that CBD (10, 20 mg/kg) did not affect lever pressing 

during extinction training (Ren et al., 2009). Altogether, results do not 

support CBD as a potential therapeutic solution to promote extinction-

based abstinence in rodent models of drug abuse. Therefore, CBD would 

not be exerting its putative protective effects against maladaptive behavioral 

manifestations of cocaine reinforcement by facilitating the development of 

extinction memories. 

Despite an overall lack of effect of CBD on extinction training, results show 

a decrease in cocaine seeking behavior after one CBD (20 mg/kg) injection, 

in the first extinction day. In this session, experimental subjects typically 

show an ‘extinction burst’ in which operant responses are greatly increased 

in respect to the last session when cocaine was still available (Lerman et al., 

2012; Skinner, 1938). Such ‘extinction bursting’ behavior is often 

considered as a measure of the urge to consume the drug (craving) that is 

not affected by the acute pharmacological effects of the drug or the 

development of a previous extinction learning and thus, is viewed as a 

predictor of relapse behavior (Wee et al., 2012). Such an effect was not 

reported in the previous studies evaluating the effects of CBD treatment on 
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extinction learning (Ren et al., 2009; Viudez-Martínez et al., 2018). 

Similarly, Mahmud et al. (2017) did not find that CBD (5, 10 mg/kg) 

reduced cocaine seeking in the first withdrawal session. However, 

transdermal CBD (15 mg/kg) induced an effect similar to what we report 

(Gonzalez-Cuevas et al., 2018). After the first exposure to CBD, cocaine 

seeking was found decreased. In drug self-administration regimes in which 

cocaine is infused at very low doses (0.03 mg/kg) or is scarcely administered 

(as in a progressive ratio reinforcement schedule), an acute injection of 

CBD (20, 40 mg/kg) induced the most effective attenuating effects on 

operant responding (Galaj et al., 2019). CBD’s protective effects centered 

at the initial stages of cocaine abstinence could represent a beneficial feature 

that should warrant further experimental exploration. Indeed, clinical trials 

indicate that behavioral measures of drug craving during early abstinence 

negatively correlate with treatment retention and outcome (Ahmadi et al., 

2009; Kampman et al., 2001; Patkar et al., 2002; Poling et al., 2007). 

However, there are no experimental medications being currently tested in 

humans that show desirable effects in the early stages of abstinence 

(Kampman, 2019). 

In humans, places and stimuli that were experienced during drug use trigger 

feelings of craving and therefore, pose a major risk factor contributing to 

relapse. In rodents, associated cues can be conditioned to the delivery of the 

drug. Hence, after extinguishing drug seeking, re-exposure to paired drugs 

can elicit reinstatement of the seeking behavior. In our study, we evaluated 

the effects of CBD (20 mg/kg) in a mouse model that aims to recapitulate 

the relapse-promoting properties of paired cues after a period of extinction-

based abstinence (Venniro et al., 2016). Results indicate that CBD (20 

mg/kg) specifically blocks cue-induced cocaine seeking reinstatement. Such 

a protective role of CBD in similar experimental conditions has been 

previously reported using rats. A transdermal preparation of CBD (15 
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mg/kg, 7 days) implanted after the first reinstatement of cocaine seeking 

attenuated subsequent measures of motivation to pursue cocaine, and 

alcohol, when related cues (context) were presented (Gonzalez-Cuevas et 

al., 2018). In a non-operant model of cocaine reinforcement, CBD was also 

reported able to impair the reconsolidation of cocaine-induced conditioning 

place preference (de Carvalho and Takahashi, 2016). In conclusion, the 

results here presented expand upon the available evidence suggesting a 

protective role of CBD against vulnerability states promoting relapse in 

conditions associated to re-exposure of cocaine-associated cues.   

As cues, stressful events are also associated with higher risk of relapse in 

abstinent individuals (Koob and Le Moal, 2005). In rodents, acute stressors 

such as footshock presentation or yohimbine injections can reinstate a 

previously extinguished cocaine seeking behavior (Mantsch et al., 2016). 

Here, we found that CBD (20 mg/kg) extinction-targeted treatment 

unexpectedly facilitated stress-induced reinstatement of cocaine seeking 

behavior. Such an adverse consequence of CBD has not been reported 

before. Instead, Gonzalez-Cuevas et al. (2018) reported that CBD (15 

mg/kg) attenuated cocaine pursue after yohimbine priming. Yohimbine, 

although is considered equivalent to stress, is pharmacological alpha 2 

blocker that increases peripheral and central effects of stress (Chen et al., 

2015), but its effects can not be considered as the same that those induced 

by a footshock presentation (Bossert et al., 2013). However, such protocol 

difference could explain divergencies between results. Additionally, the 

parameters of both CBD treatments considerably differed. While, we 

administered CBD by i.p. route, Gonzalez-Cuevas et al. (2018) implanted 

it as a transdermal application. Moreover, while we tested the effect of an 

extinction-targeted CBD treatment, theirs study was focused on the effects 

of CBD after cocaine seeking behavior was reinstated. Hence, this opens 

the possibility that CBD-induced neuroplasticity might interfere with 
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extinction learning neurocircuitry in a way that could facilitate the 

expression of cocaine memories in stressful conditions. Another possibility 

is that CBD-treated mice performed the stress-induced reinstatement test 

in an elevated state of anxiety. Although CBD shows prominent anxiolytic 

effects (Gonzalez-Cuevas et al., 2018; Luján et al., 2019, 2018), a recent 

report indicated that prolonged CBD treatments could induce anxiety-like 

states (Schleicher et al., 2019). Further experimental efforts will be needed 

to test this specific hypothesis. Even though, our results raise the issue of 

CBD extinction-based treatment being counterproductive for relapse 

prevention under certain circumstances. In case of being confirmed, such 

an effect could importantly limit the therapeutical applications of CBD in 

cocaine addiction.  

A low priming dose of cocaine in an abstinent subject can elicit drug craving 

and contribute to increased risk of relapse. Priming doses of cocaine (< 15 

mg/kg) can also reinstate previously extinguished cocaine seeking behavior 

in rodents (Shaham et al., 2003). Here, we evaluated the reinstatement-

promoting effects of a priming dose of cocaine (10 mg/kg) in animals that 

received a repeated CBD treatment (20 mg/kg) during extinction. Results 

indicate that CBD did not influence the drug-induced reinstatement of 

cocaine seeking behavior in mice. Previous reports showed that different 

treatments of CBD could attenuate this response in rats. In the study of 

Gonzalez-Cuevas et al. (2018), a transdermal preparation of CBD (15 

mg/kg, 7 days) reduced cocaine-induced drug seeking reinstatement in rats. 

Similarly, primming-induced reinstatement of methamphetamine seeking 

was found attenuated following acute intracerebroventricular CBD (μg/5μl) 

(Karimi-Haghighi and Haghparast, 2018) or acute i.p. CBD (80 mg/kg) 

administration. In the latter study, lower doses of CBD (20, 40 mg/kg) did 

not reduce operant responding. We have previously shown that primming-

induced reinstatement of cocaine seeking behavior was not affected in mice 
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treated with CBD (20 mg/kg, 10 days) during the acquisition phase of self-

administration behavior (Luján et al., 2018). In a different paradigm, acute 

CBD (5 mg/kg) did not prevent the reward-facilitating effects of cocaine in 

an intra-cranial self-stimulation study (Katsidoni et al., 2013). Also, Ren et 

al. (2009) found that CBD (10, 20 mg/kg, 5 days) was unable to reduce 

drug-induced reinstatement of heroin seeking behavior. So far, data is still 

inconclusive to confirm the therapeutic potential of CBD to reduce drug-

primed relapse in rodent models, especially considering the divergences 

observed between species and drugs.  

Cocaine-evoked plasticity in the mesocorticolimbic system, particularly 

within the nucleus accumbens (Nac), drives drug-adaptive behavior 

(Nestler and Lüscher, 2019; Pascoli et al., 2015). CBD is thought to 

interact with cocaine-induced neuroplasticity in multiple ways (Calpe-

López et al., 2019). However, no study has yet directly assessed the 

participation of a putative CBD mechanism in a rodent model of drug 

operant seeking in relapse conditions. To identify such a mechanism, we 

explored the role of CB1 receptor signaling in the behavioral expression of 

cocaine memories in CBD-exposed mice. Commonly used CB1 

antagonists often decrease the reinforcing properties of drugs of abuse by 

themselves (Bi et al., 2019). To avoid this, we used the neutral antagonist 

AM4113 (5 mg/kg) at a dose that has been probed to decrease CB1 receptor 

activity without inducing inverse agonist activity (He et al., 2018). Hence, 

in the reinstatement tests here employed, AM4113 did not exert any effects 

in control animals. This was also observed in the CBD group that showed 

no differences with control animals on drug-induced cocaine seeking 

reinstatement.  

The attenuation of cue-induced reinstatement by CBD (20 mg/kg) was 

blocked with the CB1 receptor antagonist AM4113 (5 mg/kg). Other 

works hinted a possible participation of CB1 receptors in the protective 
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effects of CBD in drug self-administration studies. Striatal CB1 mRNA 

expression was found reduced following a CBD treatment with drug 

seeking attenuating effects (Ren et al., 2009; Viudez-Martínez et al., 2018). 

The effects of AM4113 on CBD-induced changes on extinction learning 

indicates that these effects are modulated by CB1 cannabinoids receptors. 

An alternative interpretation of these effects arises considering the ability 

of CBD to normalize the alterations induced by drugs of abuse in the 

glutamatergic system. Accompanying the CB1 receptor changes, CBD also 

influences α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

receptor (AMPAR) subunit composition (Luján et al., 2018; Ren et al., 

2009), reducing the amount of calcium-permeable AMPAR (CP-

AMPAR). CP-AMPAR accumulation occurs during cocaine withdrawal 

and contributes to craving incubation (Ma et al., 2014). Crucially, the 

expression of CP-AMPAR-dependent alterations in reinstatement 

conditions is regulated by CB1 receptors and the metabotropic glutamate 

receptor 1 (mGluR1) (Wolf, 2016). In particular, mGluR1 and CB1 

receptors act as a negative feedback of the increased excitatory output 

produced by CP-AMPAR accumulation in Nac synapses (Katona and 

Freund, 2008; Loweth et al., 2014). Therefore, if CBD attenuates cue-

induced reinstatement of cocaine seeking by preventing the accumulation 

of CP-AMPAR during withdrawal, it is plausible that this effect disappears 

when the remaining CP-AMPAR can be increasingly activated after CB1 

receptor blockade by AM4113. If that were to occur, the expression of drug 

craving, here elicited by cue presentation will increase reaching control 

levels (as here reported).  

Similarly, our results suggest that CB1 receptor activity is also crucial to the 

expression of CBD’s facilitation of stress-induced reinstatement of cocaine 

seeking. Given that CBD shows important molecular and behavioral anti-

anxiety effects (Campos et al., 2017; Skelley et al., 2019), it is difficult to 
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propose a possible mechanism underlying these results. However, the 

structural and functional ubiquity of CB1 receptors in the central nervous 

system (Busquets-Garcia et al., 2018) allows CBD to interfere in 

unexpected ways with different brain structures, in certain environmental 

situations leading to drug relapse. In this sense, it is possible that the diverse 

effects of CBD over CB1-expressing, heterogeneous neuronal populations 

may lead to both undesirable and protective consequences. CBD can have 

opposed effects on CB1 receptors, given that it can act as an indirect agonist 

(De Petrocellis et al., 2011) and as a biased negative allosteric modulator 

(Tham et al., 2019). The complex pharmacology of this phytocannabinoid 

possess interesting properties for the management of different 

neuropsychiatric conditions but can also lead to some undesirable effects 

that are especially hard to predict (Brown and Winterstein, 2019). In 

conclusion, the complex pharmacology of CBD over CB1 receptor is still 

poorly understood and, as we show here, unexpected consequences can arise 

in specific situations leading to cocaine seeking reinstatement in rodent 

models of operant drug seeking. These effects should be considered in the 

risk-benefit assessment of CBD as a potential pharmacotherapy for the 

treatment of cocaine use disorders.  
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FIGURE LEGENDS 

Figure 1. CBD specifically reduces ‘extinction burst’ responding, but not 

extinction learning development. (a) CD-1 male mice trained to seek the 

cocaine-associated nosepoke hole reached a stable pattern of self-

administration after ten 2h-long sessions under a FR1 reinforcement 

schedule (n = 68). (b) CBD (20 mg/kg) treatment administered 

immediately before each extinction session reduces cocaine seeking 

behavior after the first administration (day 12 – active nosepokes, VEH vs 

CBD; Bonferroni, *p < 0.05) but does not modulate extinction learning 

progression (n = 34/group). (c, d) Cocaine seeking responding in extinction 

conditions is attenuated after a single CBD injection (20 mg/kg) (t test; *p 

< 0.05), an effect that becomes manifest following the first 70 minutes of 

session (same day, VEH vs CBD; Bonferroni, **p < 0.01, *p < 0.05) (n = 

34/group). (e) ‘Extinction burst’ responding is observed in VEH- and 

CBD-treated groups, as cocaine seeking increases on the first extinction day 
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in respect to the FR1 phase (Bonferroni, &&p < 0.01). ‘Extinction burst’ 

responding is attenuated by CBD (20 mg/kg) (Bonferroni, **p < 0.01). 

Cocaine seeking responding declines after the extinction protocol, as 

evidenced by the difference observed between the FR1 phase and the last 

extinction day (Bonferroni, #p < 0.05) (n = 34/group). (f) Despite differences 

in the first extinction session, the time required for each animal to reach 

extinction learning criteria is not affected by CBD (20 mg/kg) (n = 

34/group). Data is represented as mean ± SEM. ‘EXT’: extinction. ‘EXT 

(d1)’: first day of extinction. ‘EXT (last)’: last day of extinction. 

Figure 2. Cue-induced reinstatement is prevented in CBD-treated mice, 

an effect modulated by the pharmacological blockade of CB1 receptors. (a) 

Contingent cocaine-associated cue presentation did not induce 

reinstatement of previously extinguished seeking behavior in CBD-treated 

mice, contrary to the control group (FR1 phase vs cue-induced 

reinstatement session; Bonferroni, ##p < 0.01) (VEH, n = 9; CBD, n = 8). 

Cocaine seeking in the reinstatement session was reduced by extinction-

targeted CBD (20 mg/kg) treatment (Bonferroni, **p < 0.01). (b) The CBD-

induced reduction of cocaine seeking behavior in the cue-induced 

reinstatement test is reversed by the systemic administration of AM4113 (5 

mg/kg) (CBD/VEH vs CBD/AM4113; Bonferroni, ##p < 0.01) (VEH, n = 

9; CBD, n = 8). AM4113 administration does not influence nosepoking by 

itself. Data is represented as mean ± SEM. ‘EXT’: extinction. 

Figure 3. CBD extinction-targeted treatment facilitates stress-induced 

reinstatement of cocaine seeking in a CB1-dependent manner. (a) 

Compared to the control group, animals receiving CBD (20 mg/kg) during 

the extinction phase show increased expression of cocaine seeking behavior 

after repeated footshock (0.21 mA) presentation (Bonferroni, **p < 0.01). 

Compared to the last extinction day, nosepoke measures in the 

reinstatement test increased in the CBD group (Bonferroni, ##p < 0.01), but 
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not in the VEH group (VEH, n = 6; CBD, n = 5). (b) The facilitating effect 

of CBD (20 mg/kg) on stress-induced reinstatement is reduced by the 

systemic administration of AM4113 (Bonferroni, *p < 0.05) (VEH, n = 6; 

CBD, n = 5). AM4113 administration does not influence nosepoking by 

itself. Data is represented as mean ± SEM. ‘EXT’: extinction. 

Figure 4. CBD treatment has no effects on the drug-induced 

reinstatement of cocaine seeking behavior. (a) VEH and CBD groups 

equally reinstate cocaine seeking responding precipitated by a cocaine 

priming (i.p., 10 mg/kg) (group-unspecific, FR1 phase vs drug-induced 

reinstatement; Bonferroni, **p < 0.01, *p < 0.05) (VEH, n = 8; CBD, n = 9). 

(b) The acute, systemic administration of the CB1 antagonist AM4113 has 

no effects on cocaine seeking behavior in a drug-induced reinstatement test 

(VEH, n = 8; CBD, n = 9). Data is represented as mean ± SEM. ‘EXT’: 

extinction. 
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Cocaine addiction is a chronic, relapsing disease characterized by the 

compulsive taking and pursue of the drug despite its harmful 

consequences52. Repeated cocaine exposure promotes neural plasticity 

processes that cause aberrant motivation towards the drug and related 

stimuli, which can produce neurobiological alterations leading to drug 

addiction24. Cocaine can impact the neural substrates of motivated 

behavior, the mesocorticolimbic circuitry, by increasing extracellular levels 

of DA48.  

Various epidemiological markers have recently pointed to an important 

increase in cocaine consumption in Europe and the United States9. Despite 

extensive knowledge about the neurobiological foundations of the disease, 

no approved medications for the treatment of cocaine addiction are 

currently available251. So far, clinically tested pharmacotherapies were 

unsuccessful in evidencing substantial therapeutic improvement (e.g., 

modafinil)34 or prompted undesirable effects undermining treatment 

retention (e.g., topiramate)29.  

In this regard, phytocannabinoid compounds have drawn the attention 

of the scientific community, given its putative desirable effects for the 

treatment of various psychiatric diseases252. This is due to the fact that eCB 

system is broadly distributed in a great number of brain structures, 

modulating several neurotransmitter systems and neuronal circuitries that 

can induce beneficial effects75. Moreover, certain phytocannabinoids have 

been shown able to interact not only with the eCB system but also with 

additional neurotransmitter and plastic brain processes. Such a wide 

pharmacological profile has postulated CBD, the second most abundant 

cannabinoid in the Cannabis S. plant, as a promising therapeutic agent for 

different mental diseases, including drug addiction253. While pre-clinical 

and clinical works suggested a therapeutic potential of CBD for the 

treatment of heroin addiction, scarce evidence is available for the case of 
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psychostimulant substances236. Pre-clinical studies investigating the effects 

of CBD over cocaine self-administration have been inconsistent. Crucially, 

no neurobiological mechanisms of CBD for the reduction of cocaine 

reinforcement have been directly tested in rodent models of cocaine 

reinforcement237. In this sense, an exhaustive assessment of the effects of 

CBD on cocaine self-administering animals is needed to profile the best-

case scenarios of such a putative pharmacotherapy and detect possible 

undesirable treatment effects. 

Hence, this Doctoral Thesis has sought to evaluate the behavioral 

consequences of CBD treatment in the prevention, development and expression of 

cocaine seeking behaviors while ascertaining the neuronal mechanisms recruited 

by CBD in animals voluntarily pursuing the drug.   

1 | Characterizing the behavioral phenotype induced by a 
repeated CBD treatment relevant to cocaine-induced 
responses 

Until date, no animal model of drug abuse fully recapitulates the human 

disease condition. Nonetheless, a variety of approximations are used to get 

an idea of shared neuropsychological processes that can be applied to both, 

humans and animals. Here, we decided to explore whether a repeated CBD 

treatment could prevent the development of approaching responses towards 

cocaine-associated contextual stimuli in male CD-1 mice. Such a 

pharmacological strategy does not represent cocaine aberrant seeking or a 

viable pharmacotherapy for humans. However, it is a first step necessary to 

proof if CBD has any pharmacological effect on cocaine-induced responses. 

We chose the CPP paradigm because it offers a satisfactory approximation 

to neuropsychological processes involved in the compulsive seeking of 

cocaine abuse, that is: cue-elicited approaching behaviors associated to the 

rewarding, subjective effects of cocaine. This protocol is well established in 
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and it has been shown to be sensitive to different pharmacological and 

developmental manipulations254–257. The CD-1 mouse strain was selected 

for its optimal sensitivity to the reinforcing effects of cocaine258. For the 

CBD treatment, doses were based on previous experimental studies 

showing relevant pharmacological effects229,235. Here, we opted for a range 

of doses comprehended between 5 and 30 mg/kg of CBD. In fact, such 

CBD high dosage is required by the low bioavailability of CBD240. Note 

that the 5, 10 and 20 mg/kg doses are within the range of doses used in 

clinical trials reporting few side effects of CBD111,259. The treatment protocol 

was prolonged for 10 days. This was done because the anxiolytic and 

antipsychotic effects of CBD are mostly reached after chronic, but not acute 

treatment in mice202. Similarly, cocaine reinforcement is also only affected 

by these doses after chronic235, but not acute239 CBD exposure. Finally, the 

protocol here employed was designed to evaluate the lasting neuroplastic 

changes induced by CBD. Our interest was to induce lasting neuroplastic 

adaptations that would oppose those neuroplastic changes underpinning 

cocaine reinforcement. To evaluate the significance of CBD-induced 

neuroplastic changes without the influence of acute, immediate effects, a 

drug-free period of 6 days was placed between the last CBD injection and 

the beginning of the CPP procedure. This period was based on human and 

rat studies showing that CBD has an elimination half-life of 2–5 days after 

a chronic treatment (10 mg/kg, 6 weeks) in humans260 and 3 days after a 

subchronic (7 days) CBD (15 mg/kg) exposure in rats235.  

In our study, we found that CBD prevented the development of 

cocaine-induced CPP in a dose-dependent manner. This is, to our 

knowledge, the first report of the ability of CBD to prevent cocaine-

induced approaching behaviors towards drug-related contexts. The 

observed decrease in the robustness of the conditioned responses to 

contextual stimuli seems to reflect a decrease in the abuse liability of cocaine 
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after exposure to CBD. Thus, our findings suggest that CBD exposure can 

attenuate cocaine reinforcement by a mechanism counteracting the 

formation of conditioned associations between cocaine and its related 

stimuli. Previously, it was shown that CBD (5 mg/kg) potentiated the 

extinction of cocaine-induced CPP in rats226, and disrupted the 

reconsolidation of cocaine CPP memories233. Together, these findings 

suggest that CBD can modulate different learning mechanisms required for 

cocaine-induced CPP acquisition, extinction and reconsolidation.  

As we wanted to describe the anxiolytic effects of the CBD subchronic 

treatment, mice underwent the same treatment protocol, but this time they 

were tested in an EPM test to evaluate anxiety-like behaviors. The test is 

based on the natural tendencies of rodents to avoid open or elevated places 

counterbalanced with their innate curiosity to explore areas that are new to 

them. In a EPM test, a less anxious mouse will visit the open, more exposed 

arms of the maze more frequently, whereas a mouse with elevated anxiety 

will tend to spend more time in the closed arms261. Results showed that 

CBD (20 mg/kg)-treated mice spent more time in the open arms of the 

EPM than control subjects. The anxiolytic effects of CBD have been 

extensively characterized in all kind of paradigms and conditions (see section 

2.4.1), including the EPM test192. Here, we extend these findings with a 

repeated treatment protocol. An intriguing issue of the anxiolytic profile 

reported here, and in the previous literature, is its bell-shaped dose-

response curve. While the dose of 20 mg/kg was effective, lower (5, 10 

mg/kg) or higher doses (30 mg/kg) did not induce anxiolysis. Similarly, 

only intermediate doses of CBD (10 and 20 mg/kg) prevented cocaine-

induced CPP, while lower (5 mg/kg) or higher (30 mg/kg) doses did not 

exert any change. The efficacy of the dose of 10 mg/kg differed in both tests, 

but a common dosage profile can be traced in both measures. This may 

suggest that CBD could be preventing cocaine CPP by inducing protective 
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low anxiety states. Such hypothesis, previously proposed by other authors233, 

is supported by previous evidence showing that anxiolytics can counteract 

the reinforcing effects of cocaine in rodents262–264 and that cocaine-induced 

CPP is predicted by previous anxiety-like behaviors265–268. As an important 

step in the study of the potential applications of CBD, we wanted to discard 

any possible anxiogenic effect of CBD higher. Other cannabinoids tested 

with therapeutic purposes, such as THC or rimonabant, can become 

anxiogenic at high doses269,270. Furthermore, one of the medications being 

currently explored for the treatment of cocaine addiction, modafinil, has 

been linked with anxiogenic side effects271. The EPM test employed here 

does not provide a complete, unequivocal measure of a construct such as 

anxiety, and it may be difficult to distinguish it from other psychological 

processes like fear-induced avoidance272. For this reason, further 

experimental inquiries, using different tests, would be required to ensure 

that CBD is devoid of anxiogenic effects.  

To better characterize other CNS implications of the CBD treatment, 

we sought to rule out any unspecific impairment in behavioral measures of 

declarative, nonspatial memory. For instance, memory impairment is a 

common side effect of one the more promising pharmacotherapies being 

currently tested for the treatment of cocaine addiction: topiramate273. As it 

happens with anxiety-related side effects, cannabinoid medications can also 

induce memory impairments with important medical implications274. The 

novel object recognition test was employed to assess whether CBD could 

show cognitive effects. In the test, mice could explore two identical objects 

placed in an open field for a predetermined period of time. After 24 h, the 

animals were then presented with two objects to explore, one of which was 

the same as in the first exploration trial, the other a new object275. Preference 

for the novel object, demonstrated by an increase in exploration time for 

that item, indicated that a memory trace for the familiar object was properly 
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encoded and retrieved at the recognition test session276. Results from the 

object recognition test indicate that CBD increased the discrimination 

index of the novel object. Noteworthy, previous studies using CBD have 

consistently observed similar cognitive effects in the object recognition test, 

but only under vulnerability conditions such as amyloid-β aggregation277, 

chronic THC pre-treatment278, prenatal infection279 or newborn hypoxia-

ischemia280. To our knowledge, this is a first-time report of an enhancing 

effect of CBD on object recognition discrimination index in control, 

healthy animals. Intriguingly, the cognitive effects induced by CBD were 

observed at the same dose (20 mg/kg) than for anxiolytic effects, showing a 

similar dose-response profile. In this sense, a negative correlation has been 

found between levels of anxiety and cognitive performance281,282. For this 

reason, it could be argued that control mice performed the novel object 

recognition in an elevated anxiety-like state (performed under a stressful 

condition such as the open field), thus showing a non-optimal cognitive 

performance. Given that the same CBD treatment showed efficient 

anxiolytic properties, the improved cognitive performance of the CBD-

treated group could be due to a lower anxiety state during testing. 

Regardless of the mechanism underlying a common pharmacological profile 

between CPP, anxiety and cognitive measures of our CBD treatment, this 

data warrants promising evidence supporting that a subchronic treatment 

of CBD (20 mg/kg, 10 days) (1) prevents cocaine-induced CPP, (2) induces 

anxiolytic effects, (3) improves declarative memory and (4) is devoid of 

undesirable side effects in the tests here evaluated, even at high doses (20 

and 30 mg/kg).  

Before evaluating CBD effects in the self-administration paradigm, 

animals were tested in a different protocol to measure cocaine effects over 

the DA mesolimbic system. To do so, mice were exposed to a repeated 

treatment of cocaine (10 mg/kg). Onward experiments were performed 
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with the CBD dose of 20 mg/kg, as it showed the most coherent effects in 

the anxiety, cognitive and CPP measures here assessed. After 5 cocaine (10 

mg/kg) injections, CBD (20 mg/kg)-treated mice developed a sensitization 

of the locomotor effects of cocaine in the same degree that control animals. 

Sometimes, behavioral sensitization to psychostimulants does not manifest 

group differences in a day-by-day comparison, but differences can be 

precipitated in a challenge test. To test this, mice were challenged with the 

same dose of cocaine (10 mg/kg) 3 days after the last cocaine injection. 

CBD (20 mg/kg) did not produce any difference between groups. Previous 

findings show that CBD attenuated amphetamine-induced behavioral 

sensitization in rats283. Note that, while we administered CBD via the i.p. 

route, Renard et al.283 microinfused CBD directly into the NAc. Thus, 

pharmacokinetic differences could explain why systemic CBD 

administration results in weaker effects than intra-NAc injections. 

However, given the lack of studies addressing the protective effects of CBD 

over cocaine-induced sensitization, it is still not possible to rule out the 

possibility that a drug-specific mechanism is producing the differences 

between amphetamine and cocaine behavioral sensitization experiments. 

The lack of effect of a pharmacological manipulation on the sensitization 

process is often interpreted as an indicator that such manipulation did not 

modify the ability of the drug to interact with the mesolimbic DA system37. 

Behavioral sensitization results seem to agree with such statement. 

Accordingly, Wu and French284 demonstrated that systemically 

administered CBD had neither excitatory nor inhibitory effects on 

spontaneously recorded VTA DA neuronal activity levels. Nevertheless, the 

lack of effect over the cocaine-induced effects in the mesolimbic DA system 

would not impede CBD to influence cocaine reinforcing potential by other 

pharmacological mechanisms.  
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Behavioral sensitization is a relatively simple cocaine adaptation that is 

tightly controlled by DA excitability of the mesolimbic system. However, 

cocaine consumption is a more complex phenotype, in which other 

accessory systems can play a critical role (see section 1.7). For this reason, we 

followed the positive results obtained in the CPP experiment, albeit the 

negative results in the sensitization procedure. In order to obtain a 

pharmacological principle of proof of CBD effects over cocaine operant 

taking, we treated animals with CBD (20 mg/kg) just before being placed 

in the self-administration box during the 10 days of FR1 cocaine 

responding (0.75 mg/kg/inf). This was done to avoid delivering the CBD 

treatment during the catheter implantation surgery and recovery period. 

Results show that CBD-treated mice had less total cocaine intake during 

the acquisition phase. In agreement, Galaj et al.151 later replicated a similar 

effect of CBD (20 mg/kg) over cocaine FR1 responding (up to 0.12 

mg/kg/inf) in rats. FR1 cocaine responding is considered a measure of the 

consummatory phase, with unique neuropsychological implications285, that 

is inherently different from measures of cocaine seeking in more demanding 

reinforcement schedules41. For instance, DA receptor blockade in the NAc 

decreased high-requirement responding to obtain cocaine, but increased 

low response requirement performance286. Other DA pharmacological 

manipulations, like clozapine administration, can reduce FR1 cocaine 

responding while increasing PR breaking points287. For this reason, the 

attenuation of cocaine FR1 responding observed here would not provide 

enough evidence to warrant a protective role of CBD over cocaine 

deleterious motivational effects288. 

To better characterize the implications of CBD over cocaine excessive 

reinforcement, a PR test session was performed 6 days after the last CBD 

injection. CBD reduced cocaine seeking breaking points under a PR 

reinforcement schedule. Similarly, a posterior report indicated that high 
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doses of CBD (40 mg/kg) also reduce cocaine (0.5 mg/kg/inf) breaking 

points in PR sessions. As this high-response requirement test is which 

better profiles the reinforcement efficiency of cocaine42, we propose that our 

CBD treatment could have implications for cocaine abuse liability in a self-

administration mouse model. Interestingly, CBD treatment changes 

occurred in the same direction in low- and high-response requirement 

sessions. Based on Roberts et al.41 review of the issue, DA agents tend to 

oppositely modify cocaine pursuing under high- vs low-response 

requirements. That is, experimental manipulations that directly interact 

with the DA system usually increase high-requirement drug responding 

while reduce low-requirement taking289–292, or vice-versa287,293. However, 

other non-DA compounds produce no clear relationship between both 

measures294–296. Given that CBD influenced high- vs low-requirement 

responding in the same direction, our results point out that CBD effects are 

probably regulated by a non-DA mechanism. This is in agreement with our 

finding in the behavioral sensitization experiment.  

Mahmud et al.239 previously reported that acute CBD (5 and 10 mg/kg) 

did not reduce cocaine PR responding in a rat model of self-administration. 

Different methodological differences could account for this discrepancy. In 

particular, we prolonged CBD treatment for 10 days while they only 

utilized acute CBD injections. There are two other cocaine self-

administration studies with CBD-treated rats151,235. In the former work, 

CBD is administered for 7 days and a reduction of cocaine seeking in 

relapse conditions is found235. In the later, only CBD high doses (40 mg/kg) 

are able to impact cocaine taking and seeking. Regarding the doses of CBD 

used, both Galaj et al.151 and Gonzalez-Cuevas et al.235 experiments were 

performed with higher doses than in the study by Mahmud et al.239 (40 and 

~15 mg/kg > 5 and 10 mg/kg). The number of studies is still very limited, 

but using CBD doses ranging up from, at least, 15 mg/kg (or 40 mg/kg if 
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using an acute treatment) seems to be recommended to attenuate cocaine 

operant intake and seeking. Thus, a comparison between these studies 

highlights to the importance of prolonging CBD treatment, or using high 

enough doses, to observe effective changes in cocaine responding.  

Until now, despite promising, our results do not support CBD as a 

potential new treatment for cocaine abuse. Such a pharmacotherapy would 

require reducing cocaine seeking in extinction and reinstatement 

conditions, the experimental phases analogous to the abstinence/relapse 

cycle in which treatment opportunities are available for humans. Relapse is 

especially likely when recovering addicts encounter risk factors like the 

subjective effects of the drug, stress, or drug-associated cues and locations45. 

In rodents, these same factors reinstate cocaine seeking after a period of 

abstinence, and extensive pre-clinical work has used priming, stress, or cue 

reinstatement models to uncover brain circuits underlying cocaine 

reinstatement297. Noteworthy, the neurocircuitry controlling relapse does 

not show a complete overlapping between these three relapse-triggering 

cases. To model this, we treated cocaine self-administering mice with CBD 

(20 mg/kg) on each extinction session for 8-12 days, depending on the 

learning curve of each subject. After extinguishing cocaine seeking 

behavior, animals were subjected to a cue-, drug- or stress-induced 

reinstatement session. Surprisingly, CBD reduced cocaine seeking in the 

first extinction session. In this session, experimental rodents typically show 

an ‘extinction burst’ in which operant responses are greatly increased in 

respect to the last session in which cocaine was available. Such ‘extinction 

burst behavior’ is often considered as a measure of the urge to consume the 

drug (craving) that is not affected by the acute pharmacological effects of 

the drug or the development of a previous extinction learning and thus, is 

viewed as a predictor of relapse behavior298. Apart from a change in 

extinction burst responding, CBD did not seem to alter the development of 
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the extinction learning. Once extinction was accomplished, and CBD 

treatment halted, differential effects of CBD over cocaine reinstatement, 

depending on the triggering source, were found. As previously reported, 

CBD did not change cocaine-primed reinstatement of seeking behavior. 

When tested for cue-induced reinstatement, CBD-treated subjects 

displayed fewer nosepoke responses than control animals. This result agrees 

well with the findings of Gonzalez-Cuevas et al.235 using rats. Given that 

CBD can greatly reduce cocaine seeking after cue presentation in mice, our 

results add to the evidence supporting the pre-clinical proof of principle for 

this compound.  

As mentioned in section 1.3.4, a liable pharmacotherapy for cocaine 

addiction would have to be especially devoid of side effects. Negative 

emotional states arising from a wide range of conditions can trigger relapse. 

In this sense, our results indicate that CBD increases stress-induced 

reinstatement of cocaine seeking. Even in the light of the promising results 

regarding cue-induced reinstatement, we consider that the facilitation of 

stress-induced reinstatement represents an important limiting factor for the 

potential therapeutic uses of CBD in cocaine use disorders. Moreover, this 

surprising result disagrees with previous findings from this and other works 

indicating that CBD reduces stress-induced reinstatement235 and anxiety-

like responses. Such discrepancy raises a suggesting possibility. Gonzalez-

Cuevas et al.235 administered CBD after animals extinguished, and 

reinstated cocaine seeking behavior. Indeed, its treatment was aimed to 

block the subsequent cocaine memory retrievals in animals that, except for 

the test sessions (once a week), were not engaged in any active learning task. 

In our case, mice received CBD contingently to the progression of an 

extinction learning. This opens the possibility that the effects of CBD on 

consolidated memories are qualitatively different to the expression of 

memories that were generated when CBD was onboard. As showed here, 
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this can have important consequences, so more research efforts are needed 

to explore such hypothesis. To our understanding, a preliminary 

explanation of the differential modulation of cocaine seeking reinstatement 

triggers must come from specific neuroplastic changes differentially 

happening in the non-overlapping sections of the brain circuitries 

governing cue- and stress-induced reinstatement of cocaine seeking. A 

detailed view of these and other neuroplastic changes induced by CBD is 

given further below.   

2 | Ascertaining the neurobiological adaptations induced by 
CBD relevant to cocaine-induced responses 

CBD is thought to interact with several cellular and molecular 

targets299. However, our understanding of the specific mechanisms 

underlying the neurobehavioral effects of CBD is highly limited. Insights 

into the mechanisms by which CBD exerts its multiple beneficial effects 

may open new vistas for the pharmacotherapeutic management and 

prevention of cocaine excessive seeking and use235. Here, we sought to 

determine whether the neuroplastic effects induced by CBD repeated 

exposure would oppose the deleterious neurobiological actions of cocaine. 

Evidencing the ligand-substrate interaction involving CBD and its many 

molecular targets was beyond the scope of this Doctoral Thesis. For this 

reason, the works here presented were exclusively focused on the 

consequences of CBD’s known and hypothesized pharmacological effects. 

Firstly, immunohistochemistry quantification of striatal CB1 receptors 

was carried out in cocaine-naïve mice after CBD (20 mg/kg, 10 days) 

treatment. CB1 receptor activity in this area is related to reinforcement 

functions76. Here, total protein content detection was used as an initial 

approximation that allowed us to assess CB1-related neuroplastic changes 

induced by CBD. We found that CBD did not modulate striatal CB1 
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receptor protein content (data not shown). Previously, other studies had 

shown that CBD altered CB1 mRNA levels in the NAc234. However, CBD 

(50 mg/kg) produced no changes in striatal CB1 protein content300. 

Similarly, CB1 protein content in the striatum of heroin-naïve rats was 

found unaltered after CBD acute treatment229. Whether CBD is exerting 

its behavioral effects through striatal CB1 receptor activity is a question that 

could not be resolved by the immunohistochemistry methods employed by 

this and previous studies. However, Norris et al.164 probed that CB1 

pharmacological blockade did not modify CBD-induced reduction of VTA 

DA excitability. Altogether, preliminary evidence suggests that the 

observed effects of CBD on drug-related motivational tasks would not be 

mediated through modifications of striatal CB1 protein content or activity.   

Nonetheless, CBD exerted other changes in areas key to the acquisition 

and expression of cocaine-induced responses. Like previously reported229, 

we also found that CBD reduced GluA1/GluA2 AMPA receptor subunit 

ratio in the striatum of cocaine-consuming mice. Withdrawal to drugs of 

abuse alters AMPA receptor composition by increasing Ca2+-permeable 

GluA1 subunit trafficking and receptor insertion69. This change induces a 

long-lasting hyperexcitability to Ca2+ in MSN neurons receiving Glu inputs 

triggered by drug-associated stimuli, contributing to craving incubation and 

relapse301. The decrease in GluA1/GluA2 AMPA receptor subunit ratio is 

congruent to the observed reduction of cocaine seeking in the PR test. The 

molecular mechanism by which CBD would be reducing this ratio is 

currently unknown. However, it seems plausible that cocaine-induced 

AMPA maladaptations simply occurred in a lesser extent because CBD-

treated mice consumed less cocaine. Within this hypothesis, the reduction 

of GluA1/GluA2 ratios would be seen as a consequence (instead of a cause) 

of an attenuated cocaine-induced deleterious changes. We also found that 

CBD did reduced neuroinflammatory markers of microglial reactivity 
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(Iba1) in the HPC. Iba1 is a macrophage/microglial‐specific Ca2+‐binding 

protein involved in membrane ruffling and phagocytosis in activated 

microglia302. Microglial reactivity in the DG usually occurs after cocaine 

exposure303,304, and the associated pro-inflammatory consequences are 

thought to contribute to a loss of HPC function305. For example, under 

pathological conditions, microglial reactivity inhibits LTP and alters the 

expression of both Glu and GABA receptors in HPC neurons306,307. 

Congruently, the antinflamatory effects of CBD have been previously 

linked to its therapeutic potential185. However, to our knowledge, this is the 

first time that such an effect is reported in cocaine self-administering 

rodents. Given that the consequences of CBD over microglial reactivity are 

opposed to those of cocaine, we hypothesize that anti-inflammatory 

changes may be a mechanism participating in the beneficial properties of 

CBD here reported.  

To elucidate which CBD effects could be reducing cocaine intake and 

some of its molecular consequences (namely, striatal AMPA receptor 

subunit composition, HPC microglial reactivity), we evaluated different 

markers of HPC plasticity in cocaine self-administering mice. The HPC is 

a major processing hub in charge of diverse memory, anxiety and 

reinforcement functions308. Conveniently, the behavioral data presented 

herein shows that CBD had effects on these three neuropsychological 

domains. For that reason, HPC plasticity represented a promising structure 

to look at CBD-induced protective neuroplasticity. In this regard, we found 

that CBD-treated mice, after a cocaine self-administration procedure, 

presented higher HPC CB1 receptor protein expression. Furthermore, we 

found increased phosphorylation levels of ERK1/2 (MAPK) and CREB in 

the HPC. The MAPK-CREB pathway is considered one of the major 

regulators of neurotrophin responses because phosphorylated CREB binds 

to a specific sequence in the promoter of BDNF and regulates its 
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transcription309. Consistently, our results show an increase of BDNF 

expression in CBD-treated mice, as previously reported217,221,310. Again, it 

was not possible to determine how CBD caused this increase. However, an 

already probed mechanism supports that CBD increases CB1 activity in the 

HPC by inhibiting AEA hydrolysis140. Activation of CB1 receptor is 

known to induce phosphorylation of the MAPK-CREB pathway311, which 

in turn promotes BDNF expression312. Interestingly, BDNF activity in the 

HPC is thought to promote CB1 receptor expression313, as we also report.  

Synaptic scaling is a form of plasticity in which long-term changes in 

excitatory activity lead to compensatory changes in synaptic transmission314. 

In cortical and HPC pyramidal neurons, BDNF-TrkB signaling 

contributes to enhance excitatory transmission, thus promoting long-

lasting synaptic growth315,316. One of the consequences of this BDNF-

driven process is the facilitation of neural precursor cell proliferation and 

survival317. A distinguishing feature of the HPC is that it is the main brain 

locus of neural cell proliferation and differentiation in the adult brain92, a 

mechanism that is thought to exert vulnerability against maladaptive 

neurobehavioral changes induced by drugs of abuse94,95. In light of the 

neurochemical results obtained, the possibility that CBD pro-neurogenic 

effects140,146,248 could underpin the reduction of cocaine taking and seeking 

(under a PR schedule of responses) was thoroughly examined. CBD-treated 

mice showed higher levels of neuronal proliferation and differentiation in 

the DG, 7 days after the last CBD injection, independently to their previous 

history of cocaine self-administration. Supporting a role of AHN in cocaine 

motivational properties, the mere exposure to cocaine self-administration 

reduced AHN in control mice. The protective pro-neurogenic effects of 

CBD were previously reported in anxiety models140,146, but here are reported 

by the first time in drug-exposed animals.  
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Nonetheless, the AHN increment observed was purely correlational, 

and it was not possible to ascertain if it was the responsible mechanism for 

CBD protective effects. To clarify that, we prevented CBD-induced 

increase of AHN by administering a chemotherapy agent known to buffer 

AHN increases. Temozolomide (TMZ) is an alkalizing agent currently 

used for the treatment of glioblastoma. In 2012, Niibori et al.318 developed 

a treatment procedure that allowed us to dissect the pro-neurogenic effect 

of CBD from its other pharmacological mechanisms of action. First, we 

ruled out the possibility that this pharmacological manipulation was causing 

unspecific changes. TMZ did not alter body weight gain, locomotor 

behavior, stereotype-like behavior or inflammation in the DG. Crucially, 

neural proliferation markers were equivalent between control mice receiving 

TMZ or saline, implying that TMZ only prevented AHN increases 

without reducing basal levels in animals not receiving CBD. Our results 

indicate that, when neurogenesis was prevented, CBD did not reduce 

cocaine FR1 intake or operant task learning acquisition. That is to say, when 

CBD is devoid of its pro-neurogenic effects, it is unable to attenuate the 

motivation to consume cocaine. With this procedure, we were able to 

identify, by the first time, a causal implication of a neuroplastic change 

induced by CBD in its beneficial effect over cocaine voluntary consumption. 

We have previously seen that CBD also attenuated the development of 

cocaine-induced CPP. Given the implication of AHN in the reduction of 

cocaine reinforcement behavioral manifestations, it seems plausible that it 

would also confer protection against the development of cocaine-induced 

CPP. This account is supported by a previous finding reporting that the 

induction of HPC neural proliferation prevents the development of 

cocaine-induced conditioned responses303. The specific mechanism 

governing the relation between neurogenesis and drug reinforcement is still 

poorly understood. Thus far, the proposed mechanism involves newborn 

neurons integrative functions over pre-existing circuitry governing 
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inhibitory control. The hypothesis states that young DG neurons (1‐3 weeks 

old) promote the growth of dendritic trees receiving entorhinal inputs and 

modulate axonal projections to the CA3 layer, where information is 

integrated for output via the CA1 and subiculum layers to the NAc and 

PFC305, respectively. This newborn neuron‐driven modulation of HPC 

outputs may determine changes in the prefrontal cortical‐striatal network 

function underpinning impulsive behaviour95. Cortical‐striatal network 

circuitry is a crucial feature of the adaptive inhibitory control processes 

responsible for reward devaluation and goal‐directed behaviour64. CBD has 

been shown to be able to improve cortico-striatal connectivity in healthy 

humans319 and attenuate cue-elicited craving in heroin addict patients236. 

Within this line of thinking, drugs of abuse would decrease the newborn 

neuronal integration of HPC processing and fronto‐striatal function would 

decline. Pro-neurogenic agents, such as CBD, increase cell counts of young 

neurons that may improve HPC function, thus leading to a more optimal 

control of mesolimbic DA excitability and fronto‐striatal coordinated 

activity. The present data links CBD‐induced reduction of cocaine 

consumption to neural proliferation/differentiation increase and supports a 

protective effect of this mechanism. A possible interpretation of the results 

here addressed, in combination with other molecular findings reported, is 

depicted in Figure 6.1.  

Previously, we proposed the possibility that the anxiolytic effects of 

CBD could be responsible for its protective effects on cocaine 

reinforcement. To evaluate if the pro-neurogenic effects of CBD were also 

causally implicated in CBD-induced anxiolysis, we replicated the TMZ-

CBD experiments in animals undergoing the EPM test. The results 

indicate that CBD-facilitated AHN is not needed to observe its anxiolytic 

effects. This does not rule out the possibility that the anxiolytic profile of 

CBD helps reducing cocaine excessive motivation. However, it suggests 
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that CBD is, at least, inducing other neuroplastic changes relevant to 

cocaine-induced responses not dependent on the reduction of anxiety-like 

responses. Intriguingly, this was not the case of the cognitive effects of CBD 

on recognition memory. A blockade of the pro-neurogenic effects of CBD 

Figure 6.1. Schematic representation of the proposed molecular pathways underlying the 

pro-neurogenic effects of CBD.  The inhibition of FAAH activity and the subsequent 

increase on AEA tone is linked to improved CB1 receptor function and higher neural 

proliferation levels249. AEA increased tone can also be supported by the inhibition of 

CBD over FABP7 proteins. In line of the results obtained, we propose that CB1 receptor 

increased function leads to facilitation of AHN by increasing phosphorylation levels of 

the MAPK-CREB-BDNF pathway. This pathway is implicated in the induction of the 

protein synthesis machinery in the HPC procuring neuroblast proliferation, 

differentiation, newborn neuron survival and CB1 receptor expression.  
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attenuated CBD-induced improvement of performance in the object 

recognition test, a kind of declarative memory that is closely related to HPC 

function and AHN320,321. We propose that the object recognition outcome 

here observed may be a behavioral measure of an improved cognitive 

function322 that may underlie CBD‐induced protective effects on cocaine 

intake323. 

Due to practical limitations of our pharmacological reduction of AHN, 

it was not possible to extend the experiment throughout the extinction and 

reinstatement of cocaine seeking. For that reason, we can only conclude a 

causal implication of AHN on the reduction of cocaine intake under FR1 

reinforcement schedule. This means that inferences about this mechanism 

should not be extended to the addictive potential of cocaine. That being 

said, extensive pre-clinical literature support such beneficial adaptations of 

AHN to more complete behavioral measures of cocaine abuse97,324. To 

identify other possible mechanisms intervening in the modulation of 

cocaine seeking reinstatement after the extinction-targeted CBD 

treatment, we explored the role of CB1 receptor signaling. We hypothesize 

that the ubiquity of CB1 neurotransmission115 and the diverse possibilities 

raised by CBD mechanisms over this receptor (negative allosteric 

modulation and indirect agonism)149 could explain the observed differential 

modulation of cue- and stress-induced reinstatement. To do so, we 

administered AM4113 (5 mg/kg), a CB1 antagonist, immediately before 

the reinstatement session to animals treated with CBD during extinction. 

Intriguingly, all the observed effects of CBD on the reinstatement of 

cocaine seeking were blocked by AM4113. That is, the reduction of cue-

induced reinstatement by CBD disappeared when AM4113 was 

administered. Also, AM4113 blocked the increase of stress-induced 

reinstatement in CBD-treated mice. Note that we did not observe a 

reduction of cocaine seeking in control mice receiving AM4113 because we 
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chose a dose known to not intrinsically reduce drug seeking325, probably due 

to the lack of inverse agonism properties123. Data is still incomplete to 

adventure a mechanism of action underlying these complex effects. 

Nonetheless, our results reveal that whatever the neuroplastic changes 

induced by CBD are, its behavioral expression in reinstatement conditions 

is highly regulated by CB1 receptors. This means that eCB 

neurotransmission can be importantly affected by CBD in different ways 

and in different brain areas, and that this modulation has unexpected 

implications for cocaine seeking, relapse-related behaviors.  

While it is evident that stress contributes to relapse, the manner in 

which it does so appears to be more complex than simply triggering use. 

Moreover, relatively little is known about the eCB mechanisms that 

underlie the relapse-triggering effects of stress. Given that CBD shows 

important molecular and behavioral anti-anxiety effects248,326, it is hard to 

propose an explanation for the mechanism underlying this result. However, 

the structural and functional ubiquity of CB1 receptors in the central 

nervous system115 could allow CBD to interfere in unexpected ways with 

different brain structures, in certain environmental situations leading to 

drug relapse. In this sense, it is possible that the diverse effects of CBD over 

CB1-expressing, heterogeneous neuronal populations may lead to both 

undesirable and protective consequences. Indeed, CBD can have opposed 

effects on CB1 receptors, as it can act as an indirect agonist154 and as a biased 

negative allosteric modulator129. The complex pharmacology of this 

phytocannabinoid possess interesting properties for the management of 

different neuropsychiatric conditions but can also lead to multiple 

undesirable effects that are especially hard to predict327.  

In parallel, CBD dramatically reduced cue-induced reinstatement, an 

effect that was blocked by the CB1 receptor antagonist AM4113. The 

seminal work of De Vries and colleagues probed the implication of CB1 
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receptors in cue-induced reinstatement of cocaine seeking79, an effect that 

has been extensively corroborated123,243,328–330. But here, CBD and AM4113 

treatments were not overlapped. That is, CBD was not present at the 

reinstatement test, and AM4113 was neither present during the extinction 

phase. That means that CB1 receptors activity was necessary for the 

expression of the neuroplastic changes induced by CBD during extinction. 

Interestingly this peculiar combination of effects and treatments point to a 

particular mechanism. During cocaine abstinence and extinction phases, 

Ca2+-permeable AMPA receptors accumulate in accumbal MSN synapses 

receiving Glu inputs from other structures301. Increased Ca2+-permeable 

AMPA receptors cause increased neuronal hyperexcitability and contribute 

to drug craving incubation and relapse69. Nonetheless, in healthy 

conditions, excessive Glu drive is controlled by the activation of mGluR5 

receptors that initiate eCB production and release into the pre-synaptic 

terminal, where CB1 receptor activation inhibits Glu release, thus creating 

a compensatory mechanism331. Our results, and previous studies229, have 

probed that CBD reduces molecular markers of Ca2+-permeable AMPA 

receptor accumulation in the striatum. We hypothesize that this is the 

neuroplastic adaptation contributing to reduce cue-induced reinstatement 

of cocaine seeking. Crucially, such adaptation can be reversed by acute CB1 

pharmacological blockade during the reinstatement session, as here 

reported.  
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  CONCLUSIONS  

1. CBD repeated treatment can influence the reinforcing effects of cocaine 

by preventing the development of cocaine-induced conditioned 

responses to contextual associated stimuli in male mice.  

 

2. CBD repeated treatment produces desirable pharmacological changes 

by dose-dependent reducing anxiety-like behaviors and improving 

recognition memory performance. 

 

3. CBD treatment specifically impairs the acquisition of concomitant 

operant cocaine taking behavior and reduces cocaine compulsive 

seeking under a reinforcement schedule of progressive ratio. 

 

4. Not all the cocaine-induced neuroadaptive effects are affected by CBD 

treatment, as the behavioral sensitization to cocaine psychostimulant 

effects remained unaltered. 

 

5. Mice treated with CBD during the extinction phase of cocaine seeking 

behavior show a decrease in cue-induced reinstatement of cocaine 

seeking behavior. Unexpectedly, stress-induced reinstatement of 

cocaine seeking behavior increases after CBD exposure. 

 

6. Contrary to the deleterious effects of cocaine, CBD reduces the 

expression of microglia reactivity in the HPC. CBD also increases 

AMPA receptor GluA1/GluA2 subunit ratio in the striatum, an 

adaptation thought to reduce neuronal DA hyperexcitability induced 

by drugs of abuse. 

 



/CONCLUSIONS 
 

 
 

  178 

7. In the HPC of cocaine self-administering mice, CBD increases the 

phosphorylation levels of ERK1/2 and CREB, while increases the 

protein expression of BDNF and CB1; crucial signaling effectors of the 

protein synthesis and cell growth factors within this brain structure.    

 

8. Animals treated with CBD during cocaine self-administration have 

increased marker levels of neuronal proliferation and differentiation. 

The pharmacological prevention of this mechanism reduces the effect 

of CBD in cocaine operant learning acquisition and recognition 

memory. 

 

9. Both the favorable and the undesirable effects of CBD over cue-

induced and stress-induced reinstatement of cocaine seeking are 

blocked by systemic administration of the CB1 receptor antagonist 

AM4113. 

 

10. Our findings extend the understanding of CBD therapeutic profile for 

cocaine seeking and use by (i) a major mechanism of action of CBD 

which includes the enhancement of adult hippocampal neurogenesis 

and (ii) identifying treatment conditions that may limit CBD beneficial 

applications.     
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Abstract  

Background and purpose  

Alcohol exposure in utero may lead to a wide range of long-lasting 

morphological and behavioural deficiencies known as foetal alcohol 

spectrum disorders (FASD), associated with a higher risk of later 

developing neuropsychiatric disorders. However, little is known about the 

long-term consequences of cocaine use and abuse in individuals with 

FASD. This study aimed to investigate the effects of maternal binge alcohol 

drinking during prenatal and postnatal periods on cocaine reward-related 

behaviours in adult offspring.  

Experimental approach 

Pregnant C57BL/6 female mice were exposed to an experimental protocol 

of binge alcohol consumption (drinking-in-the-dark test) from gestation to 

weaning. Male offspring were subsequently left undisturbed until reaching 

adulthood and were tested for cocaine-induced motivational responses 

(conditioned place preference, behavioural sensitization and operant self-

administration). Protein expression of dopamine- and glutamate-related 

molecules were assessed following cocaine-induced reinstatement. 

Key results 

The results show that prenatal and postnatal alcohol exposure enhanced the 

preference for the cocaine-paired chamber in the conditioned place 

preference test. Furthermore, early alcohol-exposed mice displayed 

attenuated cocaine-induced behavioural sensitization, but also higher 

cocaine self-administration. Furthermore, alterations in glutamatergic 

excitability (GluA1/GluA2 ratio) and ΔFosB expression were found in the 
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prefrontal cortex and the striatum of alcohol-exposed mice after cocaine-

primed reinstatement. 

Conclusion and implications 

Our findings demonstrate that maternal binge-like alcohol consumption 

during gestation and lactation alters sensitivity to the reinforcing effects of 

cocaine in adult offspring mice. Together, such data suggest that prenatal 

and postnatal alcohol exposure may underlie an enhanced susceptibility of 

alcohol-exposed offspring to develop drug addiction later in adulthood. 
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Introduction 

Alcohol use during pregnancy interferes with foetal development, resulting 

in physical and mental abnormalities known as Foetal Alcohol Spectrum 

Disorders (FASD) (Dörrie et al., 2014). It is estimated that, globally, 9.8% 

of pregnant women consume alcohol, with the highest prevalence in Europe 

(25.2%), according to the World Health Organization (Popova et al., 

2018). Furthermore, approximately 3% of women reported to have engaged 

in a binge pattern of alcohol consumption during gestation (Popova et al., 

2017). 

Previous clinical studies have suggested that alcohol exposure in utero may 

increase the risk for later alcohol abuse and other drug dependencies (Baer 

et al., 2003; Alati et al., 2006). Preclinical research also shows that animals 

prenatally exposed to drugs of abuse are more responsive to such drugs and 

also to other psychotropic substances, suggesting that the reward system 

may be altered. Animal studies indicate that intrauterine drug exposure may 

lead to increased self-administration (SA) (Glantz and Chambers, 2006). 

Furthermore, perinatal alcohol exposure increases alcohol preference, 

intake (Spear and Molina, 2005; Brancato et al., 2018) and alcohol-induced 

reward later in life (Barbier et al., 2008; Parker et al., 2016; Cantacorps et 

al., 2018). 

Such findings support the hypothesis that prenatal alcohol exposure (PAE) 

may give rise to an increased risk of drug addiction. Nevertheless, available 

clinical and preclinical evidence has focused predominantly on the effects 

of PAE on alcohol abuse, as opposed to other drugs of abuse. In the context 

of illicit drugs, cocaine is the second most widely consumed after cannabis 
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(UNODC, 2019). Cocaine is a psychostimulant that increases 

dopaminergic neurotransmission through the blockade of dopamine 

transporters (DAT) at the synaptic level in the mesocorticolimbic system 

(Everitt and Robbins, 2005; Dong and Nestler, 2014). 

The neurobiological substrates involved in the vulnerability to drug abuse, 

and attributable to early life alcohol exposure, are still not fully understood. 

The main hypotheses often focus on the dysfunction of mesocorticolimbic 

neurocircuitry, the brain reinforcement system (Koob and Le Moal, 2001). 

It has been suggested that impairments in the dopaminergic projections 

from the ventral tegmental area (VTA) to the nucleus accumbens (NAc) 

and prefrontal cortex (PFC) may influence drug sensitivity (Pierce and 

Kumaresan, 2006). 

PAE diminished dopaminergic activity in the VTA, which could be 

restored by psychostimulant administration in rats (Choong and Shen, 

2004a). Also, behavioural alterations in response to psychostimulants have 

been described in rodent models of FASD. An increased sensitivity to 

cocaine-induced conditioned place preference (CPP) and augmented 

cocaine consumption in a free two-bottle choice paradigm (Barbier et al., 

2008), in addition to enhanced locomotor sensitization to cocaine and 

amphetamine, were reported in adult male offspring rats exposed to alcohol 

(Barbier et al., 2009). Recent studies have also shown that PAE facilitates 

the acquisition of amphetamine-induced CPP (Wang et al., 2019). 

Molecular mechanisms underlying the behavioural alterations caused by 

psychostimulants in PAE animals remain to be elucidated. It is known that 

cocaine may elicit persistent neural adaptive changes in the brain’s reward 

system, potentially leading to heightened drug-seeking behaviour in 
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rodents, such as by modulating glutamatergic excitatory synapses (Engblom 

et al., 2008; Lüscher and Bellone, 2008). The ionotropic excitatory 

glutamate-activated AMPA receptors (AMPAR) mediate the excitability 

in neurons. As for their subunit composition, a shift in the AMPAR 

subunit composition, from calcium-impermeable GluA2-containing to 

calcium-permeable GluA2-lacking AMPARs, has been reported to 

facilitate AMPAR currents (Woodward Hopf and Mangieri, 2018). 

Changes in GluA1/GluA2 ratio may be associated with addictive-like 

conduct, such as the incubation of cocaine-seeking behaviour (Wolf, 2016). 

In addition, several drugs of abuse upregulate the cAMP pathway and cause 

cAMP-response element binding (CREB) protein activation in the NAc, 

although such changes are generally short. In contrast, ΔFosB levels 

accumulate following chronic drug exposure and remain high after a long 

period, regulating complex behaviours related to the addiction process 

(McClung and Nestler, 2003; Nestler, 2008). Furthermore, the dopamine- 

and cyclic AMP-regulated phosphoprotein of 32 kDa (DARPP-32) plays 

a central role in integrating both dopaminergic and glutamatergic signalling 

in the striatum (STR) and is required for cocaine actions (Gould and Manji, 

2005; Zachariou et al., 2006). 

In the present study, we investigated if maternal binge-like alcohol 

consumption during gestation and lactation periods could lead to an 

increased risk of psychostimulant addiction. We particularly focused on 

cocaine intake, as few preclinical studies had previously addressed this issue. 

Thus, pregnant female mice were subjected to the drinking-in-the-dark 

(DID) test to model binge-like alcohol exposure during development and 

adult male offspring mice were tested for their behavioural responses to 

cocaine. Moderate and high doses of cocaine were chosen to study the 
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hyperlocomotion elicited by repeated treatment of this drug in prenatal and 

lactation alcohol exposed (PLAE) and control mice. Then, we assessed 

whether early alcohol exposure could enhance the rewarding effects of 

cocaine using the CPP. Next, we evaluated the reinforcing effects on the 

SA paradigm, which better resembles human drug-taking behaviour. 

Hence, different behavioural procedures (sensitization, CPP and SA) were 

performed to characterize the liability for cocaine abuse in adult PLAE 

mice.  Furthermore, brain areas involved in the processing of drug 

rewarding effects were extracted after cocaine priming-induced 

reinstatement in order to study the underlying mechanisms of behavioural 

response to cocaine alterations found in PLAE offspring mice. We 

examined the expression of GluA1 and GluA2 AMPAR subunits, D1- and 

D2-type dopamine receptors (D1R and D2R, respectively), ΔFosB, in 

addition to changes in phosphorylation of CREB and DARPP-32, key 

molecular substrates altered by cocaine, in the PFC and the STR, two main 

areas of the mesocorticolimbic system. 

Methods 

Animals 

Twelve-week-old male and female C57BL/6 inbred mice were purchased 

from Charles River (Barcelona, Spain) and shipped to our animal facility 

(UBIOMEX, PRBB). Upon arrival, they were all housed in standard cages 

at a constant temperature (21 ± 1Cº) and humidity (55 ± 10%), with a 

reverse light-dark cycle (white lights on 20:00-08:00 h). After one week of 

acclimatization, breeding pairs were mated, and pregnant females were 

observed daily for parturition. For each litter, the date of birth was 

designated as postnatal day (PD) 0. Pups remained with their mothers for 
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21 days and were then weaned (PD21). After weaning, male offspring were 

housed in groups of 4. Female offspring were used for other experiments. 

Food and water were provided ad libitum except during the DID procedure, 

as described below. Every effort was made to minimize the number of 

animals used and their suffering. All animal care and experimental 

procedures were approved by the local ethics committee (CEEA-PRBB) 

and conducted in accordance with the European Union Directive 

2010/63/EU on the protection of animals used for scientific purposes. 

Drinking-in-the-dark test (DID test) 

This procedure was conducted as previously reported (Cantacorps et al., 

2017, 2018) to model a binge pattern of alcohol drinking, which is defined 

as the consumption of 4 or 5 alcoholic drinks (in women or men, 

respectively) on a single occasion, resulting in blood alcohol concentrations 

greater than 0.8 g·L-1 (NIAAA, 2016). Two days after mating, pregnant 

female mice were randomly assigned to two groups: alcohol and water-

exposed (control). In short, the food was removed and the water bottles 

were replaced with 10-ml graduated cylinders fitted with sipper tubes 

containing either 20% (v/v) alcohol in tap water or only tap water 3h after 

the lights were turned off. Following a 2h-access period, individual intake 

was recorded and the original water drinking bottles and food were returned 

to the home cage. During this period, female mice were individually 

housed, and each corresponding male breeding pair was removed from the 

home cage for the DID procedure. This procedure was repeated on days 2 

and 3 and fresh fluids were provided each day (from Monday to 

Wednesday). On day 4 (Thursday), alcohol or water cylinders were left for 

4h and fluid intakes were recorded. Two empty control cages (water and 

alcohol) were placed in the rack to measure general liquid loss 
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(leakage/evaporation) and drip values were subtracted from the drinking 

values. Fluid intakes (g·kg-1 body weight) were calculated on the basis of 

average 2-day body weight values, as dams were weighed at 2-day intervals 

(Mondays and Wednesdays). The procedure was maintained throughout 

the gestation and lactation periods. As previously reported (Cantacorps et 

al., 2017), blood alcohol concentration for dams reached levels of ~0.8 g·L-

1 after the last binge drinking session (4h-access) of the gestation and 

lactation periods. 

Our model has previously been used to reproduce an episodic pattern of 

excessive alcohol drinking during pregnancy and lactation periods, 

mimicking a realistic human situation, as most mothers who drink during 

pregnancy continue to do so when breastfeeding. As behavioural and 

neurochemical alterations have been reported in offspring mice, DID was 

therefore proposed as a useful FASD model (Cantacorps et al., 2017, 2018). 

The effects of developmental alcohol exposure in the following cocaine-

related behaviours were assessed in different groups of mice, as outlined in 

Figure 1. The weight of adult offspring mice prior starting the behavioural 

testing ranged from 21.2 to 25.7 g in control group and from 20.9 to 25.8 

g in PLAE group, with no statistical differences between groups. 

Food- or cocaine-induced conditioned place preference (CPP) 

Adult offspring mice (PD60) were tested for the conditioned reinforcement 

of food or cocaine using an unbiased CPP paradigm. Different sets of 

animals were used for each experiment. The apparatus consisted of two 

equally sized compartments (30x29x35 cm), differing in terms of visual and 

tactile cues, connected by a corridor (14x29x35 cm) (Cibertec S.A., Madrid, 

Spain). One compartment had white-painted walls with prismatic textured 
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flooring while the other had black walls with a smooth floor. Both 

compartments were equipped with infrared emitter/detector pairs, which 

allowed us to record the position of the animal and its crossings between 

compartments. 

For the food-induced CPP, mice were first food-deprived to 80-85% of 

their baseline body weight with limited-access to standard chow pellet (2-

3 g·day-1 per animal) for 4 days prior to commencing preconditioning and 

throughout the procedure, as previously described with some minor 

modifications (Valverde et al., 2004). The CPP procedure consisted of 

three different phases: preconditioning (one session), conditioning (six 

sessions) and testing day (one session). During preconditioning, mice could 

freely explore both compartments for 20 min. Mice showing strong 

unconditioned aversion (<33% of the session time) or preference (>67%) for 

either compartment were excluded from the study. Conditioning training 

began on the following day. Food-paired mice were confined, for 30 min, 

to one compartment, in which they had access to palatable food (1g; 

Cheerios) on days 2, 4 and 6. On alternate days (3, 5 and 7), mice were 

confined to the other chamber with no food available. Food-unpaired mice 

were alternatively placed in each compartment without receiving any food. 

During conditioning, the central area was blocked by guillotine doors. 

Finally, the testing session (day 8) was conducted under the same conditions 

as in the preconditioning phase. 

The same procedure was followed for cocaine-induced CPP, but in this case 

mice were not food-deprived, as previously described (Luján et al., 2018). 

The conditioning phase consisted of four pairings: mice received an i.p. 

injection of 5 or 10 mg·kg-1 cocaine immediately prior to confinement to 

the drug-paired compartment for 30 min on days 2, 4, 6 and 8, while on 
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alternate days (3, 5, 7 and 9) mice received physiological saline before being 

confined to the vehicle-paired compartment for 30 min. Treatments were 

counterbalanced between compartments. Non-drug paired mice were 

administered saline prior to confinement to one of the two compartments 

every day. The testing session took place on day 10.  

Time spent in each compartment was recorded during the preconditioning 

and testing sessions. The CPP score for each subject was calculated as the 

difference between the time spent in the drug-paired compartment during 

the test and the pre-conditioning phase.  

Cocaine-induced behavioural sensitization 

The sensitization to hyperlocomotor responses elicited by cocaine was 

assessed in adult offspring mice (PD60) as previously described with some 

minor modifications (Gracia-Rubio et al., 2016). The sensitization 

procedure consisted of three phases: habituation, acquisition and challenge. 

In the habituation phase, mice were placed individually into locomotor 

activity boxes (24 x 24 x 24 cm) (LE881 IR, Panlab s.l.u., Barcelona, Spain) 

for 30 min immediately after receiving an i.p. saline injection. On the 

following five days (acquisition phase), mice were treated daily with cocaine 

(7.5 or 10 mg·kg-1; i.p.) or saline immediately prior to confinement in the 

locomotor activity boxes for 30 min. Following a drug-free period of 8 days 

after the last cocaine treatment, mice were injected with cocaine (7.5 or 10 

mg·kg-1; i.p.) and the locomotor activity was recorded for 30 min (challenge 

phase).  

Cocaine operant self-administration (SA) 

Catheter implantation surgery  
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An indwelling Silastic catheter was surgically implanted into the right 

jugular vein under isoflurane anaesthesia (1.5-2.0%). During surgery, mice 

were treated with an analgesic (Meloxicam; Metacam, Boehringer 

Ingelheim, Barcelona, Spain; 0.5 mg·kg-1 injected in a volume of 0.1 mL·10 

g-1, s.c.) and an antibiotic solution (Enrofloxacin; Baytril, Bayer, Barcelona, 

Spain; 7.5 mg·kg-1 injected in a volume of 0.03 mL·10 g-1, i.p.). Following 

surgery, mice were individually housed and allowed to recover for at least 3 

days prior to commencing SA training. During recovery, mice were treated 

daily with the analgesic and the antibiotic solutions previously described. 

The home cages were placed upon thermal blankets to avoid post-

anaesthesia hypothermia. 

Acquisition of self-administration  

The SA experiment was carried out in mouse operant chambers (Model 

ENV-307A-CT, Med Associates, Inc. Cibertec S.A., Madrid, Spain), as 

previously described with some minor modifications (Soria et al., 2008; 

López-Arnau et al., 2017; Luján et al., 2018). The chambers were housed 

in sound- and light-attenuated boxes and contained two holes, one of which 

was defined as active and the other as inactive. Nose-poking into the active 

hole produced a cocaine infusion (reinforcement) that was paired with a 

stimulus light placed above the active hole. Nose-poking into the inactive 

hole had no consequences. The side on which the active/inactive hole was 

situated was counterbalanced.  

Mice were trained for 2 h per day to nose-poke in order to receive a cocaine 

infusion (0.75 mg·kg-1) under a fixed ratio 1 (FR1) schedule of 

reinforcement for 10 consecutive days (acquisition phase). When mice 

responded on the active hole, cocaine was delivered in a 20 μL infusion over 
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2 s via a syringe mounted on a microinfusion pump (PHM-100A, Med-

Associates, Georgia, VT, USA) connected via Tygon tubing (0.96 mm 

outer diameter, Portex Fine Bore Polythene Tubing, Portex Limited, UK) 

to a single-channel liquid swivel (375/25, Instech Laboratories, Plymouth 

Meeting, PA, USA) and to the intravenous catheter implanted in the mice. 

Each infusion was followed by a 15-s time-out period during which nose-

poking on the active hole had no consequences. Each acquisition-phase 

session began with a priming infusion of the drug, with the box light turned 

on for 3 s and then deactivated for the rest of the session.  

Acquisition criteria were met when: 1) mice performed at least 5 cocaine 

infusions per session, 2) ≥ 65% of responses were received at the active hole, 

and 3) the number of reinforcements deviated less than 20% from the mean 

number of reinforcements in two consecutive days. After 10 days of 

training, mice achieving the acquisition criteria were moved to a progressive 

ratio (PR) session. In the PR session (2 h), the response requirement to earn 

an injection escalated throughout the following series: 1–2–3–5–12–18–27–

40–60–90–135–200–300–450–675–1000.  

The number of cocaine infusions received on the last day of the acquisition 

phase was used as the baseline to determine extinction criteria in each 

mouse. Non-acquiring animals were excluded from the study. 

Extinction and reinstatement  

Once acquisition criteria were met, the cocaine was removed, and mice were 

tested for latency to extinguish nose-poking behaviour over successive once-

daily 2 h sessions. During the extinction phase, nose-pokes into the active 

hole produced neither cocaine infusion nor stimulus light presentation. 

Extinction criteria were met when response levels decreased to ≤40% of the 
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acquisition baseline levels in two consecutive days for each mouse. Twenty-

four hours after achieving the extinction criteria, mice underwent a cocaine-

primed reinstatement session. Mice were confined to the operant chambers 

for 2h immediately after being administered cocaine (10 mg·kg-1; i.p.). 

Nose-poking had no consequences in any of the holes. 

Tissue sample preparation and Western blotting 

Animals were sacrificed 30 min after the cocaine-primed reinstatement 

session and PFC and STR were extracted, quickly frozen in dry ice and 

stored at -80 ºC until used for western blotting, as previously described 

(Moscoso-Castro et al., 2017). In addition, PFC and STR were extracted 

in cocaine-naïve animals to analyse GluA1 and GluA2 levels at basal 

conditions (see Supporting information). Tissue was first homogenized in 

30 μL of lysis buffer [0.15 NaCl, 1% TX-100, 10% glycerol, 1mM EDTA, 

50 mM TRIS pH=7.4 and a phosphatase and protease inhibitor cocktail 

(complete ULTRA Protease Inhibitor Cocktail Tablets and PhosSTOP 

Inhibitor Cocktail Tablets, respectively; Roche, Basel, Switzerland)] per mg 

(wet weight). Homogenates were centrifuged at 1000 x g for 20 min at 4ºC 

and the resulting supernatants were collected for protein quantification. 

The lysate protein concentration was determined using a stock solution of 

5 mg·mL-1 bovine serum albumin as a protein standard. Equal amounts of 

protein (16 μg) for each sample were mixed with loading buffer (153 mM 

TRIS pH=6.8, 7.5% SDS, 40% glycerol, 5 mM EDTA, 12.5% 2-β-

mercaptoethanol and 0.025% bromophenol blue) and loaded onto 10% 

polyacrylamide gels, and transferred to PVDF sheets (Immobilion-P, 

MERCK, Burlington, USA). Membranes were blocked with 5% BSA in 

Tris-buffered saline (TBS) (100 mmol/L NaCl, 10 mmol/L Tris, pH=7.4) 

and 0.1% Tween-20 (TBS-T) for 1 h and then immunoblotted using the 
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primary antibodies listed in Table 1 overnight at 4 ºC. Finally, membranes 

were incubated for 1 h with their respective secondary fluorescent 

antibodies: anti-mouse (1:2500, IRDye 800, Rockland, Cat# 610-132-121, 

RRID: AB_10703265) and anti-rabbit (1:2500, IRDye 680, Rockland, 

Cat# 611-144-002, RRID: AB_2713919). Protein expression was 

quantified using a LI-COR Odyssey scanner and software (LI-COR 

Biosciences, Lincoln, USA). Protein densities were normalized to the 

detection of the housekeeping control gene in the same samples and 

expressed as a fold-change of the control group. 

Data and analysis 

Data and statistical analysis comply with the recommendations as to 

experimental design and analysis in pharmacology (Curtis et al., 2018). 

Statistical analysis was performed when group size was at least n = 5.  The 

Primary 
antibody 

Description Host Dilution Company Catalogue 
number 

RRID 

∆FosB delta FosB Mouse 1:250 Abcam #ab11959 AB_298732 

CREB cAMP response element-binding 
protein 

Rabbit 1:500 MERCK #04-767 AB_1586959 

D1R dopamine receptor 1 Rabbit 1:500 Abcam #ab20066 AB_445306 

D2R dopamine receptor 2 Rabbit 1:500 MERCK #324393 AB_10681601 

DARPP-32 dopamine- and cAMP–regulated 
phosphoprotein  

Rabbit 1:1000 Cell Signaling #2306 AB_823479 

GAPDH glyceraldehyde-3-phosphate 
dehydrogenase 

Mouse 1:2500 Santa Cruz  
Biotechnology 

#sc-365062 AB_10847862 

GluA1 AMPA receptor subunit 1 Rabbit 1:1000 MERCK #ABN241 AB_2721164 

GluA2 AMPA receptor subunit 2 Rabbit 1:1000 MERCK #AB1768-I AB_2313802 

pCREB phosphorylated CREB Rabbit 1:1000 MERCK #06-519 AB_310153 

pDARPP-32 (Thr34) phosphorylated DARPP-32(Thr34) Rabbit 1:1000 MERCK #ab9206 AB_347689 

β-tubulin β-tubulin Mouse 1:5000 BD Pharmingen #556321 AB_396360 

β-tubulin class III β-tubulin    Rabbit 1:1000 Abcam #ab6046 AB_2210370 

Table 1. Primary antibodies 
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declared group size is the number of independent values. Animals were 

randomly assigned to an experimental group and during the behavioural 

manipulations, researchers were not aware of the pretreatment that each 

animal had received. 

Data obtained from the DID test and maternal body weight were analysed 

using two-way ANOVA with repeated measures analysis. We analysed the 

results of the CPP using two-way ANOVA with group (control and 

PLAE) and treatment (0, 5 or 10 mg·kg-1 cocaine; presence or absence of 

food) as between-subject factors. We calculated a three-way ANOVA with 

repeated measures for the locomotor sensitization with group and treatment 

as between-subject factors and day of test as a within-subject factor. To 

analyse the acquisition, extinction and reinstatement of the SA, a three-way 

ANOVA with repeated measures was performed with group as a between-

subject factor and day of training and nose-poke (active vs. inactive holes) 

as within-subject factors. When F values reached the levels of statistical 

significance required and no significant variance in homogeneity was 

observed, ANOVA analyses were followed by Bonferroni post-hoc tests. 

The unpaired two-tailed Student t-test was used to analyse the differences 

between groups in the total of active nose-pokes, total of cocaine 

consumption, day of acquisition, progressive ratio test and day of extinction. 

The area under the curve was calculated for extinction curve and compared 

between groups using the Student t-test. Protein expression was also 

analysed by Student t-test. Technical replicates in the Western Blot were 

used to ensure the reliability of single values. 

Statistical analyses were performed using SPSS Statistics v23. Data were 

expressed as mean ± SEM. The α-level of statistical significance was set at 
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p<0.05. The exact group size for the individual experiments is shown in the 

corresponding figure legends.  

Materials 

Ethyl alcohol was purchased from Merck Chemicals (Darmstadt, 

Germany) and diluted in tap water in order to obtain a 20% (v/v) alcohol 

solution. Cocaine hydrochloride was provided by the Spanish National 

Institute of Toxicology and prepared in sterile 0.9% NaCl (physiological 

saline, pH=7.4) for injection immediately before administration. 

Results 

Maternal alcohol consumption and body weight 

Dams were randomly assigned to either water or alcohol experimental 

groups and were given access to either water or 20% alcohol, following the 

DID weekly schedule. Daily water and alcohol consumption were recorded 

throughout the gestation and lactation periods. Maternal alcohol intake 

during the 6-week DID procedure is represented in Figure 2a. Two-way 

ANOVA with repeated measures analysis of averaged daily alcohol intake 

during 2-h and 4-h sessions showed a significant effect of the session 

duration [F(1,13)=64.74], revealing a significantly greater oral intake during 

the 4-h sessions (Fig. 2b). Also, an increase in voluntary alcohol 

consumption was observed during the last 3 weeks (lactation) compared 

with the first 3 weeks (gestation) of exposure [F(1,13)=5.793].  

Two-way ANOVA analysis of maternal body weight (Fig. 2c) revealed a 

significant effect of time [F(11,286)=64.46], but no significant effect of alcohol 

exposure [F(1,26)=0.131]. Thus, in agreement with previous studies (Wilcox 

et al., 2014; Cantacorps et al., 2017), our results show that alcohol 
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consumption during the DID procedure does not affect maternal body 

weight. 

Effects of pre- and postnatal alcohol exposure on cocaine-induced CPP in 

adulthood 

Results for cocaine- and food-induced CPP are presented in Figure 3. 

Two-way ANOVA analysis showed a significant effect of group 

[F(1,59)=5.207], cocaine treatment [F(2,59)=62.59] and interaction between 

these factors (F(2,59)=3.157]. Post hoc analyses indicated a significant 

difference between 5 and 10 mg·kg-1 cocaine-treated mice and saline-

treated mice in both groups. Also, an enhanced preference towards the 5 

mg·kg-1 cocaine-paired compartment in PLAE mice compared with control 

group was revealed (Fig. 3a).  

Such effects were cocaine-specific, since no between-group differences were 

found in food-induced CPP (Fig. 3b). Two-way ANOVA analysis showed 

a significant effect of treatment [F(1,32)=4.843] but no significant effect of 

group [F(1,32)=0.322] and no interaction between these factors 

[F(1,32)=0.003].  

Cocaine-induced behavioural sensitization is attenuated in PLAE mice 

10 mg·kg-1 cocaine-induced behavioural sensitization  

The effects of pre- and postnatal alcohol exposure on cocaine-induced 

behavioural sensitization were tested on locomotor activity boxes following 

the experimental procedure shown in Figure 4. Following saline 

administration on the habituation day, no significant between-group 

differences were found in basal locomotor activity as revealed by one-way 

ANOVA analysis [F(3,62)=1.054] (data not shown). Three-way ANOVA 
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analysis with repeated measures for 10 mg·kg-1 cocaine-induced 

sensitization acquisition (Fig. 4b) showed a significant effect of day 

[F(4,248)=25.582], group [F(1,62)=4.599] and treatment [F(1,62)=296.73], with 

significant interaction between day and treatment factors [F(4,248)=8.247] but 

no significant day x group interaction [F(4,248)=0.838], group x treatment 

interaction [F(1,62)=0.682] or day x group x treatment interaction 

[F(4,248)=0.719]. Bonferroni post hoc comparisons revealed significant 

differences between day 2, day 3, day 4 and day 5 vs. day 1 in cocaine-

treated mice, whereas no differences between day 2, day 3, day 4 and day 5 

vs. day 1 were found in mice receiving saline.  

Three-way ANOVA analysis with repeated measures for comparison of 

days 1, 5 and 14 of 10 mg·kg-1 cocaine-induced sensitization (Fig. 4c) 

revealed a significant effect of day [F(2,122)=175.17] and treatment 

[F(1,61)=171.08], but no significant effect of group [F(1,61)=1.858]. Also, a 

significant interaction between day x treatment factors [F(2,122)=32.336] was 

revealed, but no significant interactions between day x group factors 

[F(2,122)=1.008], group x treatment factors [F(1,61)=0.347] or interaction day 

x group x treatment [F(2,122)=0.183] were found. Bonferroni post hoc 

comparisons showed a significant increase of locomotor activity due to 

cocaine treatment in control mice on days 1, 5 and 14. Likewise, an increase 

on days 1, 5 and 14 in locomotor activity after cocaine treatment in PLAE 

mice was revealed. Furthermore, a significant increase in locomotor activity 

was observed between days 1 and 5 in both the control group and the PLAE 

group, which also showed a significant increase on day 14 compared with 

day 5. 

7.5 mg·kg-1 cocaine-induced behavioural sensitization  



/ANNEX 
 

 
 

  275 

Three-way ANOVA analysis with repeated measures for 7.5 mg·kg-1 

cocaine-induced sensitization (Fig. 4d) showed a significant effect of day 

[F(4,100)=23.602] and treatment [F(1,25)=129.28], but no significant effect of 

group [F(1,25)=3.728]. In addition, significant interactions between day x 

group [F(4,100)=3.56], day x treatment [F(4,100)=18.609] and day x group x 

treatment factors [F(4,100)=6.531] were revealed. However, no significant 

interaction between group x treatment factors was found [F(1,25)=2.722]. 

Subsequent post-hoc comparisons indicated significant differences between 

day 2, day 3, day 4 and day 5 vs. day 1 within the control group, in addition 

to differences between day 2, day 3 and day 4 vs. day 1 within the PLAE 

group. Moreover, significant differences between control and PLAE 

cocaine-treated mice were found on days 4 and 5, suggesting that PLAE 

mice show an attenuated acquisition of 7.5 mg·kg-1 cocaine-induced 

sensitization. 

Statistical analysis for 7.5 mg·kg-1 cocaine-induced sensitization comparing 

the first and last day of acquisition with the challenge day (Fig. 4e) showed 

a significant effect of day [F(2,50)=136.148] and treatment [F(1,25)=71.836], 

but no significant effect of group [F(1,25)=3.537]. Furthermore, significant 

interactions between day and group factors [F(2,50)=4.593], day x treatment 

[F(2,50)=16.602] and triple interaction day x group x treatment [F(2,50)=3.98] 

were revealed. Interaction between group and treatment factors was not 

significant [F(1,25)=0.997]. Cocaine treatment increased locomotor activity 

on days 1, 5 and 14 in both groups of mice as revealed by Bonferroni post-

hoc tests. Also, a significant increase in locomotor activity was found 

between day 1 and day 5 in both the control group and the PLAE group, 

and also a significant increase on day 14 compared with the final day of 

acquisition in control and PLAE mice. In addition, PLAE mice showed an 
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attenuated locomotor sensitization compared with the control group on 

both the last day of acquisition and the challenge day. 

PLAE mice show increased drug-seeking and drug-taking behaviour 

during cocaine self-administration acquisition 

Acquisition and progressive ratio 

Adult offspring were tested for 0.75 mg·kg-1 cocaine infusions SA in 

operant boxes on 10 consecutive days (Figure 5). Three-way ANOVA with 

repeated measures analysis of infusions during the acquisition phase (Fig. 

5b) yielded significant effects of group [F(1,74)=7.602], indicating an effect 

of developmental alcohol exposure on the acquisition of cocaine SA 

behaviour. Both groups of mice acquired as indicated by an effect of the day 

of training [F(9,666)=11.373] and they were able to discriminate between 

active and inactive nose-pokes as revealed by the nose-poke factor 

[F(1,74)=87.144]. Significant interactions between day of training x nose-

poke [F(9,666)=20.721] and group x nose-poke factors [F(1,74)=4.395] were 

revealed. No other interactions were found between day x group factors 

[F(9,666)=1.05] or triple interaction day x group x nose-poke [F(9,666)=0.717]. 

Bonferroni post-hoc comparisons revealed significant discrimination 

between active and inactive holes from day 3 onwards and then, each day 

until day 10. Furthermore, differences were detected between the PLAE 

and control groups in terms of active nose-poking during the 10-day 

training phase. 

In addition, a significant increase in the total number of active nose-pokes 

(Fig. 5c) was found in the PLAE group (t37=2.71) and also in terms of total 

cocaine consumption (t37=2.71; Fig. 5d) during the acquisition phase. 

Furthermore, PLAE mice acquired faster than their control littermates, as 
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the average day of acquisition was lower in the PLAE group (t37=2.55; Fig. 

5e), while the percentage of animals reaching acquisition criteria was similar 

in both groups, with 77.27% recorded in the control group and 81.48% in 

the PLAE group (Fig. 5f). However, no significant between-group 

differences were found in the breaking point achieved in the PR session 

(data not shown). 

Extinction and cocaine-primed reinstatement 

As shown in Figure 6, nose-poking behaviour was extinguished by both 

groups of mice. Although the area under the curve (Fig. 6b) of the 

extinction phase was reduced in the PLAE group (t46=6.41), no significant 

differences were found in the proportion of animals, in either of the groups, 

reaching extinction criteria (53.33% in the control group and 59.09% of 

PLAE mice; Fig. 6c) or on the day of extinction (Fig. 6d). Three-way 

ANOVA with repeated measures analysis of nose-poking behaviour, on the 

first and final days of extinction and in the reinstatement session (Fig. 6e), 

showed a significant effect of day [F(2,68)=55.212], group [F(1,34)=6.159] and 

nose-poke [F(1,34)=65.085]. Also, significant interactions between day x 

group [F(2,68)=3.30], day x nose-poke [F(2,68)=40.028], and interaction day x 

group x nose-poke [F(2,68)=3.512] were revealed. No significant interaction 

between group x nose-poke factors was found [F(1,34)=3,705]. Bonferroni 

post-hoc comparisons showed significant discrimination between active 

and inactive nose-pokes during both the first day of extinction and 

reinstatement in both groups of mice. Also, significant differences were 

appreciated in terms of active nose-pokes of the last day of extinction 

compared with the first day of extinction and reinstatement. Furthermore, 

PLAE mice showed a reduction of active nose-pokes compared with 
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control group on the first day of the extinction phase and in the 

reinstatement session. 

Altered expression of GluA1/GluA2 ratio is found in PLAE mice after 

cocaine-induced reinstatement in the self-administration 

PFC and STR brain areas were extracted 30 min after cocaine-induced 

reinstatement in the SA procedure. GluA1/GluA2 ratio expression (Fig. 

7a) in the PFC was greater in PLAE mice compared with the control group 

(t8=2.499), whilst it decreased in the STR of PLAE mice (t10=2.189). No 

changes were found in the phosphorylation of CREB (Fig. 7b) in the PFC 

(t8=0.092) or the STR (t10=0.754), either in the phosphorylation of 

DARPP-32 (Fig. 7c) in the PFC (t18=1.36) or the STR (t18=2.155). 

Although the expression of ΔFosB (Fig. 7d) was unchanged in the PFC 

(t18=1.36), a significant decrease was observed in the STR of PLAE mice 

(t18=2.155). We also measured the protein expression of D1R (Fig. 7e) in 

both brain structures, but no changes were found, either in the PFC 

(t19=0.211) or the STR (t19=0.531), as a result of developmental alcohol 

exposure. Similar results were obtained for D2R expression (Fig. 7f) in the 

PFC (t19=0.808) and the STR (t19=1.273). 

 Discussion 

FASD can be a risk factor for the later use and abuse of drugs in life, such 

as cocaine or other psychostimulants. In this study, we evaluated the long-

term effects of maternal binge-like alcohol drinking during gestation and 

lactation on the reinforcing effects of cocaine in adult offspring. To our 

knowledge, this is the first study to demonstrate increased vulnerability to 

cocaine-taking behaviour in an FASD mouse model. 
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Our results demonstrate increased cocaine-induced CPP in PLAE animals 

when compared to their counterparts, based on the lowest dosage of cocaine 

assessed (5 mg·kg-1), whereas no differences were found in 10 mg·kg-1 

cocaine-induced CPP, since it is a highly effective rewarding dose. Instead, 

the 5 mg·kg-1 dose of cocaine elicits a lower rewarding effect, thus allowing 

differences in the conditioned response between groups to be observed. 

This effect was specific for cocaine’s rewarding effects, as developmental 

alcohol exposure did not alter food-induced CPP, which is a natural reward. 

In addition, such results would indicate that PLAE mice do not show 

anhedonia-like behaviour, as, like their counterparts, they are capable of 

displaying an enhanced motivation towards the food-paired compartment. 

Furthermore, we also observed differences in cocaine-induced locomotor 

sensitization in terms of the PLAE mice. An attenuated behavioural 

sensitization to the lowest dose of cocaine used (7.5 mg·kg-1) was also 

observed in animals exposed to alcohol during early development, whilst 

both groups of animals were similarly sensitized to a repeated treatment of 

10 mg·kg-1 cocaine. The findings obtained in the CPP paradigm 

demonstrate that developmental alcohol exposure induces a long-lasting 

increase in the conditioned rewarding effects of cocaine. Thus, we 

subsequently evaluated an operant response in the cocaine SA paradigm, 

allowing us to study drug-seeking and drug-taking behaviour, hallmarks of 

addictive behaviour in humans. In the cocaine SA procedure, we 

appreciated increased drug-seeking and drug-taking behaviour during the 

acquisition phase in PLAE mice receiving cocaine infusions of 0.75 mg·kg-

1. However, no differences were found in the PR session, which is an 

indicator of the effort level each subject is willing to exert in order to gain 

another drug infusion. PLAE animals extinguished drug-seeking behaviour 

and relapsed after a 10 mg·kg-1 cocaine priming, similarly to the control 
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group. Nevertheless, the number of active nose-pokes on the first day of 

extinction and in the reinstatement session was lower in the PLAE mice 

than the controls. 

Our results would therefore suggest that alcohol exposure during the 

gestation and lactation periods increases the reinforcing effects of cocaine 

in adulthood but diminishes cocaine-induced locomotor sensitization. Such 

findings are not contradictory, given that different neural substrates are 

involved in the drug-induced behavioural sensitization and associative 

learning processes that lead to CPP or drug SA (Runegaard et al., 2018). 

Therefore, the drug’s rewarding properties are not associated with the 

sensitivity to its locomotor stimulation effects (Carr et al., 1988). In 

agreement with our results, previous research has shown increased cocaine 

intake and cocaine-induced CPP in adult offspring rats exposed to alcohol 

during gestation and lactation periods (Barbier et al., 2008). Likewise, 

increased sensitivity in the CPP, induced by a psychostimulant drug such 

as amphetamine, was observed in PAE rats upon reaching adulthood 

(Wang et al., 2019). Moreover, rats receiving alcohol during gestation self-

administered more amphetamine and exerted greater effort to obtain the 

drug under a PR schedule (Hausknecht et al., 2015; Wang et al., 2018). In 

contrast to our findings, increased locomotor sensitization to 

psychostimulants, such as cocaine and amphetamine, was described in adult 

PLAE offspring rats (Barbier et al., 2009). 

In order to elucidate the neural mechanisms underlying the behavioural 

alterations found in response to cocaine in PLAE mice, molecular changes 

in the PFC and the STR, brain areas involved in the mesocorticolimbic 

dopamine (DA) system, were assessed after cocaine-induced reinstatement. 

Our findings revealed an increased GluA1/GluA2 ratio in the PFC of 
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PLAE mice, suggesting an enhanced glutamatergic excitability, and a 

reduction was found in the STR, indicating diminished neuronal 

excitability therein. There is sound evidence regarding glutamatergic 

synaptic plasticity evoked by drug exposure in the brain’s reward circuitry 

(Lüscher, 2016; Cooper et al., 2017). Indeed, neuroadaptations in the PFC 

to enhance excitatory output have been related with drug-seeking behaviour 

(Van den Oever et al., 2010). Glutamatergic neurons in the mPFC have 

been linked with cocaine-associated memories (Zhang et al., 2019). Also, 

GluA2-lacking AMPARs in the NAc regulate the incubation of cocaine 

craving after prolonged withdrawal (Conrad et al., 2008). In a FASD rat 

model, Hausknecht et al. (2015) reported a persistent augmentation of 

calcium-permeable AMPAR expression in VTA DA neurons, which could 

lead to an enhanced excitatory synaptic strength. Also, binge alcohol 

exposure during the third trimester-equivalent period to human pregnancy 

increased the frequency of spontaneous excitatory glutamatergic 

postsynaptic currents in the basolateral amygdala of offspring rats (Baculis 

et al., 2015). 

In our study, no changes in the phosphorylation of CREB were found in 

PLAE mice, but surprisingly, a decreased protein expression of ΔFosB in 

the STR was revealed. Drugs of abuse induce a short-term CREB 

activation, whereas ΔFosB induction after chronic drug treatment in the 

NAc persists after weeks of withdrawal (McClung and Nestler, 2003). We 

speculated that alcohol exposure during development would induce the 

accumulation of ΔFosB in the NAc, thus resulting in greater cocaine-

induced reward and intake. Nevertheless, we found a decreased ΔFosB 

expression in the STR in terms of PLAE mice. However, we should 

consider that brain areas were extracted after cocaine-induced 
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reinstatement, and this was lower in PLAE mice. Furthermore, the whole 

STR was analysed instead of its ventral part, which includes the NAc.  We 

cannot therefore conclude that ΔFosB is not involved in the heightened 

sensitivity to cocaine reinforcing effects in PLAE mice, even though other 

mechanisms might well be involved. 

Furthermore, addictive drugs stimulate striatal dopaminergic receptors 

inducing changes in intracellular pathways that may underlie functional and 

structural neuroplasticity (Philibin et al., 2011). Here, no significant 

differences were found in the protein expression of D1R and D2R, or in 

the phosphorylation of DARPP-32 protein between PLAE and control 

mice. Notwithstanding, other dopaminergic receptors, such as D3R which 

is involved in drug reward (Kong et al., 2011; Leggio et al., 2019), might 

be playing a role in the altered drug sensitivity in PLAE mice.  

As for molecular changes in the DA system, previous studies show that 

PAE causes a persistent reduction in the spontaneous electrical activity of 

midbrain DA neurons in adult mice (Choong and Shen, 2004b) and a lower 

frequency of evoked action potentials in VTA DA neurons, which could 

lead to decreased excitability (Wang et al., 2006). Furthermore, an 

imbalance between D1R and D2R has been found in the dorsolateral STR 

of PAE rats, impairing the development and maturation of cortico-striatal 

synaptic plasticity (Zhou et al., 2012). However, inconsistent findings have 

been described regarding D1R and D2R expression and activity. On one 

hand, Boggan et al., (1996) reported an elevation of D1R binding in 

adolescent PAE mice, but not in adulthood, while D2R binding was not 

affected. On the other hand, decreased D1R binding in the STR and 

increased D2R mRNA levels were observed in adult PLAE rats (Barbier et 

al., 2008). Furthermore, a report in rhesus monkeys showed that moderate 
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alcohol exposure during early gestation reduced the striatal D2R binding to 

DA synthesis ratio in adulthood, whereas middle-to-late alcohol gestation 

exposure heightened dopaminergic function, suggesting a timing-

dependent effect (Schneider et al., 2005). An increased expression of DAT 

in the PFC and STR of PAE mice has also been reported (Kim et al., 2013), 

whilst a decrease in DAT binding in the STR was found in PAE rats 

(Barbier et al., 2009). Interestingly, higher DA levels in the NAc were 

found in rats treated prenatally with alcohol when compared to controls, 

which could be due to a down-regulation of post-synaptic receptors or 

desensitization of presynaptic receptors (Muñoz-Villegas et al., 2017). 

Adolescent PAE rats also displayed greater dopaminergic activity in the 

VTA after a postnatal alcohol challenge than controls (Fabio et al., 2015). 

Moreover, a lower baseline level of striatal dopaminergic activity has been 

reported in other models of FASD (Carneiro et al., 2005). Thus, as Fabio 

et al. (2015) stated, it is probable that animals exposed to alcohol during 

gestation and breastfeeding have a similar or lower dopaminergic function 

compared to controls and, when re-exposed to the drug, they would exhibit 

heightened DA activity. 

In summary, we have demonstrated that alcohol exposure during pregnancy 

and breastfeeding in a mouse model leads to increased sensitivity to the 

reinforcing effects of cocaine and increased drug-seeking and drug-taking 

behaviour, as assessed in the cocaine-induced CPP and cocaine SA 

paradigms, respectively. Furthermore, PLAE mice showed an attenuation 

of the locomotor sensitization induced by repeated cocaine treatment. We 

have also shown adaptations in glutamatergic neurotransmission related 

with the behavioural alterations found in PLAE mice. 
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Taken together, our results demonstrate that binge-like alcohol exposure 

during critical periods for brain development alters the response of the 

mesocorticolimbic pathway increasing the vulnerability to later cocaine 

addiction. 

Figures 

 

Figure 1. Schematic representation of experimental timeline. 
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Figure 2. Maternal alcohol intake. (a) Representation of daily alcohol 

intake during DID procedure throughout gestation and lactation periods. 

(b) Average alcohol intake during 2h-sessions (1st -3rd day of each week) 

and 4h-sessions (4th day of each week). (c) Body weight of dams was 

measured twice weekly during the 6-week long procedure (n = 14 per 

group). 
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Figure 3. Cocaine-induced conditioned place preference (CPP) increased 

in PLAE offspring mice. (a) Cocaine-induced CPP score (control saline-

treated group, n = 10; control 5 mg·kg-1 cocaine-treated group, n = 12; 

control 10 mg·kg-1 cocaine-treated group, n = 13; PLAE saline-treated 

group, n = 9; PLAE 5 mg·kg-1 cocaine-treated group, n = 9; PLAE 10 

mg·kg-1 cocaine-treated group, n = 12). Bonferroni *p<0.05 treatment 

comparisons; #p<0.05 control vs. PLAE mice treated with 5 mg·kg-1 

cocaine. (b) Food-induced CPP score (control no-food conditioning group, 

n = 10; control food-conditioned group, n = 11; PLAE no-food 

conditioning group, n = 7; PLAE food-conditioned group, n = 8). *p<0.05 

treatment effect.  
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Figure 4. Effects of early alcohol exposure on cocaine-induced locomotor 

sensitization. (a) Schematic representation of experimental procedure. (b) 

5-day acquisition of 10 mg·kg-1 cocaine-induced locomotor sensitization 

(control saline-treated group, n = 16; control 10 mg·kg-1 cocaine-treated 

group, n = 15; PLAE saline-treated group, n = 18; PLAE 10 mg·kg-1 

cocaine-treated group, n = 17). (c) 3-day comparison of 10 mg·kg-1 cocaine-

induced locomotor sensitization [acute cocaine (day 1), repeated cocaine 

(day 5) and cocaine challenge (day 14)]. (d) 5-day acquisition of 7.5 mg·kg-

1 cocaine-induced locomotor sensitization (control saline-treated group, n 

= 8; control 7.5 mg·kg-1 cocaine-treated group, n = 9; PLAE group, n = 6). 

(e) 3-day comparison of 7.5 mg·kg-1 cocaine-induced locomotor 

sensitization [acute cocaine (day 1), repeated cocaine (day 5) and cocaine 

challenge (day 14)]. Data are presented as mean ± SEM of cumulative 

breaks per 30 min in locomotor activity boxes. Bonferroni post-hoc 
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comparisons: #<0.05 comparison of each day vs. day 1 (in panels b and d) 

or day effects as indicated by lines (in panels c and e); &p<0.05 comparison 

between groups (control vs. PLAE) on the same day; *p<0.05 treatment 

effect (saline vs. cocaine) on the same day within group; $p<0.05 

comparison between control and PLAE mice receiving cocaine. 
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Figure 5. PLAE mice show enhanced cocaine-seeking behaviour in the SA 

paradigm (a) Schematic representation of the behavioural procedures 

carried out. (b) Acquisition of cocaine (0.75 mg·kg-1 per infusion; i.v.) SA 

in control and PLAE offspring adult mice. Number of active (infusions) 

and inactive nose-pokes in 2h-sessions over 10 consecutive days of animals 

reaching acquisition criteria are represented. Bonferroni post-hoc 

comparisons *p<0.05 active vs. inactive nose-pokes; #p<0.05 control vs. 

PLAE group on active nose-pokes. (c) Total number of active nose-pokes 

throughout the acquisition phase. (d) Total amount of cocaine infused 

during the whole acquisition phase. (e) Average day in which animals 

reached acquisition criteria. (f) Proportion of animals reaching acquisition 

criteria in control and PLAE groups. Student’s T-test, *p<0.05 control vs. 

PLAE group (control group, n = 17 and PLAE group, n = 22). 
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Figure 6. PLAE mice show attenuated extinction of cocaine-seeking 

behaviour and cocaine-primed reinstatement. (a) Nose-poke activations 

during the extinction training sessions. All animals are represented, 

regardless of achieving extinction criteria (n=15-22 per group). (b) Area 

under the curve of the active nose-pokes made throughout the extinction 

phase, showing only mice that extinguished. Student’s T-test, *p<0.05 

control vs. PLAE group (control group, n = 8 and PLAE group, n = 13). 

(c) Proportion of animals reaching extinction criteria in control and PLAE 

groups. (d) Average of the day of extinction. (e) Cocaine-induced (10 

mg·kg-1, i.p.) reinstatement of self-administration behaviour in a 2h session, 
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24 h after reaching extinction criteria. Only mice reaching extinction 

criteria are represented (control group, n = 8 and PLAE group, n = 13). 

Three-way ANOVA and Bonferroni post-hoc analysis. *p<0.05 group 

comparisons in active nose-pokes; #p<0.05 active vs. inactive nose-pokes; 

&p<0.05 day effect.  

 

Figure 7. GluA1/GluA2 ratio and striatal ΔFosB expression were altered 

in PLAE mice after cocaine-primed reinstatement session. (a-f) Western 

Blot analyses of GluA1/GluA2, pCREB/CREB, pDARPP-32/DARPP-

32, ΔFosB, D1R and D2R protein expression in the PFC and STR of 

PLAE and control mice following cocaine-induced reinstatement. 

Student’s T-test, *p<0.05 control vs. PLAE group (n = 5-6 per group). The 

numbers in the bars represent the amount of individuals in the group. The 

lower panels show representative fluorescent immunoblots.  
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Abstract 

Early-life stress is associated with negative consequences, including 

maladaptive long-lasting brain effects. It has been suggested that such 

alterations increase the likelihood of developing substance use 

disorders. However, the molecular consequences of early-life stress are 

poorly understood. In the present study we evaluated the impact of early-

life stress induced by maternal separation with early weaning (MSEW) in 

CD1 male mice at different phases of cocaine self-administration (SA) and 

the subsequent alterations on GluR2, GluR1, CREB and pCREB in VTA 

and NAc, induced by both MSEW and cocaine SA. In this study we 

explored the consequences of MSEW in cocaine SA and the possible 

alterations in GluR1, GluR1, CREB and pCREB at basal condition, after 

acquisition and reinstatement of cocaine SA behaviour in 

the NAc and VTA. Our results display that MSEW animals expressed a 

higher cocaine intake, increased vulnerability to the acquisition of cocaine 

SA and incapacity to extinguish cocaine SA 

behaviour. Additionally, MSEW mice showed decreased GluR2 and 

increased GluR1 and pCREB in NAc and reduced basal levels of GluR1 

and CREB and an increased GluR1/GluR2 ratio in the VTA. Such results 

would suggest an enhanced glutamatergic function in NAc and an 

increased excitability of VTA DA neurons in the maternally separated mice. 

Together, the results suggest that MSEW induces molecular alterations in 

areas related to reward processing, increasing the vulnerability to depression 

and cocaine-seeking behaviour. 

Key words: cocaine self-administration, CREB, GluR2, GluR1, maternal 

separation with early weaning, pCREB. 
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Abbreviations 

AMPAr, AMPA receptors 

CPP, conditioned place preference 

CREB, cAMP response element-binding 

CUD, cocaine use disorder 

CNQX, cyanquixaline 

DAT, dopamine transporter protein 

D2R, dopamine D2 receptor 

GluR1, AMPA receptor subunit 1 

GluR2, AMPA receptor subunit 2 

MS, maternal separation 

MSEW, maternal separation with early weaning 

NAc, nucleus accumbens 

pCREB, CREB-phosphorylation 

PD, postnatal day 

SA, self-administration 

SN, standard nest 

TH, tyrosine hydroxylase 

VMAT, vesicular monoamine transporter 

VTA, ventral tegmental area. 
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Introduction 

More than 18 million people are cocaine users,1 and approximately  20% of 

them will shift from cocaine use to cocaine use disorder (CUD).1 Several 

studies have indicated that cocaine induces aberrant neuroplastic changes 

in the mesolimbic system, affecting different neurotransmitter systems 

including glutamatergic function, and that such alterations may be related 

to CUD and cocaine relapse.2 Among the cocaine-induced glutamatergic 

changes, the alteration in AMPA receptor subunit composition has recently 

been studied.3 AMPAr are made up of four subunit proteins (GluR1-R4) 

and generally composed of GluR2 in complex with GluR1 or GluR3.3 

However, GluR2-lacking AMPAr are calcium-permeable, inducing higher 

synaptic strengthening.3 Previous data have shown an increased GluR2 

subunit expression in the nucleus accumbens (NAc) and ventral tegmental 

area (VTA) of cocaine overdose victims.4,5 Moreover, increased levels of 

GluR2 and GluR1 in the NAc of cocaine self-administering rhesus 

monkeys have also been reported.5 Studies in rats have disclosed increased 

GluR1 levels in the VTA following cocaine self-administration (SA) and 

enhanced motivation for cocaine-seeking behaviour.6 However, previous 

studies have shown no changes in GluR1 or Glur2 levels, either in the VTA 

or the NAc after cocaine SA.7 

One of the major challenges for CUD clinical treatment is the higher 

relapse rate following abstinence (>45%).8 Animal models of relapse have 

shown that the cocaine-primed reinstatement of cocaine SA enhances the 

activation of glutamatergic projection from the prefrontal cortex to the 

NAc,9 facilitating cocaine-seeking behaviour and the reinforcing effects of 

cocaine. Furthermore, an increase of GluR2-lacking AMPAr in the NAc 

after withdrawal intensifies cocaine relapse and cocaine-seeking.10 

There is a significant comorbidity between CUD and other neuropsychiatric 

disorders, in particular with major depression.11 Some factors could increase 
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the vulnerability to suffer major depression or CUD, such as trauma and 

childhood adversity.1 In rodents, maternal separation with early weaning 

(MSEW) is a reliable animal model of childhood adversity and depression-

like behaviour.12 Several studies in maternally separated rodents have 

reported hyperlocomotion induced by cocaine13 and cocaine-induced 

conditioned place preference (CPP),14 and an enhanced acquisition of 

cocaine SA.15 GluR2-lacking AMPAr have been suggested as regulators of 

depression-like behaviour.16 Likewise, modifications in GluR2-lacking 

AMPA transmission in the VTA and NAc have been reported as a 

common target linking addiction and mood disorders.17 In maternally 

separated rats, alterations in the gene and protein expression of GluR2 and 

GluR1 were observed in the hppocampus and the prefrontal cortex.18 In 

addition to GluR2 and GluR1 alterations, cocaine exposure and MSEW 

also modified molecular substrates of plasticity.3 Studies in rodents showed 

that cAMP response element-binding (CREB) overexpression in the NAc 

decreases the rewarding effects of cocaine.19 Moreover, repeated cocaine 

administration decreases CREB20 and increases CREB-phosphorylation 

(pCREB)21 in the NAc, attenuating the rewarding effects of the drug. 

Moreover, CREB overexpression in the VTA increased sensitivity to 

cocaine rewarding effects.22 Additionally, increased pCREB expression in 

the VTA of mice was observed after cocaine priming, inducing 

reinstatement to CPP,23 in accordance with the up-regulation of CREB 

observed in the VTA of cocaine overdose victims.4 In relation to MSEW, 

previous studies in rodents using the combination of maternal separation 

(MS) and social defeat models have found that the exposure to social defeat 

modulated CREB activity and BDNF levels but failed to find CREB 

modification in NAc due to MS.24 

Despite such findings, the levels of GluR2, GluR1, CREB and pCREB in 

individuals vulnerable to CUD are still unknown and it would be necessary 
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to explore linking in the comorbidity of depression and CUD. Also, the 

changes in these molecules at different stages of the addiction process in 

vulnerable individuals could help to explore new therapeutic strategies. 

Hence, we investigated, in mice, the long-term effects of MSEW in 

molecules related to neuroplasticity, depression and cocaine exposure. The 

aim of our study was to assess the influence of MSEW on GluR2, GluR1, 

CREB and pCREB in VTA and NAc. Furthermore, we evaluated the 

contribution of such molecular alterations and MSEW during the 

acquisition and reinstatement of cocaine SA behaviour. 

Materials and methods 

Animals 

Fourteen male and fourteen female CD1 adult mice aged 10 weeks used as 

breeders (Charles River, Barcelona, Spain), were received at the animal 

facility, UBIOMEX, PRBB. The animals were placed in pairs in standard 

cages in a temperature- (21 ± 1ºC) and humidity- (55% ± 10%) controlled 

room and subjected to a 12 h light/dark cycle with the lights on from 8:00 

to 20:00 h, with ad libitum access to food and water. Ten days later, the 

males were removed, and the same conditions were maintained for the 

pregnant females. The experiments were carried out in accordance with the 

guidelines of the European Communities Directive 88/609/EEC 

regulating animal research. All procedures were approved by the local 

ethical committee (CEEA-PRBB) and all efforts were made to minimize 

the animal suffering and to decrease the number of animals used. 

Rearing conditions 

The rearing conditions were as previously described12 (Figure 1A). 

Newborn mice were randomly assigned to the experimental groups: 

standard nest (SN) and MSEW (Figure 1A). The day of birth was 

considered the postnatal day (PD) 0. We have distributed the pups of each 
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litter between the different experimental groups in order to avoid a litter 

effect. Animals in the MSEW were separated from their mothers for 4 h 

per day (9:00 to 13:00 h) from PD2 to PD5, and 8 h per day (9:00 to 17:00 

h) from PD6 to PD16 (see Supporting Information). 

Drugs 

Cocaine was purchased from Alcatel (Ministry of Health, Madrid, Spain) 

and was dissolved in sterile physiological saline (0.9%). A 1 mg/kg infusion 

dosage of cocaine was used for the acquisition phase of the SA procedure, 

and 10 mg/kg (i.p) to induce reinstatement. 

Operant cocaine SA 

Surgery. The SA experiments were conducted as previously described in25. 

Briefly, when animals (SN=30 mice, MSEW=46 mice) reached the PD 53-

57, jugular-vein catheter implantation was performed (see Supporting 

nformation). Following surgery, animals were housed individually, placed 

upon electric blankets, and allowed to recover. 

Acquisition. At least 3 days after surgery, animals were trained, on a fixed 

ratio 1, to self-administer cocaine (1.0 mg/kg per infusion) during 10 daily 

sessions (2 h). See Supporting Information for details. The number of 

nosepokes (responses during time in and time out) and the number of 

infusions (responses during time in), in the active- and the inactive hole, 

were counted. Mice were considered to have acquired stable SA behaviour 

when the following criteria were met on 2 consecutive days: ≥5 responses 

on the active hole and ≥ 65% of responses on the active hole. 

Extinction. Only the animals meeting acquisition criteria continued to the 

extinction phase. See Supporting Information for details. The number of 

extinction sessions was variable depending on each animal (maximum 14 

sessions). The extinction criteria were: ≤30% of active responses than the 
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day of maximum consumption during the acquisition phase, on two 

consecutive days. The patency of the i.v. catheters was evaluated at the end 

of the first extinction session by an infusion of 0.1 mL of tiobarbital 

(thiopental sodium; 5 mg/mL; i.v.; B. Braun Medical, S.A. Rubí, 

Barcelona, Spain). If there were no signs of anaesthesia within the first 3s, 

the mouse was discarded from the experiment. 

Reinstatement. Only the animals meeting extinction criteria proceeded to 

the reinstatement phase and, on the following day, reinstatement was 

induced by a cocaine priming injection (10 mg/kg; i.p). Immediately after 

being injected, the mice were placed in the SA box to begin the 

reinstatement test. See Supporting Information for details. 

Animal Euthanasia and Sample Collection 

Animals were euthanized by cervical dislocation and the brains were 

immediately removed from the skulls and placed in a cold plaque. Brain 

samples were dissected at different times from SN and MSEW: basal 

conditions (non-treated animals), after acquisition (the last day of the 

acquisition phase) and on reinstatement day (30 minutes after the 

reinstatement session) (Figure 1B). Cerebellum and olfactory bulbs were 

discarded, and the VTA and NAc were dissected (see Supporting 

Information). The areas were immediately stored at -80ºC until the western 

blot assay was performed. 

Western Blot for GluR2, GluR1, CREB and pCREB 

To evaluate the expression of GluR2, GluR1, CREB and pCREB, samples 

were homogenized in cold lysis buffer (Table S1), supplemented with 

protease inhibitor (Complete ULTRA Tablets Mini EASYpack, Roche, 

Mannheim, Germany) and phosphatase inhibitor (PhosSTOP EASYpack, 

Roche, Mannheim, Germany). Protein samples (16 μg) were mixed with 

5X loading buffer (Table S2), loaded and run on SDS-PAGE 10% and 
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transferred to PVDF membranes (Millipore, Bedford, MA, USA). 

Membranes were blocked with BSA 5% for 1 h at room temperature and 

incubated overnight at 4ºC with primary antibodies (Table S3). Primary 

antibodies were detected with fluorescent secondary antibodies (Table S4), 

incubated for 1 h at room temperature. Images were acquired on a Licor 

Odyssey Scanner and quantified using Image Studio Lite software v5.2 

(LICOR, USA). The expression of GluR2, GluR1, CREB, pCREB and β-tubulin, was evaluated in the VTA and NAc of the different groups: SN-

basal, MSEW-basal, SN-acquisition, MSEW-acquisition, SN-

reinstatement and MSEW-reinstatement (n=5, run in triplicate). Data 

were normalized to control group (SN) to ascertain the changes due to 

MSEW, cocaine exposure at different phases or the combination of both 

factors. 

Statistical analysis 

Data were analysed for conditions of normality (Kolmogorov-Smirnov`s 

test), sphericity (Mauchly`s test) and homoscedasticity (Levene`s test). 

Data regarding the acquisition of cocaine SA were analysed using a three-

way repeated measures ANOVA based on the following factors: rearing 

(SN or MSEW), hole (active or inactive) and days. For the extinction 

phase, a two-way repeated measures ANOVA was calculated for each group 

(SN and MSEW) on the basis of the following factors: rearing and hole. In 

the case of reinstatement, we analysed the nosepokes registered on the last 

extinction day compared with the nosepokes on reinstatement day. For this 

comparison, a three-way repeated measures ANOVA was calculated with 

rearing, hole and days (last extinction day vs reinstatement day) as factors 

of variation. In the case of percentages, Fisher`s exact test was used. The 

result of total cocaine intake, on the day of acquisition and the day of 

extinction, was calculated using an unpaired two-tailed Student´s t-test. 

Western blot results were analysed by means of a two-way ANOVA with 
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rearing and phase (control, acquisition and reinstatement) as independent 

factors, and the expression of target proteins as a dependent variable. 

Bonferroni post-hoc tests were run only if F achieved p<0.05. All statistical 

analyses were performed using SPSS Statistics v23. Data were expressed as 

mean ± SEM and a value of p<0.05 was considered statistically significant. 

Results 

MSEW increases cocaine SA during the acquisition phase. 

Only the animals who met acquisition and extinction criteria were 

registered for infusion and nosepoke analysis (SN=7, MSEW=13). Three-

way repeated measures ANOVA for the nosepokes in the acquisition phase 

(Figure 2A), showed a main effect of rearing (F1,18=9.476, p<0.01), days 

(F9,162=5.310, p<0.001) and hole (F1,18=40.226, p<0.01); an interaction 

between days and hole (F9,162=6.194, p<0.001), hole and rearing 

(F1,18=7.996, p<0.05), and an interaction between the three factors 

(F9,162=2.078, p<0.05). Bonferroni post-hoc for the interaction between all 

factors showed the MSEW group to discriminate between the active and 

inactive hole on day 3 and, in a stable manner, from day 5 to day 10, with 

significantly higher responses on the active hole (p<0.05 in all the cases). 

Conversely, the SN group only discriminated between the active and 

inactive hole on day 4 (p<0.05). The post-hoc test also revealed that the 

MSEW group made significantly more active nosepokes on day 8 when 

compared with the SN group (p<0.05). 

When we analysed the number of cocaine infusions, three-way repeated 

measures ANOVA (Figure 2B) showed an effect of rearing (F1,18= 6.303, 

p<0.05), days (F9,162=7.679, p<0.001) and hole (F1,18=40.301, p<0.001); an 

interaction between days and hole (F9,162=9.913, p<0.001), hole and rearing 

(F1,18= 4.554, p<0.05), and an interaction between all three factors 

(F9,162=2.028, p<0.05). Bonferroni post-hoc for the three factors revealed 
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that the MSEW group discriminated between holes on day 3, and from day 

5 to day 10, with a significantly higher preference for the active hole (p<0.05 

in all the cases). Conversely, the SN group only performed more active than 

inactive infusions on days 4, 7 and 8 (p<0.05 in all the cases). 

Student’s t analysis for total cocaine intake during the acquisition phase 

revealed higher cocaine consumption in the MSEW than in the SN group 

(t18=2.398, p<0.05) (Figure 2C). No significant difference was found for the 

day of acquisition (Data not shown). 

Considering the criteria of acquisition, the percentage of mice acquiring the 

cocaine SA behaviour was 32% (n=7/22) for SN and 51% (n=20/41) for 

MSEW (Figure 2D). Fisher’s exact test shows a significantly higher 

percentage of acquisition in the MSEW group than in the SN group 

(p<0.01). 

Maternally separated mice display a lower extinction rate in the cocaine SA 

paradigm. 

Only the animals meeting the acquisition and extinction criteria were used 

for the infusion and nosepoke analyses (SN=7, MSEW=13). As expected, 

active nosepokes declined during the extinction sessions in both groups 

(Figure 3). Two-way ANOVA for the SN group (Figure 3A) reveals an 

effect of days (F12, 106= 4.117, p<0.001), hole (F1,106=22.334, p<0.001) and 

interaction between the two factors (F12,106= 2.574, p<0.01). Bonferroni 

post-hoc test shows a significant discrimination between the active and 

inactive hole for the first 4 days (p<0.05 in all the cases). In the case of the 

MSEW group (Figure 3B), two-way ANOVA shows an effect of days (F12, 

106=4.251, p<0.001), hole (F1,106=37.564, p<0.001) and interaction between 

the two factors (F12,106=2.803, p<0.01). Bonferroni post-hoc analysis reveals 

a significant discrimination between the active and the inactive hole only 

for the first 5 days of the extinction phase (p<0.05 in all the cases). In 
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accordance with the extinction criteria, Fisher’s exact test reveals that all the 

SN mice (n=7/7) extinguished cocaine SA behaviour, while only 65% of the 

MSEW mice (n=13/20) met the extinction criteria (p<0.001) (Figure 4B). 

No significant difference was found for the day of extinction (Data not 

shown). We also observed that MSEW mice tended to respond more in the 

extinction phase (p=0.057) when compared to SN mice (162% more than 

the SN group in terms of total responses) (Data not shown). 

Cocaine priming-induced reinstatement of drug seeking in both SN and MSEW 

mouse groups 

The day after the animals extinguished, we administered an i.p cocaine 

priming to evaluate the reinstatement of drug-seeking behaviour. A three-

way ANOVA revealed a main effect of rearing (F1,18=6.863, p<0.05), days 

(last extinction day and reinstatement day) (F1,18=17.405, p<0.01), hole 

(F1,18=12.150, p<0.01) and interaction between days and hole (F1,18=14.739, 

p<0.01) (Figure 4A). The rearing effect demonstrated that MSEW animals 

presented a greater number of responses in comparison with the SN mice, 

showing higher cocaine-seeking in this group of mice (p<0.05). Bonferroni 

post-hoc analysis for the interaction showed that cocaine priming increased 

the active nosepokes during the reinstatement day in comparison with the 

final extinction day (p<0.01). Also, between-hole discrimination was 

evident on reinstatement day (p<0.01). As shown by Fisher`s test, the 

percentage of cocaine reinstatement in the SN group (86%, n=6/7) did not 

differ significantly from the MSEW group (92%, n=12/13) (Figure 4C). 

MSEW decreased GluR2 and increased both GluR1 and the GluR1/GluR2 ratio 

in the NAc. 

Two-way ANOVA for GluR2, GluR1 and GluR1/GluR2 (Figure 5A) 

showed a main effect of rearing (F1,24=7.022, p<0.05), (F1,23=4.530, p<0.05) 

and (F1,23=12.640, p<0.01), respectively. Such results indicate that MSEW 
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decreased the expression of GluR2 and increased both GluR1 and the 

GluR1/GluR2 ratio. No significant phase effect or interaction between 

factors were obtained either for GluR2, GluR1 or GluR1/GluR2. 

Increased CREB-phosphorylation induced by MSEW and decreased CREB 

expression in SN group after acquisition of cocaine SA behaviour in the NAc. 

Two-way ANOVA for CREB expression shows the interaction between 

rearing and phase (F1,24=3.369, p<0.05). The post-hoc test reveals a 

significantly decreased CREB expression after acquisition phase compared 

with the basal levels in the SN group (p<0.01) (Figure 5B). The main effects 

failed to reach significance. In the case of pCREB (Figure 5B), the results 

only revealed a main effect of rearing (F1,24=6.058, p<0.05), showing that 

MSEW had an increased pCREB expression compared with the SN. No 

significant changes were observed in the pCREB/CREB ratio. 

Cocaine primed-reinstatement increased the expression of GluR2 and decreased 

the GluR1/GluR2 ratio in the VTA of MSEW mice. 

Two-way ANOVA for GluR2 (Figure 6A) demonstrated a main effect of 

phase (F1,23=7.914, p<0.01) and the interaction between phase and rearing 

(F1,23=5.429, p<0.05). The effect phase shows an increased expression of 

GluR2 during reinstatement compared with the basal levels (p<0.01). The 

Bonferroni post-hoc test showed a significant basal reduction of GluR2 in 

the MSEW animals compared with the basal level in the SN mice (p<0.05); 

a significant increase of GluR2 after reinstatement in the MSEW in 

comparison with the basal levels (p<0.001) and also when compared with 

the levels in the acquisition phase respectively (p<0.05). For GluR1 (Figure 

6A), two-way ANOVA showed a phase effect (F1,23=10.375, p<0.01), with 

a decreased expression of GluR1 after acquisition, when compared with the 

basal levels (p<0.01). Also, a significant increase was observed after 

reinstatement in comparison with levels in the acquisition phase (p<0.01). 
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The rearing effect or interaction between factors did not reach significance. 

In the case of the GluR1/GluR2 ratio (Figure 6A), the two-way ANOVA 

revealed a main effect of rearing (F1,23=5.845, p<0.05), phase (F1,23=15.400, 

p<0.001) and the interaction between factors (F1,23=3.361, p<0.05). The 

rearing effect shows that MSEW mice have higher GluR1/GluR2 ratio 

compared to the SN group. The phase effect reveals a significant decrease 

in the GluR1/GluR2 ratio during acquisition and reinstatement, when 

compared to the basal levels (p<0.01). The Bonferroni post-hoc test shows 

the MSEW group to have a higher GluR1/GluR2 ratio under basal 

conditions in comparison to the SN group (p<0.01). Additionally, in the 

MSEW group of mice, the GluR1/GluR2 ratio decreased after acquisition 

(p<0.001) and reinstatement when compared to the basal ratio (p<0.01). 

Changes in CREB and pCREB expression in VTA after the acquisition phase of 

the cocaine SA behaviour. 

Two-way ANOVA for CREB (Figure 6B) showed rearing (F1,23=7.639, 

p<0.05) and phase (F1,23=10.960, p<0.001) effects. The rearing effect 

showed a decreased CREB expression in MSEW compared to SN 

mice(p<0.05), whilst the phase effect demonstrated a decrease in CREB 

expression after acquisition (p<0.01) and a subsequent CREB increase after 

reinstatement when compared to the acquisition phase (p<0.01). For 

pCREB, two-way ANOVA revealed a significant phase effect 

(F1,23=17.416, p<0.001). This main effect showed a significant decrease in 

pCREB following acquisition (p<0.01) and increased pCREB expression 

after reinstatement (p<0.001), compared with basal levels. The two-way 

ANOVA for the pCREB/CREB ratio (Figure 6B) revealed a main effect 

of rearing (F1,23=5.200, p<0.05). This effect showed MSEW mice to have a 

higher pCREB/CREB ratio in comparison with the SN group (p<0.05). 

Phase and interactin between phase and rearing failed to reach statistical 

significance. 
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Discussion 

Our findings show that MSEW increased the reinforcing effects of cocaine 

in the SA paradigm, including the percentage of the task acquisition, 

cocaine intake, number of nosepokes and infusions performed during the 

acquisition phase. Moreover, a lower extinction percentage was observed in 

MSEW mice and no changes were appreciated in terms of reinstatement. 

The analysis of protein expression (GluR1, GluR2, CREB and pCREB) 

involved in plasticity during the addictive process,3 at different phases of 

cocaine SA in the NAc and VTA revealed significant changes in the 

expression of such molecules following the acquisition and reinstatement of 

cocaine SA in MSEW mice for both these areas. As far as we know, this is 

the first study to investigate the molecular changes associated with MSEW 

and cocaine-induced neuroplasticity in male mice exposed to cocaine SA. 

Previously, Romano-López et al. (2016) showed that alternative model of 

MS, induced several changes in the prefrontal cortex and in the NA, 

suggesting a deregulation of the dopaminergic system that facilitates 

alcohol ingestion.26 Related to the NAc, Romano-López et al. (2016) 

showed that MS increases dopamine D2 receptor (D2R), tyrosine 

hydroxylase (TH) and the dendritic length.26 In agreement with these 

results, we previously displayed alterations in the mesolimbic dopamine 

system in our model of MSEW.27 We reported a decreased expression of 

D2R in the NAc and higher expression of Nurr1 in the VTA, a 

transcription factor that activates the dopamine synthesis and the 

transcription of dopamine transporter protein (DAT), vesicular 

monoamine transporter (VMAT) and TH.28 Additionally we observed that 

after cocaine-induced CPP, the levels of Nurr1 in the VTA decreased 

significatively,27 being in accordance with clinical studies reporting 

decreased expression of Nurr1 in midbrain dopaminergic neurons of 

cocaine abusers.29 Accordingly to previous studies MS upregulated the 
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DNA methyltransferases (DNMTs) in the NAc of adult rats, inducing an 

hypermethylation of genes that participate in cocaine-induced 

neuroplasticity mechanisms.30 Moreover, Larsen et al. (2016) reported that 

Nurr1 gen shows a CpG islands with higher GC content in the promoter 

region meaning that DNA methylation regulates the transcription of 

Nurr1,31 being in accordance with our previous results.27 Therefore, our 

results are in hand with the idea that changes induced by the MS in the 

mesolimbic dopamine system contribute to generate detrimental 

neuroadaptations in the brain. 

In accordance with our findings, previous studies in rats have shown that 

MS15 and neonatal isolation enhance the acquisition of cocaine SA, increase 

cocaine intake and raise the number of responses during the reinstatement 

phase,32 thus supporting the view that early-life stress increases vulnerability 

to cocaine addiction. In humans, approximately 20% of cocaine users 

become addicts,33 but in individuals with a history of childhood 

maltreatment, the likelihood of shifting from cocaine use to CUD increases 

2 folds.34 Indeed, while the percentage of SN mice acquiring cocaine SA 

was 32%, the rate increased to 51% in MSEW mice. Additionally, 

epidemiologic studies have revealed that childhood maltreatment negatively 

impacts cocaine relapse.35 Thus, whereas the cocaine relapse rate is 

approximately 45%,8 for individuals who have suffered childhood 

maltreatment the figure rises to around 90%.35 Although our results show a 

similar reinstatement percentage for both groups of mice, cocaine-seeking 

behaviour during reinstatement was higher in the MSEW group. 

Previously, we reported that MSEW induced anhedonia, higher anxiety- 

and depressive-like behaviour in mice.12 In line with such data, Goffer et al. 

(2013) reported an increased GluR1 expression in the NAc of depressive 

rats, pointing to GluR2-lacking AMPAr as a regulator of depressive-like 

behaviours.16 Moreover, in socially-stressed mice, a higher depression 
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vulnerability was associated with an increased GluR1/GluR2 ratio 

(increased AMPAr function) and decreased GluR2 levels in the NAc,36 in 

accordance with our results, which reveal decreased GluR2 expression and 

increased GluR1 expression in the NAc of MSEW mice. Furthermore, 

studies in rats showed an increased GluR1 levels and a higher 

GluR1/GluR2 ratio in the NAc after repeated cocaine exposure,37 and 

GluR2-lacking AMPAr are associated with an augmented excitability of 

NAc neurons, increased cocaine craving and a higher reinstatement of 

previously extinguished cocaine-seeking behaviour.10 Likewise, increased 

GluR1 in the NAc of rats is associated with higher reinstatement38 and, 

consistently with such data, our results showed that MSEW mice exhibited 

a higher GluR1 expression and higher cocaine-seeking behaviour during all 

the phases of cocaine SA. 

We therefore propose that the NAc-glutamatergic function of MSEW 

mice is facilitated due to decreased GluR2 expression, increased GluR1 

expression and a higher GluR1/GluR2 ratio. Such facts could potentiate 

the inhibitory function of GABAergic neurotransmission from the NAc to 

the VTA, thus inhibiting the dopamine release from VTA neurons. This 

decreased dopamine levels will affect to other brain structures than the 

NAc, such as frontal cortex, hippocampus, amygdala and also the VTA per 

se. As a result of this enhanced inhibition, MSEW mice may increase their 

cocaine intake to achieve greater drug-reinforcement effects, showing 

higher susceptibility to cocaine craving, cocaine-seeking and cocaine 

reinstatement.  However, it cannot be dismissed that the glutamatergic 

alterations in both structures could be due to independent mechanisms. 

In accordance with our hypothesis, previous studies have shown that 

AMPAr antagonists like cyanquixaline (CNQX) administrated locally in 

discrete brain areas or systemically, reduced cocaine intake and cocaine 

seeking behaviour. For example, infusions of CNQX into the core of the 
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NAc decreased levels pressing for cocaine in rats39 and blocked the 

reinstatement of cocaine seeking induced by intra-PFC cocaine infusion in 

rats.40 Additionally, Mahler et al. (2013) showed  that microinjections of 

CNQX/AP-5 into the VTA of rats reduced cocaine seeking elicited by cues 

in rats.41 Other studies have also reported that CNQX administered by 

systemic route of administration (ip) modulated cocaine-induced self-

administration42 or reinstatement to cocaine seeking.43 This data clearly 

states the participation of the glutamatergic neurotransmission through 

AMPA receptors in different processes related to cocaine induced 

motivation and seeking behaviour. 

Our results also show that 100% of the SN animals extinguished the cocaine 

SA behaviour while only 65% of the MSEW mice achieved the extinction 

criteria. Our data show a decreased CREB expression in the NAc of SN 

mice following the acquisition of cocaine SA and an increased pCREB 

expression in the NAc of MSEW mice. Previous studies have demonstrated 

that CREB reduction in the NAc of rats facilitates the extinction of 

cocaine-seeking in the SA paradigm, whilst increased CREB in the NAc 

enhances cocaine reinforcement in the same paradigm. Additionally, the 

upregulation of CREB activity in the NAc, induced by stress, caused a pro-

depressive phenotype in mice.45 The increased CREB activity induces the 

expression of BDNF and dynorphin, two genes that contribute to 

depressive-related behaviours.46 In fact, dynorphin activates kappa-opioid 

receptors in VTA neurons, inhibiting dopaminergic activity and 

contributing to anhedonia and the development of depressive symptoms.45 

To this effect, Gustafsson et al. (2008) showed that MS in rats induces an 

increased expression of dynorphin in the NAc.47 Additionally, 

prodynorphin gene disruption or the blocking of the kappa-opioid receptors 

in mice induce a potentiation of the rewarding properties of cocaine.48 
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We therefore propose that SN mice showed reduced CREB in the NAc 

following repeated cocaine exposure to reduce its rewarding effects, as a 

protective mechanism to counteract the deleterious effects of the drug and 

facilitate the extinction of cocaine SA behaviour. Nevertheless, this 

compensatory mechanism was not developed in the MSEW mice, probably 

due to CREB levels being too low to reveal a further decrease. We also 

propose that the increased pCREB levels in the NAc of MSEW mice were 

due to the enhanced glutamatergic activity, which may increase the 

expression of dynorphin and inhibit the release of dopamine from VTA. 

This inhibition may contribute to the depressive-like behaviour, the higher 

acquisition percentage and the tolerance to the rewarding effects of cocaine 

in MSEW mice, which could explain why they increased their cocaine 

consumption during the acquisition phase. 

Evaluating the alterations in the VTA, our results show that MSEW mice 

expressed lower basal GluR2 levels and higher GluR1/GluR2 basal ratio in 

comparison with the SN group, in accordance with an enhanced excitability 

of VTA dopaminergic neurons. In agreement, previous studies in rodents 

have shown that enhanced excitability of VTA dopaminergic neurons is 

associated with a higher vulnerability to cocaine SA, depressive-like 

behaviour and cocaine addiction.17 Therefore, we suggest that MSEW mice 

display an enhanced excitability of VTA dopaminergic neurons, most 

probably to compensate the higher GABAergic inhibition from the NAc. 

This enhanced excitability could contribute to the depressive-like 

phenotype of MSEW mice and their higher vulnerability to cocaine SA. 

Even though previous studies in rats have reported no changes or increased 

expression of GluR1 in the VTA following cocaine consumption,6,7 we 

observed a significant GluR1 level decrease after cocaine SA in the VTA. 

This alteration could represent a compensatory effect to attenuate dopamine 

release induced by the drug. Additionally, during cocaine reinstatement, 
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GluR1 increased in terms of acquisition levels and reached basal condition. 

It is well known that cocaine induces long-term potentiation in excitatory 

synapses in the VTA, and such adaptations have a pivotal role in the 

incubation of cocaine craving and cocaine-seeking.49 Likewise, studies in 

rodents have shown that cocaine abstinence produces a stronger activation 

of dopamine pathways due to hyperactivity dopamine neurotransmission. 

On the basis of such data, we propose that during the extinction phase 

GluR1 levels promote the incubation of cocaine craving, thus enhancing 

the plasticity in this brain area. Therefore, the activation of dopaminergic 

function in the VTA is facilitated, resulting in a stronger cocaine-seeking 

during the reinstatement phase. 

Finally, the results for CREB and pCREB levels in the VTA after 

acquisition and reinstatement showed that cocaine SA acquisition reduces 

the levels of both molecules in the SN and MSEW groups, and cocaine-

primed reinstatement increases CREB and pCREB levels. Such results 

agree with previous studies showing that cocaine priming increased pCREB 

and induced reinstatement in cocaine-conditioned animals.23 Moreover, 

Kreibich et al. (2009) showed that chronic stress exposure enhances cocaine 

rewarding effects50 and this would seem to be mediated by CREB.23 

Accordingly, our results show that early-life stress induced by MSEW 

reduced CREB and increased the pCREB/CREB ratio in the VTA, which 

is in keeping with higher cocaine intake during SA acquisition. 

In summary, our results propose that MSEW enhances glutamatergic 

function in the NAc and increases the excitability of VTA dopaminergic 

neurons, causing greater vulnerability to depression and cocaine-seeking 

behaviour. Our study may serve to shed light on how the molecular 

mechanisms in early-life stress alter the brain regions involved in reward 

and could contribute to finding new therapeutic targets for the treatment of 

CUD. 
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Figures 

 

Figure 1. Schematic representation of the experimental schedule. (A) 

Schematic representation of the MSEW model and the (B) timeline in 

which the brain samples were obtained. See Materials and Methods Section 

for details. 
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Figure 2. Effects of MSEW on cocaine SA behaviour during the 

acquisition phase. Mean of nosepokes (A) and infusions (B) in the 

active/inactive hole during the 10 days of the acquisition phase in SN (n=7) 

and MSEW (n=13) group. (C) Mean of total cocaine intake (mg cocaine 

mg/kg mice) through the acquisition phase (SN n=7; MSEW n=13). (D) 

Percentage of animals reaching acquisition criteria (SN n=7/22; MSEW 

n=20/41). Discrimination between active/inactive holes in MSEW 

(*p<0.05) and SN (#p<0.05) group; rearing effect (★p<0.05, ★★p<0.01). 

Bonferroni post-hoc test. Data are expressed as mean ± SEM. 

  



/ANNEX 
 

 
 

  323 

 

Figure 3. Extinction of the cocaine SA behaviour. Mean of active/inactive 

nosepokes during the extinction phase in SN (A) and MSEW (B) group of 

mice. Discrimination between active/inactive holes (*p<0.05). Bonferroni 

post-hoc test. Data are expressed as mean ± SEM (SN n=7; MSEW n=13). 
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Figure 4. Effects of MSEW on cocaine-induced reinstatement, percentage 

of extinction and percentage of reinstatement. (A) Mean of responses in 

the active/inactive hole on the last extinction day and reinstatement day 

(n=7; MSEW n=13). Bonferroni post-hoc test. Data are expressed as mean 

± SEM. (B) Percentage of mice reaching the extinction criteria (SN n=7/7; 

MSEW n=13/20). (C) Percentage of mice reinstating cocaine SA 

behaviour (SN n=6/7; MSEW n=12/13). Days effect (##p<0.01); 

discrimination between active/inactive hole (**p<0.01); rearing effect 

(★★★p<0.001). 
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Figure 5. Western blot analyses in the NAc of SN and MSEW mice at 

different phases of the cocaine SA behaviour. (A) Mean of GluR2, GluR1 

and GluR2/GluR1 levels. (B) Mean of CREB, pCREB and 

pCREB/CREB levels. Rearing effect (★p<0.05, ★★p<0.01) and 

Bonferroni post-hoc comparison indicated with the lines (**p<0.01). Data 

are expressed as mean ± SEM (n=5, run in triplicate). 
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Figure 6. Western blot analyses in the VTA of SN and MSEW mice at 

different phases of the cocaine SA behaviour. (A) Mean of GluR2, GluR1 

and GluR2/GluR1 levels. (B) Mean of CREB, pCREB and 

pCREB/CREB levels. Rearing effect (★p<0.05), phase effect (##p<0.01, 

###p<0.001; a=basal vs. acquisition, b=acquisition vs. reinstatement, 

c=basal vs. reinstatement) and Bonferroni post-hoc comparison indicated 

with the lines (*p<0.05, **p<0.01, ***p<0.001). Data are expressed as mean 

± SEM (n=5, run in triplicate). 
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