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Abstract 

Food addiction is closely associated with eating disorders including 

obesity and binge eating. However, the neural alterations underlying 

this disorder have not been yet clarified. We have trained mice in an 

operant model to develop food addiction and we recorded neural 

activities in the medial prefrontal cortex (mPFC) and the nucleus 

accumbens (NAc) to identify the dynamic neural abnormalities 

underlying the development of this behavioral disorder. Interestingly 

mPFC-to-NAc signaling was disrupted at high frequencies during 

lever-press decision-making for reinforcement in addicted animals. 

Moreover, addicted mice exhibited reduced low gamma oscillations 

and theta-gamma coupling in the NAc during reward expectancy. 

Disrupted mPFC-to-NAc connectivity and gamma synchrony in the 

NAc correlated with increased reinforcement levels, underlying the 

functional relevance of these abnormalities. The CB1 antagonist 

rimonabant rescued both neural alterations. These findings suggest 

that abnormal mPFC-NAc circuit dynamics are candidate 

mechanisms underlying specific behavioral alterations during food 

addiction. This thesis unravels new neurophysiological signatures 

involved in food addictive-like behaviors that will shed light in novel 

treatments to food addiction and related eating disorders.  
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Resumen 

La adicción a la comida está estrechamente relacionada con los 

trastornos alimentarios, como la obesidad y los atracones. Sin 

embargo, aún no se han esclarecido las alteraciones neuronales que 

subyacen a este trastorno. Hemos entrenado ratones en un modelo 

operante para desarrollar adicción a la comida y registramos 

actividades neuronales en la corteza prefrontal medial (mPFC) y el 

núcleo accumbens (NAc) para identificar las anomalías en dinámicas 

neuronales que subyacen al desarrollo de este trastorno del 

comportamiento. Curiosamente, la señalización de mPFC a NAc se 

interrumpió a altas frecuencias durante la toma de decisiones de 

presión de palanca para el refuerzo en animales adictos. Además, los 

ratones adictos exhibieron oscilaciones gamma baja reducidas y 

acoplamiento theta-gamma en el NAc durante la expectativa de 

recompensa. La conectividad interrumpida de mPFC a NAc y la 

sincronía gamma en el NAc correlacionaron con mayores niveles de 

refuerzo, lo que subyace a la relevancia funcional de estas anomalías. 

El antagonista de CB1 rimonabant rescató ambas alteraciones 

neurales. Estos hallazgos sugieren que las dinámicas anormales del 

circuito mPFC-NAc son mecanismos candidatos que subyacen a 

alteraciones conductuales específicas durante la adicción a la comida. 

Esta tesis descifra nuevas firmas neurofisiológicas involucradas en 

comportamientos similares a los de la adicción a comida que 

ayudarán en la búsqueda de tratamientos novedosos para la adicción 

a comida y los trastornos alimentarios relacionados. 

 



iv 

 

  



v 

 

Abbreviations 

 

2-AG 2-arachidonoylglycerol  

A Addicted 

AC Adenylyl cyclase 

AEA N-arachidonoylethanolamide  

AgRP Agouti-related peptide 

AP Active period 

ARC Arcuate nucleus 

BDNF Brain-derived neurotrophic factor  

BED Bing eating disorder 

BMI Body mass index 

BR Archaerhodopsin 

CART Cocaine and amphetamine regulated transcript 

CB1R Cannabinoid type-1 receptor  

CB2R Cannabinoid type-2 receptor  

CCK Cholecystokinin 

ChR2 Channelrhodopsin-2  

CNS Central nervous system 

CNO Clozapine-N-oxide  

CpG Cytosine-phosphoguanine  

D2R Dopamine receptors type 2 

DA Dopamine 

DAT Dopamine transporter 

DBS Deep brain stimulation 

dlPFC Dorsolateral prefrontal cortex 



vi 

 

dmPFC Dorsal component of the medial prefontal cortex 

DMS Dorsomedial nucleus 

DREADDs Designer receptors exclusively activated by designer drugs 

DSE Depolarization-induced suppression of excitation  

DSI Depolarization-induced suppression of inhibition  

DSM Statistical manual of mental disorders  

DSM-5 Statistical manual of mental disorders v5  

dsRNA Duplex RNA  

eCB-LTD Endocannabinoid-mediated long-term depression  

eCBs Endocannabinoids 

eCB-STD Endocannabinoid-mediated short-term depression  

EEG Electroencephalography 

ENA Extreme non-addicted 

ERK Extracellular signal-regulated kinases 

FDA Food and drug administration 

FR Fixed ratio 

GIRKs G protein-coupled inwardly rectifying potassium channels 

GPCRs G protein-coupled recpetors 

Gpe External part of the globus pallidus 

Gpi Internal part of the globus pallidus 

ICD-11 International statistical classification of diseases and 

related health problems 

IL Infralimbic 

IP3 Inositol triphosphate 

JNK c-Jun N-terminal kinase  

Kir3 Inwardly rectifying K+ channels  

L Laminar 



vii 

 

LFP Local field potential 

LH Lateral hypothalamic 

mAChRs Muscarinic acetylcholine receptors 

mGluRs Metabotropic glutamate receptors  

MI Modulation index 

miRNAs MicroRNAs 

MOR 

mPFC 

µ-opioid receptor 

Medial prefrontal cortex  

MSN Medium spiny neurons 

MUA Multi-unit activity 

mYFAS Modified Yale Food Addiction Scale 

NA Non-addicted 

NAc Nucleus accumbens 

NMDA N-methyl-D-aspartate  

NpHR Halorhodopsin 

NPY Neuropeptide Y 

NTS Nucleus of the solitary tract 

OA Overeaters anonymous 

PAC Phase amplitude coupling 

PBN Parabrachial nucleus 

PC Principal component 

PCA Principal component analysis 

PET Positron emission tomography 

PFC Prefrontal Cortex 

PKA Protein kinase A 

PL Prelimbic 

PLC Phospholipase C 



viii 

 

POMC Peptides pro-opiomelanocortin 

PR Progressive ratio 

PSI Phase slope index 

PVN Paraventricular nucleus 

RISC RNA-induced silencing complex  

RNAi RNA interference  

rTMS Repetitive transcranial magnetic stimulation  

SNpr Substantia nigra pars reticulata 

STN Subthalamic nucleus 

SUA Single-unit activity 

tDCS Transcranial direct current stimulation  

VMH Ventromedial nucleus 

vmPFC Ventral component of the medial prfrontal cortex 

VP Ventral pallidum 

VTA Ventral tegmental area 

YFAS Yale Food Addiction Scale 

Δ9-THC Δ9-tetrahydrocannabinol  

 

 

 

 

 

 

 



 

 

Index 

Introduction ...................................................................................... 1 

1. Eating disorders and obesity .................................................. 1 

1.1. Eating disorders .............................................................. 1 

1.1.1. Diagnosis of eating disorders .................................. 2 

1.1.1.1. Anorexia nervosa and bulimia nervosa ............... 2 

1.1.1.2. Binge eating disorder .......................................... 3 

1.2. Obesity ........................................................................... 5 

2. Food addiction: the concept .................................................. 9 

2.1. Food addiction: development and refinement over the 

years ………………………………………………………...10 

2.2. Food addiction diagnostic tool: Yale Food Addiction 

Scale ………………………………………………………...14 

2.3. Food addiction and its linkage with comorbid diseases 17 

2.4. Food addiction: a controversial construct .................... 21 

3. Neurobiology of food addiction and eating disorders ........ 25 

3.1. Food intake control....................................................... 25 

3.1.1. Homeostatic regulation of food intake .................. 26 

3.1.1.1. Food intake cycle .............................................. 27 

3.1.1.2. Central regulation .............................................. 28 

3.1.1.3. Peripheral regulation ......................................... 31 



 

3.1.2. Hedonic regulation of food intake ........................ 35 

3.1.2.1. The brain executive system and the decision to 

eat………. ...................................................................... 35 

3.1.2.2. The brain reward system and the desire and 

pleasure to eat ................................................................. 36 

3.2. The brain’s reward circuitry ......................................... 39 

3.2.1. Ventral tegmental area .......................................... 41 

3.2.2. Nucleus accumbens ............................................... 44 

3.2.3. Prefrontal cortex ................................................... 53 

3.3. Modulation of the reward circuitry .............................. 59 

3.3.1. Opioid signaling .................................................... 60 

3.3.2. Dopaminergic signaling ........................................ 61 

3.3.2.1. Dopaminergic neurons ...................................... 61 

3.3.2.2. Dopamine receptors .......................................... 63 

3.3.2.3. Dopaminergic system in food addiction and eating 

disorders ......................................................................... 69 

3.3.3. Endocannabinoid signaling ................................... 70 

3.3.3.1. Cannabinoid receptors ....................................... 70 

3.3.3.2. Endocannabinoid ligands .................................. 74 

3.3.3.3. Cannabinoid type-1 receptor signaling ............. 75 

3.3.3.4. Endocannabinoid modulation of brain reward 

system… ......................................................................... 77 



 

3.3.3.5. The endocannabinoid system in food addiction 

and eating disorders ........................................................ 80 

4. Dynamics in the transition to addiction: stages of the food 

addiction cycle ............................................................................ 82 

4.1. Habitual overeating: maladaptive habit formation ....... 83 

4.2. Overeating to relieve a negative emotional state: the 

emergence of a negative affect ............................................... 85 

4.3. Overeating despite aversive consequences: failure of 

inhibitory control .................................................................... 88 

5. Complex multifactorial nature of food addiction and eating 

disorders: gene and environment interaction .............................. 89 

5.1. Genetic mechanisms of food addiction and eating 

disorders ................................................................................. 90 

5.2. Epigenetic mechanisms of food addiction and eating 

disorders ................................................................................. 95 

5.2.1. Histones modifications ......................................... 97 

5.2.2. DNA methylation .................................................. 99 

5.2.3. Non-coding RNA: microRNA ............................ 101 

6. Animal models of food addiction and eating disorders .... 106 

6.1. Food addiction mouse model ..................................... 107 

6.2. Innovative technological approaches ......................... 112 

6.2.1. Chemogenetics .................................................... 113 

6.2.2. Calcium imaging ................................................. 115 



 

6.2.3. Optogenetics ....................................................... 116 

7. Electrophysiological approaches ...................................... 118 

7.1. Electroencephalography recordings ........................... 119 

7.2. In vivo extracellular recordings.................................. 122 

8. Therapeutics for food addiction and eating disorders ...... 126 

8.1. Non-pharmacological treatments ............................... 127 

8.1.1. Behavioral therapies ........................................... 127 

8.1.2. Brain stimulation therapeutics ............................ 128 

8.1.3. Neurofeedback strategies .................................... 131 

8.2. Pharmacotherapies ..................................................... 132 

Objectives ..................................................................................... 135 

Materials and Methods ................................................................. 139 

Results .......................................................................................... 159 

Chapter 1 .................................................................................. 161 

Chapter 2 .................................................................................. 237 

Discussion ..................................................................................... 255 

Conclusions .................................................................................. 291 

Bibliography ................................................................................. 297 

Annex ........................................................................................... 373 

 

 

 



 

 

 

 

 

 

 

 

 

 

Introduction 

 

 

 

 

 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Introduction 

1 

 

1. Eating disorders and obesity 

 

1.1.  Eating disorders 

Eating disorders are defined as a persistent disturbance of eating or 

eating-related behavior resulting in the altered consumption or 

absorption of food and significantly impair physical health or 

psychological functioning (American Psychiatric Association, 2013). 

Eating disorders affect millions of people worldwide (around 4.6% 

of the world population) regardless of age, nationality, or gender, 

occurring most commonly among late adolescents and young adult 

women (Mishra et al., 2017; Zipfel et al., 2022). These severe 

illnesses consider that mental disorders are usually chronic and 

relapsing, often inducing psychiatric comorbidity (such as anxiety 

and depression, among others) and medical sequelae that lead to 

substantial personal, familial, and social costs. Moreover, even 

though the prevalence of eating disorders has persisted stable in the 

last years, mortality rates remain very high (3.3 million healthy life 

per year) and its association with measurable psychological and 

neurocognitive traits is highly elevated (Schaumberg et al., 2017; van 

Hoeken and Hoek, 2020). Thus, the combination of these facts with 

the increased level of consciousness of eating disorders in the general 

population has sparked the scientific community's interest in 

understanding the neurobiological mechanisms underlying eating 

disorders (Smink et al., 2012). 

The current understanding of eating disorders etiology is based on 

family, twin, and adoption studies that have robustly demonstrated 



Introduction 

2 

 

that eating disorders reflect the complex trait inheritance influenced 

by genetic and environmental factors  (Yilmaz et al., 2015). 

Moreover, evidence have shown that genes and heritability play a 

major role in increasing the risk of suffering an eating disorder in 

healthy individuals, although these may also affect individuals 

without a hereditary history of eating disorders. Thus, epigenetic 

mechanisms offer an additional layer of gene regulation, which 

connects external and internal environmental stimuli and non-coding 

genetic variation with transcriptional consequences that alter 

downstream phenotypes (Hübel et al., 2019). 

 

1.1.1. Diagnosis of eating disorders 

From a diagnostic perspective, the Diagnostic and Statistical Manual 

of Mental Disorders (DSM) is the main psychiatry manual used to 

diagnose mental disorders by the American Psychiatric Association. 

In the fifth version of the manual (DSM-5), the eating disorders 

section is named “Feeding and Eating Disorders” and the diagnostic 

criteria are provided for three feeding disorders: pica, rumination, and 

avoidant/restrictive food intake disorders. In addition, three different 

types of eating disorders are described: anorexia nervosa, bulimia 

nervosa, and binge eating disorder.   

 

1.1.1.1.  Anorexia nervosa and bulimia nervosa 

Anorexia nervosa and bulimia nervosa are the most classical forms 

of eating disorders, reporting similar symptoms based on distorted 
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body image and self-perception of weight or shape. Notwithstanding, 

essential differences subsist between both eating disorders. Anorexia 

nervosa is characterized by a persistent restriction of energy intake, 

an intense fear of gaining weight or becoming fat, persistent behavior 

that interferes with weight gain, and a disturbance in self-perceived 

weight or shape. The 12-month prevalence of anorexia nervosa is 

0.4% among young females (American Psychiatric Association, 

2013). On the other hand, bulimia nervosa is characterized by 

recurrent episodes of binge eating followed by inappropriate 

compensatory behaviors to prevent weight gain, such as self-induced 

vomiting, diuretics use, and fasting or excessive exercise. The 12-

month prevalence of bulimia nervosa is 1-1.5% among young 

females (American Psychiatric Association, 2013). 

According to the DSM-5, some eating disorder symptoms coincide 

with those manifested in substance use disorders, such as craving and 

compulsive use. These resemblances may reflect the participation of 

similar neurobiological systems, including those involved in the 

regulatory self-control and reward processing. Therefore, in the 

highly obesogenic environment in which our Western society is 

involved, much attention has been paid to eating disorders 

characterized by compulsive behaviors and abnormal overeating, 

such as binge eating disorders.   

 

1.1.1.2. Binge eating disorder 

Binge eating disorder (BED) is a severe, life-threatened, but treatable 

eating disorder characterized by recurrent episodes of binge eating 
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(consuming large amounts of food in shorts periods) accompanied by 

a sense of lack of control, indicated by the inability to abstain from 

eating or stop eating once started, without compensatory behavior 

such as self-induced vomiting or excessive exercise. According to the 

DSM-5, an “episode of binge eating” is defined as eating in a discrete 

period of time (within 2 hours period) an amount of food that is 

definitely larger than most people would eat in a similar period of 

time under similar circumstances. Remarkably, to consider an 

episode of binge eating, occurrences of excessive food consumption 

must be accompanied by a sense of lack of control (American 

Psychiatric Association, 2013). 

Furthermore, binge episodes are commonly associated with eating 

more rapidly than usual, eating until feeling uncomfortably full, 

eating large amounts of food when not feeling physically hungry, 

eating alone because of being embarrassed by how much one is 

eating, and feeling disgusted with oneself, depressed, or very guilty 

after overeating. For the diagnosis of binge eating disorder, 

individuals must experience at least three of the behavioral control 

indicators previously mentioned. In addition, the type of food 

consumed during binges varies across individuals and episodes. 

Thus, binge eating disorder appears to be characterized more by an 

anomaly in the amount of food consumed than by a craving for a 

specific nutrient (American Psychiatric Association, 2013). 

Both binge eating disorder and bulimia nervosa have recurrent 

episodes of binge eating. However, binge eating is not associated 

with the recurrent use of inappropriate compensatory behavior as in 
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bulimia nervosa. Moreover, binge eating disorder typically does not 

present sustained dietary restrictions designed to influence body 

weight and shape (American Psychiatric Association, 2013). 

Epidemiological studies report that 1.6-2.0% of worldwide people 

suffer from binge eating disorder, considering this disease the most 

prevalent with around 2.8 million affected people. Binge eating 

disorder diagnosis is three times more common than anorexia and 

bulimia being the most extended in terms of age, race, gender (1.6% 

women and 0.8% men), and income levels (Kessler et al., 2013; 

Cossrow et al., 2016). It is diagnosed in normal-weight, overweight 

and obese individuals, revealing independence with the body weight. 

However, studies have revealed a positive association between 

recurrent binge eating and weight gain, reporting a strong 

relationship between binge eating disorder degree and obesity degree 

in patients. Remarkably, it is important to highlight that not all 

individuals suffering from binge eating disorders are obese. Thus, 

binge eating disorder and obesity are disparate concepts (Wonderlich 

et al., 2009; Wildes et al., 2012).  

 

1.2. Obesity 

Obesity is a chronic disease defined as abnormal or excessive fat 

accumulation that may impair health. It is considered the 21st-

century epidemic and COVID-19, reaching epidemic proportions 

with over 4 million dying people per year (WHO, 2017). Obesity is 

associated with profound medical consequences which are linked 

with an increased risk of cardiovascular pathologies, diabetes, and 
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cancer, among other diseases (Bray, 2004). The body mass index 

(BMI) is the current tool employed to classify overweight and obesity 

in adults. BMI is a ratio of weight to a height calculated by dividing 

a person’s weight in kilograms (kg) by the square of his height in 

meters (kg/m2). BMI is closely associated with obesity and obesity-

related comorbidities (González-Muniesa et al., 2017), defining the 

following classification: BMI < 18.5 – underweight; BMI = 18.5 – 

24.9 – average weight; BMI = 25 – 29.9 – overweight; and BMI > 30 

– obese (WHO, 2017). 

Obesity is one side of the double burden of malnutrition, and 

nowadays, the number of obese individuals surpasses underweight 

individuals in every region of the world except sub-Saharan Africa 

and Asia (WHO, 2017). Thus, overweight and obesity dramatically 

increase in low, middle, and high-income countries, especially in 

urban areas. Since the middle of the 20th century, the prevalence of 

overweight and obesity has dramatically escalated, affecting more 

than 1.9 billion adults, representing 39% of the world population 

(40% of women and 39% of men). Over 650 million adults were 

obese in 2016, representing 13% of the world’s adult population 

(15% of women and 11% of men) (WHO, 2017). Moreover, 

overweight and obesity prevalence among young people has radically 

risen from 4% in 1975 to 18% in 2016 (18% of girls and 19% of 

boys). This increased prevalence translates into a global health cost 

of approximately US$ 2 trillion, equivalent to 2.8% of the world’s 

gross domestic product (WHO, 2017).   
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Obesity is induced by an imbalance between energy intake and 

energy expenditure, resulting in the storage of non-essential lipids in 

adipose cells. Therefore, obesity at a population level may result from 

high energy foods overconsumption and low physical activity. 

However, the etiology of obesity is much more complex. The 

responsible factors that prompt obesity are heterogeneous and 

involve interactions among genetic, individual, environmental, and 

social elements (Sellayah et al., 2014). Thus, obesity is a 

multifactorial disease that results from diverse alterations of complex 

internal and environmental factors that lead to a variety of obese 

phenotypes. 

Specific obese phenotypes are characterized by an excessive desire 

for food, compulsive consumption, and the inability to restrain 

oneself despite the desire to eat. These symptoms are similar to those 

presented by individuals addicted to drug abuse and are described in 

the DSM for substance use disorders (Volkow and O’Brien, 2007). 

Preclinical and clinical investigations have provided multiple 

evidence suggesting similar neurobiological substrates involved in 

the dopamine (DA)-modulated circuits that are disrupted in obese 

and drug-dependent individuals (Volkow et al., 2011a, 2013; 

Volkow and Baler, 2015). These similar neuroadaptations in the 

reward system consisted of reductions of striatal dopamine type-2 

receptors activity levels (Nora D. Volkow et al., 2008), as well as a 

lack of the classic increase in releases of DA during food or drug 

consumption (Gene-Jack Wang et al., 2014)  in both drug-addicted 

and obese subjects. The attenuation of the DA response to the 

reinforcer in the reward system pathway provokes a mismatch 
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between the experiences of the expected and the actual reinforcer, 

which may lead to a compulsive behavior for the desired substance 

(Nora D. Volkow et al., 2008; Volkow et al., 2011a). However, the 

understanding of the essential neurobiological mechanisms involved 

in obesity still remain poor. 

Although important progressions in research and metabolic 

treatments related to obesity have been performed across the years, 

the prevalence rates of obesity continue to augment, and no effective 

treatment is still available. Moreover, a lack of success is present in 

behavioral treatments focused on sustaining weight loss. Therefore, 

considering the previous observations mentioned, it is crucial to 

consider that some forms of obesity should not be diagnosed 

exclusively as a metabolic disorder. At least some forms of 

comorbidity must be considered with a mental disorder (Volkow and 

O’Brien, 2007; Lerma-Cabrera et al., 2016). However, although 

several authors claimed obesity as a mental disorder due to its 

addictive dimensionality, obesity is not currently included in the 

DSM-5, neither in the feeding and eating disorders nor in the 

substance use disorders sections. In this framework, certain foods, 

mainly highly caloric and palatable foods, seem to possess addictive 

properties, contributing to excessive consumption and an elevated 

risk of developing obesity and eating disorders. 

Additionally, it has been affirmed that gut microbiota interacts with 

several organs, including the brain among others. Intestinal 

microbiota and their metabolites might target the brain directly via 

vagal stimulation or indirectly through immune-neuroendocrine 
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mechanisms. Microbiota and metabolites might regulate metabolism, 

adiposity, homoeostasis and energy balance, and central appetite and 

food reward signaling, which together have crucial roles in obesity 

(Asadi et al., 2022). Nonetheless, there is still much to investigate 

about the physiological mechanism of obesity and gut-brain axis and 

its effect on appetite, eating behaviors, and other physiological 

mechanisms of the body. 

 

2. Food addiction: the concept 

 

In 1956, Theron Randolph was the first to introduce the term food 

addiction, describing it as “a specific adaptation to one or more 

regularly consumed foods to which a person is highly sensitive, 

which produces a common pattern of symptoms descriptively similar 

to those of other addictive processes”. Despite not having a specific 

food that was always consumed, Theron Randolph noticed that this 

adaptation occurred with certain types of foods such as corn, wheat, 

coffee, milk, eggs, and potatoes (Randolph, 1956). However, 

nowadays, the point of view of this concept shifts to the potentially 

addictive properties of processed food containing added fats and 

refined carbohydrates. In this sense, the current concept of food 

addiction includes the idea that some specific foods; especially 

highly processed, highly palatable and highly caloric foods; possess 

an addictive potential that might contribute to the addictive behavior 

of overeating.  
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2.1. Food addiction: development and refinement over the 

years 

In the last years, as a consequence of the global obesity problem, the 

concept of food addiction has become increasingly popular. This 

augmented popularity is reflected in a high number of media reports 

and lay literature and a substantial increase in the number of scientific 

publications. Most of these studies have focused on both animal 

models and human studies (Figure 1) (Meule, 2015; Fernandez-

Aranda et al., 2018).  

Figure 1. Number of animal and human studies published on food addiction from 

1947 to 2022. 

 

The first beginnings of the association between food and addiction 

started in the 19th century. Concretely, in 1880, the Journal of 

Inebriety used the term addiction in reference to chocolate (Weiner 

and White, 2007). Years later, in 1959, food addiction was widely 

used among scientists and laypeople. Moreover the term was also 

employed by Overeaters Anonymous (OA), a self-help organization 

founded in 1960 based on the 12-step program of Alcoholics 

Anonymous to decrease overeating (Russell-Mayhew et al., 2010). 

In the 1980s, researchers attempted to describe the food pathology 
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displayed by patients suffering from anorexia nervosa and bulimia 

nervosa as an addictive behavior (Feldman and Eysenck, 1986; De 

Silva and Eysenck, 1987). The studies on addictive personality in 

bulimia nervosa patients were accompanied by a case study in which 

substance abuse was found to be a useful metaphor in the treatment 

of bulimia nervosa and the evolution of the “Foodaholics Group 

Treatment Program” (Stoltz, 1984).  

After these first attempts to describe eating disorders as an addiction, 

research interests changed in the 1990s to a new research focus: 

chocolate. It was already noticed that chocolate is a food that people 

most often have problems controlling its consumption, and it was 

described that chocolate possesses a combination of high fat and 

sugar content, which makes it a “hedonically ideal substance” (Max, 

1989). Few studies were performed in which so-called “chocoholics” 

or “chocolate addicts” were investigated. These studies compared 

consumption patterns and the physiological response to chocolate 

exposure between “chocoholics” and controls (Hetherington and 

MacDiarmid, 1993; Bruinsma and Taren, 1999). Nevertheless, these 

studies had major shortcomings because the term food addiction was 

poorly defined and the participants were recruited based on non-

standardized self-identification reports (Greenberg; Rozin and 

Stoess, 1993).  

In the early 2000s, the objectives of the scientific studies were 

focused on the examination of neural mechanisms underlying 

overeating and obesity that may parallel findings from substance 

dependence (Nora D Volkow et al., 2008). These investigations were 
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performed using neuroimaging techniques in humans and reported 

that a “reward deficiency syndrome” correlated with lower D2R 

availability in obese individuals, similar to what was found in 

substance dependence (Wang et al., 2001). Other studies using 

animal models revealed that similar brain areas are activated during 

the experience of food and drug craving. Moreover, investigations in 

which neural activation to high-calorie food stimuli as studied found 

that individuals with bulimia nervosa and binge eating disorder 

exhibit higher activation in reward-related brain areas than the 

control group. These results were nearly similar to those observed in 

individuals with substance dependence who show higher reward-

related activity in response to substance-related cues (Pelchat et al., 

2004; Schienle et al., 2009) (Figure 2). 

 

  



Introduction 

13 

 

 

Figure 2. Some focus areas with selected references in the topic of food addiction 

research (Adapted from Meule, 2015). 

 

In the 2010s, a new approach was developed to diagnose food 

addiction in individuals: the Yale Food Addiction Scale (Gearhardt 

et al., 2009). Due to the development of this validated tool to 

diagnose food addiction high interest in this field drove 

investigations in animals and humans studying the neurobiological 

mechanisms involved in food addiction and the development of 

potential therapeutic targets (Lindgren et al., 2018). For instance, 

recent studies using rodents have validated an animal model of food 

addiction in which addictive-like behaviors and phenotypic traits can 

be investigated (Mancino et al., 2015). Using this model of food 

addiction, studies revealed essential neurobiological pathways 

between different brain areas that are crucial in developing addictive-

like behaviors (Domingo-Rodriguez et al., 2020). However, although 
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the term addiction was already used in reference to food by the end 

of the 19th century and has been debated in the scientific community 

for decades with a particular focus on whether the phenotype should 

instead be considered as a behavioral addiction (Schulte et al., 2016), 

it is still a controversial subject. Indeed, comprehensive reviews of 

the literature on food addiction conclude that a large body of 

investigations now supports food addiction's validity and clinical 

utility (Schulte et al., 2020; Horsager et al., 2021). Specifically, 

empirical support for critical aspects such as literature with more than 

50 scientific studies over the past decade and differentiation, among 

other conditions. Moreover, many authors have partial support for the 

occurring symptoms of food addiction and its diagnostic criteria. On 

the other hand, other authors still prefer to debate its validity and 

applicability by discussing the pros and cons of the food addiction 

construct (Fletcher and Kenny, 2018), making food addiction an 

exciting field for developing research (Figure 2). 

 

2.2. Food addiction diagnostic tool: Yale Food Addiction Scale 

The concept of food addiction is still a disputed topic as its 

recognition as a mental disorder is not included in any of the versions 

of the DSM. However, the need for a precise tool to capture the 

symptomatology of addiction led to the development of the Yale 

Food Addiction Scale (YFAS) (Gearhardt et al., 2009). This 

validated tool was accepted by the scientific community and 

measured the presence of food addiction symptoms. It consisted of a 

25-item self-report instrument based primarily on the diagnostic 
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criteria for substance dependence in the DSM-IV-TR but adapted to 

the context of food, with added elements to assess the significance of 

distress or impairment caused by the symptoms. The YFAS had well 

internal consistency, convergent validity with related measures of the 

substance of eating behavior, and discriminant validity with 

measures of substance use (Gearhardt et al., 2009).  

In 2014, an abbreviated version of the YFAS, the modified YFAS 

(mYFAS), was developed. In comparison with the YFAS, the 

mYFAS consisted of 9 self-report questions, of which 7 of them 

assessed the 7 DSM-IV-TR substance use disorder criteria and 2 

additional questions that evaluated clinically significant impairment 

and distress. The mYFAS was employed to study epidemiologic 

cohorts with food addiction symptomatology (Flint et al., 2014). 

Elevated scores on the mYFAS report were associated with obesity, 

binge eating, impulsivity, craving, an attentional bias for food cues, 

adverse bariatric surgery outcomes, and medical conditions (Kirrilly 

M. Pursey et al., 2014; Meule and Gearhardt, 2014).  

Two years later, a newer version of the YFAS, called the YFAS 2.0, 

was developed to reflect the updated changes in substance use 

disorder diagnostic criteria published in the latest version of the DSM 

(DSM-5) (Gearhardt et al., 2016). The DSM-5 combined what was 

previously conceptualized in the DSM-IV as 2 separate and 

hierarchical disorders (substance abuse and substance dependence) 

into one new construct that defines substance use disorders on a range 

from mild to moderate to severe, with the severity of addiction 

depending on how many of the established criteria apply. Severity is 
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measured on a continuous scale from mild (2-3 symptoms endorsed), 

moderate (4-5 symptoms endorsed), and severe (6 or more symptoms 

endorsed) out of 11 total symptoms (versus the previous 7 in the 

DSM-IV) (American Psychiatric Association, 2013). In addition, in 

this newest classification of the DSM, the term addiction is synonym 

with severe substance use disorder (Volkow et al., 2016). 

To maintain consistency with the current diagnostic understanding of 

addiction, the YFAS 2.0 consisted of a 35-item which assesses the 11 

substance use disorder symptoms included in the DSM-5. As in the 

DSM-5, the YFAS 2.0 uses mild, moderate and severe symptoms for 

the diagnostic threshold (Gearhardt et al., 2016). Compared to the 

original YFAS, the YFAS 2.0 diagnosed food addiction in more 

individuals that met the diagnostic criteria (6% more). A possible 

reason for this increase in the number of diagnosed individuals could 

be that the original YFAS evaluated the dependence criteria 

exclusively, whereas the YFAS 2.0 assesses dependence and abuse 

criteria (Gearhardt et al., 2016). 

Finally, in 2017, a shortened mYFAS 2.0 version was then derived 

from the YFAS 2.0 by selecting 1 item for each of the 11 diagnostic 

criteria plus 2 items to assess clinically significant impairment and 

distress. This abbreviated version is currently employed as a brief 

screening measure in extensive epidemiological studies (Schulte and 

Gearhardt, 2017). 
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2.2.1. Food addiction prevalence based on the YFAS 

According to the YFAS scale, the weighted mean prevalence of food 

addiction is 19.9% in the adult population (Kirrilly M. Pursey et al., 

2014). This prevalence affects from 2 to 12% of healthy BMI 

individuals (Schulte and Gearhardt, 2018) and doubles in individuals 

suffering from obesity with ranges from 18 to 24%. Moreover, the 

prevalence of food addiction is even higher in individuals with eating 

disorders ranging from 50 to 85%, particularly in binge eating 

disorder and bulimia nervosa respectively (Hilker et al., 2016; 

Burrows et al., 2017). In terms of gender, food addiction seems to be 

more prevalent in females than males in healthy BMI (11.1% and 

6.4%, respectively) and obese population (24.9% and 12.2%, 

respectively) (Kirrilly M. Pursey et al., 2014).  

 

2.3. Food addiction and its linkage with comorbid diseases 

Based on the increased degree of comorbidity between mental 

disorders with substance use disorders and addiction-like eating 

(Volkow et al., 2013; Volkow and Baler, 2015; Lindgren et al., 

2018), it seems acceptable to assume that food addiction is also 

prevalent among individuals suffering mental disorders. Indeed, 

investigations have demonstrated substantial comorbidity between 

food addiction and eating disorders. For instance, clinical studies 

with adults suffering from binge eating disorder revealed that at least 

50% of obese adults diagnosed with binge eating disorder also met 

the criteria for food addiction (Davis et al., 2011; Gearhardt et al., 

2012). However, it is worth mentioning that not all the individuals 
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who accomplished the food addiction criteria (30%) were clinically 

diagnosed as binge eaters. These results suggest that food addiction 

and binge eating disorder are two independent disorders (Davis et al., 

2011). Different authors defend this fact with two hypotheses. 

The presence of food addiction in the absence of binge eating 

disorder may be supported by the hypothesis that food addiction 

could be developed after an extensive, severe and compulsive form 

of binge eating disorder, being food addiction a more acute and 

pathologically-dense form of binge-eating disorder (Davis, 2013; 

Gordon et al., 2018). In that sense, it is postulated that there is 

occasional overeating at the beginning stages that displays no 

behavioral pathology or psychiatric disruptions. Then, mild and 

intermittent “loss of control” towards eating starts to appear, 

manifested as episodic binges that tend to become more compulsive 

and frequent in some individuals over time. When these behavioral 

alterations become severe, a diagnosis of binge-eating disorder may 

be warranted, suggesting that chronic binge-eating disorder develops 

into a more severe syndrome that displays significant 

psychopathology and strong addictive tendencies towards food. 

Therefore, it seems more appropriate to describe this condition as 

food addiction (Figure 3) (Davis, 2013, 2017). 

 

Figure 3. Schematic representation of ascending dimension reflecting the increase 

in severity and compulsivity, from occasional overeating to food addiction. 

Adapted from (Davis, 2013). 
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Although this point of view explaining the absence of binge eating 

disorder in food addiction might be a hypothesis, another explanation 

is described by the different patterns of consumption contributing to 

a feeling of loss of control. For instance, substance-use disorder 

patients could consume abnormal amounts of addictive substances in 

short periods (binge consumption) or consume the same amount over 

the day. The addictive-like eating present in food addiction can be 

equally characterized by binge eating or “grazing” (Davis, 2017). 

“Grazing” is an abnormal eating behavior characterized by repetitive 

eating of small amounts of food in an unplanned manner, without the 

ability to resist such repeated eats despite intentions to stop. This 

aberrant behavior in food intake has been associated with weight 

regain in obese patients who cannot stop snacking during their weight 

loss schedule (Conceição et al., 2014) (Figure 4). 

Figure 4. Schematic representation of the ascending dimension reflecting 

increased severity and compulsivity in a non-linear way from occasional overeating 

to food addiction and binge-eating disorder. 

 

Taking all these together, these hypotheses suggest that although a 

considerable linking pattern exists between compulsive overeating, 

such as binge eating and grazing, and the putative psychopathological 

condition of food addiction, there are theoretical and behavioral 
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features that differentiate both pathologies, describing food addiction 

as an identifiable clinical syndrome. 

Furthermore, numerous heterogenous results about the effect of food 

addiction on body weight have demonstrated the association of this 

disorder with overweight and obesity. For example, clinical studies 

of meta-analysis in humans revealed that the symptoms of food 

addiction are more prevalent among adults in the overweight and 

obese BMI category (24.9%) than adults in the normal BMI category 

(11.1%) (Kirrilly M. Pursey et al., 2014). Moreover, prevalence rates 

of food addiction in adults with BED range from 40% to 50%, while 

in individuals suffering from bulimia nervosa, the prevalence 

increases by over 80% (Gearhardt et al., 2014; De Vries and Meule, 

2016). Numerous studies also reported that obese patients who meet 

the criteria for food addiction present higher levels of eating disorder 

psychopathology, poorer life quality, more significant depressive 

symptoms, and augmented scores on impulsivity and self-control 

measures (Ivezaj et al., 2016). Additionally, a correlation between 

food addiction severity levels and impairments in decision-making 

and attentional capacity was observed in obese individuals (Steward 

et al., 2018). 

Overall, these findings highlight the fact that the high comorbidity 

may be because compulsive eating, obesity, and food addiction share 

common mechanisms such as binge eating and reward dysfunction, 

leading to an overlap of food addiction with both eating anomalies 

(Gearhardt et al., 2014; Meule and Gearhardt, 2014; Burrows et al., 

2018; Meule, 2019). Thus, this overlapping underscores the 
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importance of studying the relationship between food addiction, 

obesity, and compulsive eating as a potential transdiagnostic 

construct across eating-related disorders, although these are not 

included in the DSM-5 and the 11th version of the International 

Statistical Classification of Diseases and Related Health Problems 

(ICD-11) (Fernandez-Aranda et al., 2018; Cassin et al., 2019; 

Gearhardt and Hebebrand, 2021; Hebebrand and Gearhardt, 2021).  

 

2.4. Food addiction: a controversial construct 

The diagnostic construct of food addiction is nowadays a highly 

controversial subject among the scientific community. This concept 

is currently divided into three prevailing views. 

At first glance, investigations and evidence suggest that although 

highly caloric and processed foods appear to differ from traditionally 

addictive substances, these foods containing refined carbohydrates 

and fat are highly reinforcing, mood-altering, and some individuals 

(but not all) will consume them compulsively, being these types of 

foods associated with behavioral indicators of addiction, such as 

diminished control over consumption, strong carvings, continued use 

despite adverse consequences, and repeated failed attempts to quit 

the food. Thus, highly caloric and processed foods can be viewed as 

addictive, producing a similar behavioral alteration to drugs of abuse 

(Ifland et al., 2015; Gearhardt and Hebebrand, 2021). 

Another point of view is that food addiction is not a valid concept 

because addiction results from the “exposure to a single chemical 

agent or compound that is effective in engaging the central nervous 
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system,” and this specific addictive substance has not been identified 

in foods. Therefore, it may be the act of eating rather than the food 

itself which is addictive, suggesting that the correct term for 

representing a behavioral addiction may be “eating addiction” 

(Hebebrand et al., 2014; Hebebrand and Gearhardt, 2021). 

Finally, another perspective of the food addiction construct is that 

neither food nor eating addiction may reflect valid concepts 

questioning the existence of underlying addictive processes when 

considering eating disorders and obesity (Finlayson, 2017; Rogers, 

2017; Hebebrand and Gearhardt, 2021). 

Several studies have revealed that food addiction may be a statement 

representing substance use disorders. These studies have 

demonstrated biological and behavioral changes in response to highly 

palatable foods, similar to what occurs in drug addiction (Ifland et 

al., 2015; Mancino et al., 2015; Schulte et al., 2016). Multiple 

reviews suggest that exposure to highly palatable foods engages the 

reward system and leads to DA release in the mesolimbic pathway 

(Volkow et al., 2011a; Smith and Robbins, 2013; Lindgren et al., 

2018; Ribeiro and Oliveira-Maia, 2021). For instance, a recent 

systematic review examining the validity of food addiction deduced 

that many identified studies (52 studies in 35 articles) support food 

addiction as a diagnostic construct consistent with the criteria for 

other substance use disorders. Among these studies, brain reward 

dysfunction and impaired control were sustained by the most 

significant number of studies (n = 21 and n = 12, respectively). In 

contrast, risky use was supported by the fewest (n = 1), followed by 
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evidence consistent with addiction, such as genetic susceptibility, 

substance sensitization and impulsivity (Gordon et al., 2018). 

Indeed, it must be considered that not all foods are equally implicated 

in the addictive process. Highly processed foods such as pizza, ice 

cream, white bread, cookies, or potato chips are more effective than 

minimally processed foods such as fruits, vegetables, and legumes at 

activating the reward-mesolimbic pathway and releasing DA in the 

Nucleus accumbens (Small and DiFeliceantonio, 2019; De Araujo et 

al., 2020). Moreover, highly processed foods containing refined 

carbohydrates and fat, but not minimally processed foods, have been 

associated with addictive manners such as loss of control over 

consumption, intensive craving, and inability to quit the food (Erica 

M. Schulte et al., 2015; Gordon et al., 2018). Thus, highly processed 

foods can be viewed as having addictive potential. It has been 

suggested that individuals will addictively consume foods containing 

high quantities of sugar but little or no fat due to the ability of refined 

carbohydrates to quickly increase glucose in the blood vessels (Erica 

M Schulte et al., 2015; Lennerz and Lennerz, 2018). 

Moreover, sugar could be regulated as a substance of abuse due to 

the adverse health outcomes, similar to the ones reported in alcohol 

use disorder (Lustig et al., 2012). Conversely, other studies with 

humans suggest that the combination of sugar and fat is more 

associated with addictive symptoms than sugar itself (Markus et al., 

2017; Pursey et al., 2017). Many studies have also focused on 

studying the role of other ingredients in combination with sugar. For 

instance, removing fiber increases the addictive potential of highly 
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processed food by augmenting the rapid ingestion of reinforcing 

ingredients (Erica M. Schulte et al., 2015; Lennerz and Lennerz, 

2018). Furthermore, sodium is a common ingredient of highly 

processed foods that enhances the addictive value of sugar and fat 

foods (Morris et al., 2008; Fazzino et al., 2019). Thus, a single 

macronutrient is not necessary for maladaptive eating but rather the 

combination of ingredients and macronutrients in highly palatable 

and highly caloric food. This mixture of nutrients may 

physiologically activate the mesolimbic pathway of the brain reward 

circuitry, modifying reward optimization and, consequently, eating 

behaviors (Fletcher and Kenny, 2018). 

On the other hand, several authors do not support the idea of ¨sugar 

addiction¨, arguing that the evidence obtained in highly processed 

food addiction studies is unconvincing (Westwater et al., 2016; Wiss 

et al., 2018). Moreover, some researchers argue that it should be more 

appropriate to mention this condition as eating addiction, classifying 

it as a behavioral disorder that involves dependence on a behavior or 

substance (Hebebrand et al., 2014; Hebebrand and Gearhardt, 2021). 

However, the addictive-like consumption of highly processed food 

requires both a behavior and a substance (eating and food, 

respectively), being this substance-behavioral pattern is also 

frequently observed in individuals addicted to tobacco (smoking and 

tobacco) and alcohol (drinking and alcohol). Thus, there are striking 

parallels between the classification of other addictive substances and 

the current debate about the addictiveness of high palatable caloric 

foods, which involve both behavioral and substance-related 

symptoms (Gordon et al., 2018). 
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According to the controversial evidence previously commented, 

critics and proponents agree that more research is needed to elucidate 

the fundamental construct of food addiction and identify the 

characteristics of food ingredients that may have addictive effects 

(Pursey et al., 2017). The present work intends to provide new 

neurobiological evidence confirming the validity of food addiction as 

a substance use disorder by discovering innovative therapeutic 

targets that may play crucial roles in preventing and treating eating 

disorders and obesity. 

 

3. Neurobiology of food addiction and eating disorders 

 

3.1. Food intake control 

Behaviors such as eating, drinking and copulating are natural stimuli 

that begin with a motivation to initiate the behavior. The motivational 

drive and the behaviors that consequently follow are influenced by 

past and present experience with the reinforcing stimuli that augment 

the likelihood and/or strength of the behavioral response (Nora D. 

Volkow et al., 2017). With respect to eating behavior, the regulation 

of food intake involves close relationships between homeostatic and 

non-homeostatic hedonic factors that are balanced to ensure the 

initiation and maintenance of eating behavior (Onaolapo and 

Onaolapo, 2018; Cifuentes and Acosta, 2021) These complementary 

factors are activated in all feeding situations to maintain  the balance 

control regulation on energy intake and energy expenditure that 

maintain body weight and metabolic functions. However, the degree 
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to which each regulative process is activated may depend on the type 

of food and the individual’s physiological state (Rossi and Stuber, 

2018; Parmar and Can, 2022). Remarkably, highly processed 

palatable foods rich in refined carbohydrates and fat are massively 

craved among several individuals not only to satiate their hunger but 

for sensation of pleasure (Alonso-Alonso et al., 2015; Blanco-Gandia 

et al., 2021), prevailing reward-related signals over homeostatic 

control that lead to an excessive food intake which surpass body 

energy requirements (Caron and Richard, 2017).  

 

3.1.1. Homeostatic regulation of food intake 

The maintenance of the energy balance is managed by a complex 

physiological control system that contains afferent signals from the 

periphery and efferent signals from the brain. Afferent signals 

coming from the gastrointestinal tract and the adipose tissue inform 

about energy storage states, whereas efferent signals coming from the 

central nervous system (CNS) affect the energy intake and 

expenditure (Sandoval, 2008). This control is integrated by multiple 

interactions between the mentioned organs to maintain an appropriate 

energy balance through short-term and long-term regulating 

processes (Abdalla, 2017). 

Appetite control comprises short-term and long-term regulation. 

Short-term signals control hunger, satiation and satiety determining 

the beginning and the end of a meal, and the interval between meals. 

On the other hand, long-term signals coming from the adipose tissue 
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regulate body energy depots coordinating the eating behavior 

(Abdalla, 2017). 

 

3.1.1.1. Food intake cycle 

After ingestion of a meal, the chemo- and mechano- receptors of the 

gastrointestinal tract send afferent signals to the brain via sensory 

input, from the vagus nerve to the nucleus of the solitary tract, 

informing about the amount of food ingested and its nutrient content. 

This information is drove by short-term signals that provide “satiety 

signals” which determine the initial and ending timings of the meal. 

After digestion, once nutrients have been metabolized in peripheral 

tissues or have directly crossed the blood-brain barrier, long-term 

signals coming from the adipose tissue are sent to the arcuate nucleus 

of the hypothalamus. At the same time, a large amount of products 

from digestion and components responsible for metabolism are 

integrated and assembled in the brain informing about the metabolic 

state resulting from food intake (Hopkins et al., 2000; Hopkins and 

Blundell, 2016). After information processing in the brain, efferent 

signals are triggered to modify energy intake and expenditure 

(Sandoval et al., 2008) (Figure 5). 
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Figure 5. Food intake cycle and its components (Adapted and modified from 

Abdalla 2017). 

 

3.1.1.2. Central regulation 

The essential parts in the central regulation of homeostatic energy 

balance are the hypothalamus which plays a major role in the 

appetite control, and the brainstem which has a crucial role in 

regulating the amounts of food ingested (Schneeberger et al., 2014; 

MacDonald et al., 2020). 

The hypothalamus receives sensory information from mechanical 

receptors in the stomach that inform about its filling, chemical satiety 

signals from nutrients in the blood, signals from gastrointestinal 

hormones, hormonal signals from the adipose tissue, and signals 

from the cerebral cortex, such as taste, smell and sight of the food 

(Figure 6). All this information is processed by the hypothalamus and 

consequently efferent signals are sent for the food intake control. The 

hypothalamus is composed of several interconnected nuclei that 
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regulate appetitive control such as the arcuate nucleus (ARC), the 

paraventricular nucleus (PVN), the dorsomedial nucleus (DMN), the 

ventromedial nucleus (VMH), and the lateral hypothalamic area 

(LH) (Timper and Brüning, 2017). Specifically, the ARC and the LH 

are two essential areas of the hypothalamus that play crucial roles in 

the homeostatic regulation 

In the ARC, many hormones released from the gastrointestinal tract 

and adipose tissue assemble to control food intake and energy 

expenditure. Two types of neurons are present in the ARC that 

project to other hypothalamic areas involved in appetite control: 

orexigenic neurons that co-express anabolic peptides such as 

neuropeptide Y (NPY) and agouti-related peptide (AgRP), and 

anorexigenic neurons that co-express the catabolic peptides pro-

opiomelanocortin (POMC) (melanocyte peptide-stimulating 

hormone α-, β-, γ-MSH precursor), and the cocaine and amphetamine 

regulated transcript (CART). The NPY/AgRP positive neurons 

stimulate food intake whereas the POMC/CART positive neurons 

represses feeding (Abdalla, 2017) (Figure 6). 

The LH performs the role of feeding center by triggering motor 

drives for food searching in situations of energy deficit (Rossi et al., 

2019). As previously mentioned, regulation of food intake requires 

the information integration from both homeostatic and hedonic 

mechanisms. In this context, the activity of LH modulates the 

hedonic quality of gustatory stimuli impacting on conditioned taste 

preference and aversion (Ferssiwi et al., 1987; Touzani and Sclafani, 

2002). The LH receives through the parabrachial nucleus (PBN) 
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gustatory sensory information via the nucleus of the solitary tract 

(NTS) that is coupled to the reinforcing qualities of LH perturbation, 

reflecting the importance of the LH role in promoting the 

consumption of palatable foods (Wiepkema, 1971; Tokita et al., 

2014).  

On the other hand, the PVN, VMH and DMN have a crucial role in 

the satiety center (Mishra et al., 2017). Precisely, the VMH receives 

POMC neuronal projections from the ARC that play an important 

role in activating BDNF neurons in the VMH with the goal of 

decreasing food intake. Finally, the PVN also encloses an increased 

level of neuropeptide Y and α-MSH terminals that originate in the 

ARC, and whose destruction may result in hyperphagia and obesity 

(Abdalla, 2017) (Figure 6). 

  



Introduction 

31 

 

Figure 6. Simplified scheme of regulation of energy homeostasis by the 

hypothalamus. ARC, arcuate nucleus; PVN, paraventricular nucleus; VMH, 

ventromedial hypothalamus; LHA, lateral hypothalamic area; AgRP, agoutirelated 

peptide; NPY, neuropeptide Y; CART, cocaine‐amphetamine‐related transcript; 

POMC, proopiomelanocortin; α‐MSH, alpha‐melatonin stimulating hormone; 

BDNF, brain‐derived neurotrophic factor; MCH, melanin‐concentrating hormone; 

CRH, corticotropin‐releasing hormone; DMV, dorsal motor nucleus of the vagus 

(Haliloglu and Bereket, 2015). 

 

3.1.1.3. Peripheral regulation 

Peripheral control of appetite is primarily regulated by peptide 

neurotransmitters and hormones released by the gastrointestinal tract 

and the adipose tissue, which provide information to the CNS about 

the energy status of the body (Mishra et al., 2017). These 
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neurotransmitters are classified as orexigenic and anorexigenic 

substances (summarized in table 1); and their receptors are highly 

expressed in the hypothalamic feeding and satiety centers.  

 

Table 1. Orexigenic and anorexigenic substances release from peripheral organs. 

Adapted from (Mishra et al., 2017). 

 

Energy homeostasis depends on brain reliability to process and 

trigger an adequate response to these peripheral hormonal and 

nutritional chemicals, being the perception of satiety after food intake 

reported by different sensors. Initially, the vagal stretch and tension 

sensors perceive the nutrients stored in the stomach, triggering the 

synthetization of neurotrophic factors that inform about meal-taking. 

Among these neurotrophic factors, the brain-derived neurotrophic 

factor and neurotrophin-3 regulate long-term repercussions on 
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energy balance (Fox et al., 2006). As a consequence, ghrelin 

hormone is quickly repressed once food has been ingested, as it is the 

primarily signal secreted by oxyntic gland cells in the mucosa of the 

empty stomach (Cummings et al., 2001; Cummings, 2006).  The 

hunger or satiety signal induced by the presence or absence of 

ghrelin, respectively, is detected by the ghrelin receptor expressed on 

a subpopulation of vagal afferent innervating neurons in the nodose 

ganglia (Burdyga et al., 2006).  

Chemical signals informing about levels of ingestion are also sent 

from the intestine. Among many others, Cholecystokinin (CCK) 

appears to be the most relevant signal in the upper small intestine in 

food intake control.  This hormone is released from enteroendocrine 

cells acting on a paracrine manner on CCK1 receptors expressed on 

vagal sensory nerve terminals in the mucosal lamina with the 

objective of reducing food intake (Raybould et al., 2006). Moreover, 

CCK is also synthetized within the brain followed by a post-

translational process that generates an 8 amino acid peptide (CCK-8) 

which acts as an anorexigenic neuropeptide reducing food intake 

(Blevins et al., 2000; Blevins and Baskin, 2010). 

The presence of glucose in the lumen may be communicated to the 

brain via a wide variety of cotransporters and receptors expressed in 

the intestine. In addition, pancreatic β-cells are characterized by their 

glucose sensing capabilities, signaling glucose availability to the 

brain by their secretory products insulin and amylin. Insulin 

circulates in the bloodstream in proportion to white fat deposits, 

serving as a sensor of body fat content to the hypothalamus and other 
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brain areas (Kolaczynski et al., 1996). On the other hand, amylin 

plays a major role in decreasing food intake and slowing gastric 

emptying through the activation of receptors expressed in postrema 

area and ascending pathways to the hypothalamus and limbic 

structures (Lutz et al., 2001). 

Finally, leptin is a peptide secreted mainly by the adipose tissue 

having a key role in energy homeostasis. Leptin levels in the 

bloodstream positively correlated with the amount of body fat, being 

its secretion increased after periods of food intake (Friedman, 2004). 

This anorexigenic substance acts directly in the ARC inhibiting NPY 

and AgRP neurons and enhancing POMC/CART neurons to decrease 

food intake and consequently augment signals of energy expenditure 

(Abdalla, 2017). 

Disruptions in sensing of metabolic signals due to the inability to 

detect energy-storage fluctuations have been associated with obesity 

(Caron and Richard, 2017). Multiple investigations have 

demonstrated that obesity causes profound changes to the energy 

balance centers of the hypothalamus which lead to loss of central 

leptin (Volkow et al., 2013) and insulin sensitivity (Williams, 2012). 

Furthermore, recent studies revealed that obesity induces central 

ghrelin resistance in neural circuits involved in behavioral regulation, 

and altered secretion of ghrelin from the stomach (Zigman et al., 

2016). 
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3.1.2. Hedonic regulation of food intake 

As previously commented, the brain integrates information about the 

availability of nutrients ingestion and storage, consequently 

responding with behavioral, autonomic and endocrine outputs. 

However, the decision to eat is not uniquely regulated by internal 

homeostatic signals but also by hedonic signals which contribute 

feeding, such as food palatability and environmental cues (Volkow 

et al., 2013; Kure Liu et al., 2019). In the hedonic regulation, the 

cortical and subcortical limbic areas of the CNS play a crucial role 

triggering a pleasure signal together with learning and memory 

processes to ensure feeding. These communicated areas form an 

essential network constituted of an executive system and a reward 

system that exert a decisional control on food intake (Caron and 

Richard, 2017) 

 

3.1.2.1. The brain executive system and the decision to eat 

The brain executive system interacts with adjacent cortical areas 

which are essential for executive functions, such as voluntary eating. 

The prefrontal cortex (PFC) is a system influenced by adjacent 

somatosensory, gustatory and olfactory cortices that collect sensory 

inputs from the oral cavity and digestive tract, being these sensory 

inputs associated with the organoleptic properties of food. Thus, 

dysfunction of the PFC may contribute to the development of 

craving, compulsive eating, and may confer vulnerability for 

developing food addiction (Goldstein and Volkow, 2011; Caron and 

Richard, 2017). 



Introduction 

36 

 

 

3.1.2.2. The brain reward system and the desire and pleasure 

to eat 

The brain executive system interacts with both adjacent cortical areas 

and with subcortical limbic structures establishing the motivational 

and the pleasure value of food. Palatable food has reinforcing effects 

that are mediated, in part, by abrupt DA increases in the brain reward 

system, mediating the pleasure sensation of eating (Volkow et al., 

2011a). 

The ventral tegmental area (VTA) and the nucleus accumbens 

(NAc) are two interconnected components of the limbic circuit that 

have a crucial role in the brain reward system. Experiments in 

animals have demonstrated that, upon a first exposure to a palatable 

food, the firing activity of DA neurons in the VTA increases with a 

consequently augment in DA release in the NAc (Norgren et al., 

2006). Furthermore, existing evidence suggest that peripheral signals 

that modulate food intake exert their effects in part by hypothalamic 

signaling to VTA, and also by their direct actions on the the VTA DA 

meso-accumbens and meso-limbic pathways. When exposed to food 

stimuli, orexigenic hormones induce an increased activity of VTA 

DA cells and trigger dopamine release in the NAc (Opland et al., 

2010). Moreover, neurons present in the VTA and NAc express 

peptides and hormonal peripheral receptors, such as glucagon-like 

peptide 1, ghrelin, leptin, insulin, orexin and melanocortin receptors 

(Volkow et al., 2013). Thus, several hormones and neuropeptides 

involved in energy homeostasis directly modulate the DA reward 
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system, indicating an important cross-talk between the homeostatic 

and hedonic systems. 

In the reward system, the NAc DA signaling integrates the incentive 

salience of food-related stimuli (“wanting”) and the hedonic 

sensation (“liking”) aspects of the rewarding process associated with 

food intake. Remarkably, the implicated circuits in food wanting and 

liking are identical as those implicated in drug intake (Nora D. 

Volkow et al., 2017). The modulation of endogenous signaling 

systems is suggested to be associated with “liking” responses, while 

the DA pathway from the VTA to NAc is linked with “wanting” or 

the motivation towards the pleasure of food consumption (Caron and 

Richard, 2017). This distinction in “liking” and “wanting” concepts 

emerged mainly from previous research on drug addiction, where 

stimuli that are often no longer “liked” are still intensely “wanted” 

(Berridge, 1996; Robinson and Berridge, 2003), being this 

conceptual differentiation helpful to better understand the 

neurobiological disorder of food addiction.  

In the context of food intake, “liking” a food is typically followed by 

“wanting” it and consequently ingesting it without adverse effects. 

However, highly palatable foods may magnify the natural rewarding 

effects generated during food intake, leading to abnormal food and 

energy consumption even during periods of energy abundance (Kure 

Liu et al., 2019). Indeed, “liking” and “wanting” seem to possess 

distinct roles in promoting food overconsumption. In “liking” 

processes, some individuals experience an overstated hedonic 

response to palatable foods, consequently enjoying more the food and 
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consuming beyond homeostatic needs. By contrast, “wanting” 

processes may enhance the vulnerability to compulsive overeating 

through augmented reactivity towards cues signaling craved foods' 

availability, causing damage in self-control. Therefore, “liking” 

seems to play an important role in establishing the motivational 

properties of food. However, once these properties are retained, the 

up-regulation of “wanting” promotes overconsumption in an 

obesogenic environment, leading to insensitivity of homeostatic 

signals and over-reactivity to external cues linked to the craved food 

(Hopkins and Blundell, 2016). 

Therefore, the NAc receives complex inputs and outputs from 

multiple brain regions, such as the VTA, the PFC, and the 

hypothalamus having a crucial role in the desire and pleasure to eat. 

This critical brain node integrates information from the PFC and 

gustatory circuits and signals emerging from peripheral regions. 

Furthermore, the NAc sends reward-related information to the lateral 

hypothalamus and receives learning-related inputs from the 

hippocampus and amygdala, being the NAc a crucial key modulator 

of the mesocorticolimbic dopaminergic pathway (Figure 7). 
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Figure 7. Schematic representation of the interconnected systems affecting food 

intake. It includes food-responsive peptides and hormones, energy homeostatic 

structures in the hypothalamus, the core of the dopamine (DA) rewarding system 

in the nucleus accumbens and ventral tegmental area, and various cortical areas in 

charge of processing affect, motor, and cognitive information. NTS, solitary 

nucleus tract; ARC, arcuate nucleus; DMH, dorsomedial nucleus; VMH, 

ventromedial nucleus; LH, lateral hypothalamic area; NAc, nucleus accumbens; 

PFC, prefrontal cortex; VTA, ventral tegmental area; HIP, hippocampus; BLA, 

basolateral amygdala; GIT, gastrointestinal tract. Adapted from (Volkow et al., 

2013; Caron and Richard, 2017). 

 

3.2. The brain’s reward circuitry 

Food, water, and sex are essential needs that trigger a natural 

rewarding effect due to their action in the brain reward system. The 
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mesolimbic and mesocortical pathways within this system comprise 

dopaminergic neurons projecting from the VTA to limbic and 

cortical areas, respectively (Koob and Le Moal, 2008). 

Notwithstanding, these principal pathways are strongly overlapped 

and are collectively referred to as the mesocorticolimbic system 

(Wise, 2005). 

The mesocorticolimbic circuit regulates perception and evaluation of 

rewarding and aversive stimuli in the environment. When exposed to 

positive reinforcement, the release of DA from the VTA to the NAc 

promotes the pleasure feeling, triggering the activation of other brain 

areas, such as the amygdala and the hippocampus, involved in 

emotional states and reward-related memories. In return, DA release 

in the NAc promotes a goal-directed behavior for reward acquisition 

mediated by frontal cortical areas, regions involved in executive 

function control (Koob and Volkow, 2016; Moore et al., 2017). On 

the other hand, aversive stimuli may also modulate the 

mesocorticolimbic circuit by decreasing DA concentration at 

synaptic levels, contributing to negative reinforcement induced by 

aversive emotional states (Koob, 2017). Thus, the fluctuation of DA 

levels coming from the VTA may critically contribute to the 

motivational or silencing encoding of a given stimulus, in addition to 

the complex interconnected network of related brain areas that 

involve glutamatergic, GABAergic, cholinergic, and dopaminergic 

transmission (Bromberg-Martin et al., 2010) (Figure 8). 
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Figure 8. The mesocorticolimbic circuitry. A simplified schematic diagram of the 

mesocorticolimbic circuitry in rodent brain highlighting the major dopaminergic, 

glutamatergic and GABAergic connection to and from the ventral tegmental area 

(VTA) and nucleus accumbens (NAc). Amy, amygdala; Hipp, hippocampus; LH, 

lateral hypothalamus; mPFC, medial prefrontal cortex; LHb, lateral habernula; 

LDTg, lateral dorsal tegmentum; RMTg, rostromedial tegmentum. Adapted from 

(Russo and Nestler, 2013). 

 

3.2.1. Ventral tegmental area 

The VTA is a heterogeneous brain area constituted of dopaminergic 

projecting neurons (~60%), GABAergic interneurons, and 

GABAergic projecting neurons (~30-35%). Moreover, a smaller 

proportion of glutamatergic neurons (~2-3%) have been found in the 

VTA (Margolis et al., 2012; Morales and Margolis, 2017). Although 

the majority of VTA neurons exclusively release DA, GABA, or 

glutamate, some specific VTA neurons co-release different 

combinations of neurotransmitters, such as DA and glutamate (TH-

VGLUT2), dopamine, and GABA (TH-VGAT), or glutamate and 

GABA (VGLUT-VGAT). Moreover, peptides and 

neurotransmitters, such as CCK and BDNF,  may also be released by 

particular VTA neurons (Seroogy et al., 1988, 1994). These findings 
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highlight the complexity of VTA cytoarchitecture and local 

connectivity that are still poorly known. 

In an overall view, the VTA has two principal DA output pathways 

to coordinate reward-seeking behavior, one projecting to the NAc 

(mesolimbic pathway) and the other projecting to the PFC 

(mesocortical) and additional areas, including the amygdala and 

hippocampus (Figure 9). Most studies have focused on both 

pathways since the stimulation of VTA neurons projecting to the 

NAc, PFC, and other areas may be critical in motivation, emotion, 

and cognitive control of palatable food. 

Reinforcement is caused by the stimulation of the mesolimbic 

pathway that leads to an increase of DA release in the NAc, which is 

associated with the intensity of pleasure sensation (Volkow et al., 

2011a; Oleson and Cheer, 2012). Moreover, it is known that 

reinforcement is modulated by GABAergic projections from VTA to 

NAc and lateral habenula (Stamatakis et al., 2013). Previous studies 

have revealed that the activation of VTA DA neurons diminishes 

GABA release in the NAc, consequently leading to an increased 

motivational drive (Berrios et al., 2016). By contrast, optogenetic 

studies demonstrated that the selective activation of VTA 

glutamatergic neurons projecting to the NAc triggered a GABA 

release onto medium spiny neurons of the NAc that promoted 

aversion (Qi et al., 2016). Thus, it is evident that the different VTA 

neurons projecting to the NAc critically regulate DA neuron function 

inducing reinforcement or aversion. 
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The activation of the mesocortical pathway is critical for cognitive 

control, motivation, and emotional response regulation (Nora D. 

Volkow et al., 2017). Previous studies demonstrated the importance 

of the mesocortical pathway in cognitive control by the inhibition of 

VTA DA neurons projecting to the mPFC. This DA elimination 

resulted in a loss of cortical inhibition mediated by mesocortical DA 

and glutamate-releasing neurons (Kabanova et al., 2015). However, 

other brain areas also receive DA projections from the VTA, 

including the amygdala and hippocampus, where aversive states and 

contextual relations of drug-related cues are processed, respectively 

(George F Koob and Volkow, 2010). 

Finally, the VTA also receives excitatory inputs from diverse brain 

regions, including glutamatergic projections from the laterodorsal 

tegmental nucleus, the lateral habenula, and the PFC. Projections 

coming from the laterodorsal tegmental nucleus preferentially 

synapse on DA VTA neurons projecting to the NAc, consequently 

leading to reward activation. By contrast, enhancing glutamatergic 

lateral habenula neurons that innervate DA VTA neurons projecting 

to PFC produces aversion (Lammel et al., 2012). Furthermore, 

GABAergic inhibitory inputs from the rostromedial tegmental 

nucleus are sent to the VTA inducing a repressive control over DA 

VTA neurons projecting to the NAc (Cooper et al., 2017). However, 

the VTA receives projections from other brain regions, such as the 

NAc, amygdala, ventral pallidum, and lateral hypothalamus. Thus, 

the explained afferent and efferent projections to the VTA form a 

complex local microcircuit inside the mesocorticolimbic system. 
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Figure 9. Schematic representation of the complex VTA microcircuitry showing 

the main outputs and inputs of this area. PFC, prefrontal cortex; HIP, hippocampus; 

LHb, lateral habenula; LDTg, laterodorsal tegmental nucleus; RMTg, rostromedial 

tegmental nucleus; VTA, ventral tegmental area; AMG, amygdala; NAc, nucleus 

accumbens. Adapted from (Cooper et al., 2017). 

 

3.2.2. Nucleus accumbens 

The striatum is a central connectivity hub situated in the forebrain 

with a particular role in processing motivation, affection, cognition, 

and sensorimotor information. It arises from diverse systems to exert 

a behavioral action output. However, the striatum is divided into the 

dorsal striatum and the ventral striatum according to 

morphological and functional differences. These subregions are 

highly heterogenous regions differentiated primarily by the diverse 

range of neuron types and neuromodulators (Gerfen et al., 1987; 

Brimblecombe and Cragg, 2017). 

Concretely, the ventral striatum consists of the nucleus accumbens 

and the olfactory tubercle. The NAc is the major component of the 

ventral striatum, being a crucial hub of communication-processing 

involved in motivation and reward-related behaviors (Hyman et al., 
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2006; Volkow et al., 2011a; Nora D. Volkow et al., 2017). This key 

node targets natural rewards and drug reinforcing effects by 

stimulating DA transmission across functional connections between 

limbic system structures, such as the amygdala, hippocampus, and 

basal ganglia (Mogenson et al., 1980; Di Chiara and Imperato, 1988; 

Volkow et al., 2011b). The NAc is divided into two functional 

subregions known as the core (central part) and the shell (surrounding 

medially, ventrally and laterally the core) with different anatomical 

connectivity and presumed behavioral roles (Figure 10). The core is 

assumed to integrate learning reward-cue associations, responses to 

motivational stimuli, impulsive choices, and initiation of motor 

actions. On the other hand, the shell is involved in reward prediction, 

affective processing, and drug relapse (Di Chiara, 2002; Nora D. 

Volkow et al., 2017). 

 

Figure 10. Schematic diagram of the inputs and outputs of the core and shell of the 

nucleus accumbens. Dopaminergic, serotonergic, and noradrenergic inputs have 

been omitted from the drawing. ML/IL, midline and intralaminar thalamic nuclei; 

mPFC, medial prefrontal cortex; PV, paraventricular thalamic nucleus; VTA, 

ventral tegmental area (Basar et al., 2010). 

 



Introduction 

46 

 

 

Figure 11. Basic structural anatomy of the striatum. A. Ring charts showing 

relative expression (%, gray text) of cell types (outer ring) or patch/matrix (inner 

ring). Cell types labeled with known and exclusive markers for each population. B. 

Intra-striatal connectivity schematic showing preferential connections between cell 

types. Arrows signify projection target, circled arrows signify synapses onto other 

neurons of the same type. Cell populations: purple, direct pathway; green, indirect 

pathway; blue, fast-spiking interneuron; orange, low-threshold spiking 

interneurons; red, tonically active interneurons. Arrow thickness: thin, low 

connectivity; medium, moderate connectivity; thick, strong connectivity. (C, 

bottom, left) Schematic of rodent striatum, dividing dorsal, core, and shell into 

separable subregions (lateral and medial divided by dashed line). Matrix (brown) 

and patch (yellow) shaped and distributed to show relative expression in each 

subregion. (right) Table showing relative distribution of different cell types within 

each region of the striatum. Direct pathway neurons, purple; indirect pathway 

neurons, green; tonically active interneurons, red; fast-spiking interneurons, blue; 

low-threshold spiking interneurons, orange. +, low relative expression; ++, average 

relative expression; +++ high relative expression (Castro and Bruchas, 2019). 

 



Introduction 

47 

 

The principal population of neurons in the NAc is GABAergic 

medium spiny neurons (MSNs) (~95%), whereas the remaining 

neuron population (~5%) consists of GABAergic and cholinergic 

interneurons. MSNs are extensively subdivided into two subtypes 

based on their output projecting areas, neurochemical content, and 

receptor markers. MSNs of the “direct pathway” express DA receptor 

type-1, dynorphin,and substance P, whereas MSNs of the “indirect 

pathway” express DA receptor type-2, adenosine 2A receptors, and 

enkephalin (Castro and Bruchas, 2019) (Figure 11). 

In the “direct pathway”, MSNs extend their axonal projections to 

the internal part of the globus pallidus (GPi), and the substantia nigra 

pars reticulata (SNpr), inducing the inhibition of GABAergic neurons 

in both areas. As a consequence of SNpr inhibition, thalamic 

glutamatergic neurons projecting to the cortex that receive SNpr 

input are disinhibited, promoting movement. By contrast, MSNs of 

the “indirect pathway” indirectly innervate the SNpr via the outer 

part of the globus pallidus (GPe) and the subthalamic nucleus (STN). 

The inhibition of GABAergic projections to the STN from GPe leads 

to glutamatergic projections disinhibition from STN to the SNpr/GPi 

output nuclei. Ultimately, the activation of GABAergic neurons in 

the SNpr and GPi represses the thalamus, consequently reducing 

movement (Kreitzer and Malenka, 2008; Gerfen and Surmeier, 

2011). This is the traditional model widely studied in the dorsal and 

ventral striatum (Figure 12). However, recent studies have proposed 

a newer model in which the direct and indirect pathways are 

functionally and structurally interlaced by intrastriatal connections 

(Calabresi et al., 2014). 
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Figure 12. Schematic representation of the traditional view for direct and indirect 

pathways in the dorsal striatum and ventral striatum. GPe and GPi, external and 

internal globus pallidus; VP, ventral pallidum; SNpr, substantia nigra pars 

reticulata; STN, subthalamic nucleus; D1 and D2 dopaminergic receptors. 

Excitatory glutamatergic projections in green and inhibitory GABAergic responses 

in red. Adapted from (Gerfen and Surmeier, 2011; Mannella et al., 2013).  

 

Accordingly, optogenetic and tracing tools studies have 

demonstrated that a significant proportion of “direct pathway” MSNs 

also project to the ventral pallidum (VP), whereas some “indirect 

pathway” MSNs directly innervate the thalamus. These recent 
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findings reconstruct the classical model highlighting the VP as an 

essential target in reward circuitry. Classical “direct pathway” MSNs 

expressing DA receptor type-1 may be involved in a novel indirect 

pathway that innervates the VP. On the other hand, classical “indirect 

pathway” MSNs expressing DA receptor type-2 may contribute in 

the direct pathway regulation (Kupchik et al., 2015; Kupchik and 

Kalivas, 2017; Klawonn and Malenka, 2018) (Figure 13). 

Figure 13. Schematic diagram of NAc D1 and D2 MSN anatomical connectivity 

emphasizing the differences between the classic conceptualization of indirect and 

direct pathways and the novel view. D1 MSNs are marked in orange whereas D2 

MSNs are represented in green. NAc, nucleus accumbens; VP, ventral pallidum; 

SNr, substantia nigra pars reticulata; VTA, ventral tegmental area; D1 and D2 

dopaminergic receptors. Adapted from (Kupchik et al., 2015; Klawonn and 

Malenka, 2018).  
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The major efferent projections of the NAc innerve the VP and other 

brain areas, such as substantia nigra, VTA, hypothalamus, and 

brainstem. Recent studies have revealed the presence of two distinct 

DA NAc-VP circuits based on the NAc topography. From one side, 

DA NAc core projections innervate primarily the dorsolateral portion 

of the VP, which projects to the subthalamic nucleus and SNpr. From 

the other side, DA NAc projections from the shell mainly extend their 

axons to the ventromedial VP division, which contains a reciprocal 

connection with the PFC and the VTA (Salgado and Kaplitt, 2015) 

(Figure 14). Thus, recent studies on addictive-like behaviors have 

paid particular attention to the connection between the NAc and the 

VP. Function restoration of DA receptor type-1 NAc-VP synapses 

removed cocaine locomotor sensitization, whereas function recovery 

of DA receptor type-2 NAc-VP synapses corrected cocaine 

withdrawal-induced anhedonia (Creed et al., 2016). These evidences 

suggest that VP projections from NAc MSNs DA receptor type-1 and 

NAc MSNs DA receptor type-2 regulate various behavioral features 

associated with cocaine addiction. Moreover, the VP is also involved 

in eating behaviors as the activation and inhibition of GABA 

receptors of the VP repressed and increased food intake, respectively 

(Shimura et al., 2006; Taha et al., 2009; Covelo et al., 2014). 
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Figure 14. Distinct dopaminergic nucleus accumbens-ventral pallidum circuits 

based on NAc topography. Only major projections are shown. COLOR indicates 

inhibitory structures and pathways, whereas COLOR indicates excitatory 

connections. MD Thal, mediodorsal thalamic nucleus; NAc, nucleus accumbens; 

PFC, prefrontal cortex; SNr, substancia nigra pars reticulata; STN, subthalamic 

nucleus; VP dl/vm, ventral pallidum, dorsolateral, and ventromedial; VTA, ventral 

tegmental area. Adapted from (Sesack and Grace, 2010). 

 

Finally, anatomical and functional evidence suggests that NAc 

projections to the VTA may also mediate feeding behavior, the 

strongest response effect produced by NAc inactivation observed in 

the NAc shell (Reynolds and Berridge, 2001). The VTA receives 

NAc shell projections that create long-loop feedback that controls 

DA neuron's activity in a bidirectional sense (Carr and Sesack, 2000; 

Yang et al., 2018). Previous investigations have revealed that NAc 

neurons synapse onto both DA VTA and GABA VTA neurons, 

forming a direct and indirect feedback loop. In the direct loop, MSNs 

of the medial part of the NAc directly suppress the activation of DA 

VTA neurons, leading to a repressed behavioral output. By contrast, 

in the indirect loop, MSNs of the lateral part of the NAc shell 

synapse with GABAergic VTA neurons inducing the disinhibition of 

DA VTA neurons that project back to the lateral part of the NAc shell 
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(Figure 15). The activation of the indirect pathway triggers an 

increasing activity in DA VTA neurons that enhance reward-related 

outbreaks (Yang et al., 2018). Additionally, other brain areas from 

cortical and subcortical structures, such as the PFC, amygdala, 

hippocampus, and thalamus, send information to MSNs of the NAc 

and VTA that consequently project to essential cellular targets in the 

NAc subregions (Sesack and Grace, 2010). Altogether, these 

evidences suggest that the NAc is a crucial circuitry hub that 

translates motivation into action. However, further studies are needed 

to understand the specific neurobiological signatures underlying this 

addictive-like behavior. 

Figure 15. Simplified diagram of the feedback connectivity between NAc and 

VTA. (1). The direct feedback loop in which medial shell NAc D1 MSNs synapse 

on medial VTA DA neurons that project back to the medial NAc suppressing 

behavioral output. (2) The indirect feedback loop in which lateral shell NAc 

D1MSNs synapse on VTA GABAergic neurons, which exert inhibitory influence 

over NAc lateral-projecting DA neurons. These neurons project back to the lateral 

NAc, promoting reward-related behaviors. NAc, nucleus accumbens; VTA, ventral 

tegmental area. Based on (Yang et al., 2018).  
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3.2.3. Prefrontal cortex 

The PFC is a brain area involved in several executive functions, 

including the regulation of cognitive, emotional, and motivational 

processes. These functions are associated with control behavior such 

as response inhibition, planning, attention, and decision-making 

(Miller and Cohen, 2001). Dysregulation of these functions has been 

associated with a loss of self-behavioral control driving compulsive 

food intake, drug use, and addiction (Goldstein and Volkow, 2011). 

The two major prefrontal regions implicated in the regulation of DA 

system function are the medial prefrontal cortex (mPFC) and the 

orbitofrontal cortex (OFC), regions that carry out independent but 

complementary forms of cognitive processing (George F Koob and 

Volkow, 2010).  

The cytoarchitecture of the mPFC consists principally of excitatory 

glutamatergic pyramidal projecting neurons (~80%), and 

GABAergic inhibitory interneurons (~20%) (Pistillo et al., 2015). 

Similar to other cortical areas, the mPFC presents a laminar (L) 

organization that establisheses intracortical circuits between the 

superficial layers' excitatory pyramidal neurons (L2/3) and other 

pyramidal and GABAergic neurons. These excitatory projections 

from deeper layers (L5/6) also innervate subcortical areas, including 

the VTA and NAc. Moreover, deep pyramidal neurons located in L5 

and 6 receive projections from DA VTA neurons, while pyramidal 

neurons in L2, 3, and 5 receive inputs from other cortical regions, the 

thalamus, basolateral amygdala (BLA), and hippocampus. Thus, the 

communication between the VTA and PFC that forms part of the 

mesocortical circuit evaluates the salience motivational significances 
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associated with context and stimuli, such as drug and food associated 

context (Douglas and Martin, 2004)  (Figure 16). 

 

 

Figure 16. Simplified diagram of the connectivity in the rodent mPFC. The 

pyramidal neurons in superficial layers (L2/3) are mainly cortico-cortical neurons. 

The pyramidal neurons in deep layers (L5/6) are cortico-subcortical neurons 

mainly projecting to VTA and NAc. Pyramidal neurons in L5 and 6 receive 

projections from DA VTA neurons while pyramidal neurons in L2, 3 and 5 receive 

functional inputs from other cortical areas, thalamus, BLA and hippocampus. NAc, 

Nucleus accumbens; VTA, ventral tegmental area; BLA, basolateral amygdala; FS, 

fast-spiking; NFS, non-fast spiking (Pistillo et al., 2015). 

 

Within the rodent mPFC, several areas are defined along a dorsal to 

the ventral axis that seems to play distinct functional roles. These 

subregions are the medial precentral, anterior cingulate, prelimbic 

(PL), and infralimbic (IL) cortex. They are usually grouped in a 

dorsal component (dmPFC), including the anterior cingulate cortex 
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and PL, and in a ventral component (vmPFC) encompassing the IL 

and ventral orbital cortex (Heidbreder and Groenewegen, 2003). 

Indeed, all these regions forming the dmPFC and vmPFC have been 

widely related to addictive processes. Previous studies have revealed 

that the anterior cingulate is mainly engaged in attentional selectivity, 

discrimination learning, and impulsive actions (Perry et al., 2015). 

Moreover, drug addiction investigations reported that PL and IL 

areas have dissociable roles in cocaine-seeking behavior, suggesting 

that cocaine-seeking was promoted and repressed by the PL and IL, 

respectively (Moorman et al., 2015). Thus, the canonical functional 

dichotomy between PL and IL postulates that PL promotes natural 

reward and drug-seeking, whereas the IL suppresses it. Several 

studies support this model as it has been demonstrated that the 

pharmacological inactivation of PL effectually blocks drug-priming 

and cue-induced reinstatement of cocaine-seeking (McFarland and 

Kalivas, 2001). Additionally, the optogenetic inhibition of PL 

neurons attenuated cocaine reinstatement and decreased induced 

relapse of food-seeking (Calu et al., 2013; Stefanik et al., 2013). 

Further studies have also focused on understanding IL's involvement 

in addictive-like behaviors. For instance, experiments in trained 

rodents to self-administer cocaine revealed that the inhibition of IL 

enhanced lever pressing in the late extinction of cocaine self-

administration (Peters et al., 2008a). By contrast, the activation of IL 

using glutamate agonists repressed cocaine-induced reinstatement 

(Peters et al., 2008b). 
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However, the established PL and IL behavioral roles model 

represents an overly simplistic framework as opposite PL and IL 

effects were observed with different substances and behavioral 

environments. Studies using GABA receptor agonists that induced 

PL inactivation demonstrated a decreased ability of a footshock-

associated conditioned stimulus to diminish cocaine responding 

(Limpens et al., 2015). Moreover, prolonged cocaine self-

administration with punishment-conditioning in rats reduced the 

excitability of PL pyramidal neurons. On the other hand, 

photostimulation of PL pyramidal neurons decreased cocaine 

compulsive behavior (Chen et al., 2013). Finally, studies of food 

addiction revealed that the inhibition of IL reduced food pellet 

seeking without affecting the expression of extinction (Sangha et al., 

2014). 

These conflicting and contradictory findings have been partially 

clarified with essential clues obtained from human investigations. 

Although the homology between human and rodent PFC is still not 

completely understood, the mPFC is relatively comparable across 

species due to the similarities in functions and connections (Jasinska 

et al., 2015). From a translational perspective, the human dorsolateral 

PFC (dlPFC) is parallel to the rodent PL area and the vmPFC is 

equivalent to the rodent IL area (Koob and Volkow, 2016) (Figure 

17). 
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Figure 17. Correspondence between rat and human medial frontal regions. ACC, 

anterior cingulate cortex; PL, prelimbic cortex; IL, infralimbic cortex; dlPFC, 

dorsolateral prefrontal cortex; vlPFC, ventrolateral prefrontal cortex; vmPFC, 

ventromedial prefrontal cortex. Adapted from (Koob and Volkow, 2016). 

 

Neuroimaging studies in humans demonstrated that dlPFC activity 

increased in response to specific cocaine-related cues being this key 

brain area linked to risks of drug relapse (Wexler et al., 2001; Marhe 

et al., 2013). Moreover, cocaine users showed a decreased activation 

of the dlPFC when responding to inhibition tasks (Crunelle et al., 

2012). Remarkably, all this evidence were reflected in animal models 

of cocaine addiction that showed learned associations between drug 

cues, drug-seeking, and punishment conditioning, establishing an 

essential determining role of the PL in the expression of conditioned 

fear-related behaviors (Burgos-Robles et al., 2009). Thus, the 

aggravation of cocaine-seeking by an altered dorsal mPFC could be 

explained by governance of inhibitory control processes over the 

dorsal mPFC circuitry, suggesting that the PL has a crucial role in 



Introduction 

58 

 

associative learning, both associating the environmental cue or the 

reward associated punishment (Jasinska et al., 2015).  

Altogether, the mPFC and rest of the frontal areas have a complex 

role involved in reward-seeking, associative learning, and inhibitory 

control. Other brain areas such as the basal ganglia and extended 

amygdala are regulated by frontal regions, which send top-down 

glutamatergic projections to the VTA, NAc, dorsal striatum, 

hippocampus, and amygdala (Parsons and Hurd, 2015). Specific “Go 

circuits” and “stop circuits” have been identified based on whether 

their recruitment facilitates or hinders the transition to addictive 

behavior (Bock et al., 2013; Picciotto and Kenny, 2013). Neurons in 

the orbitofrontal cortex that directly link to the NAc and the medial 

wall of the dorsal striatum are activated by the “Go circuit” (Pascoli 

et al., 2018; Hu et al., 2019). On the other hand, excitatory synaptic 

transmission in PL mPFC neurons that project to the NAc are 

stimulated by the “Stop circuit”, which inhibits compulsive-like 

behavior (Hu et al., 2019; Domingo-Rodriguez et al., 2020). Thus, 

“Go circuit” and “Stop circuit” are crucial in controlling reward 

sensitivity. An alteration in the regulation of both circuits may lead 

to the transition to addiction and compulsive-like behaviors (Figure 

18). 
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Figure 18. Schematic representation of mouse brain areas involved in reward 

sensitivity, conditioning, emotional processing, and inhibitory control circuits. The 

loss of control or compulsivity seems to result from an imbalance between the 

“Stop” and “Go” top-down cortical circuits with a hypofunction of the PL-ventral 

striatum network and hyperactivity of the OFC-dorsal striatum networks. VTA, 

ventral tegmental area; NAc, nucleus accumbens; DS, dorsal striatum; AMY, 

amygdala; BNST, bed nucleus of the stria terminalis; HIP, hippocampus; dlPFC, 

dorsolateral prefrontal cortex; vmPFC, ventromedial prefrontal cortex; OFC, 

orbitofrontal cortex; PL, prelimbic; IL, infralimbic. Adapted from (R. Maldonado 

et al., 2021). 

 

3.3. Modulation of the reward circuitry 

The circuitry of the brain reward system is modulated by 

dopaminergic and endocannabinoid signaling and by the opioid 

system, among others. These three main endogenous signaling 

systems interact to integrate the hedonic values of natural, 

pleasurable stimuli. 

The rewarding properties of a natural compound, such as food, are 

divided into hedonic components (pleasure and palatability) and 

incentive motivation (appetite) that are regulated and measured 

independently. Essential neurotransmitters process and integrate 

these functional components. Opioid and GABA/benzodiazepine 
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systems regulate the hedonic factors related to food, whereas, the 

dopaminergic system controls incentive motivation. Remarkably, the 

endocannabinoid system seems to influence both the motivation to 

feed and the hedonic values of foods, probably by modifying 

palatability (Berridge, 1996; Jager and Witkamp, 2014). 

 

3.3.1. Opioid signaling 

The endogenous opioid system is composed of endogenous opioids 

such as endorphins, enkephalins, and dynorphins that activate opioid 

receptors. This system assigns hedonic values to rewards, and 

integrating reward-related information to guide decision-making and 

goal-directed behavior execution (Volkow et al., 2019). Several 

studies have focused on understanding the relationship between 

opioid receptors and the hedonic properties of food. 

The activation of the µ-opioid receptor (MOR) either by injection of 

morphine in the mesolimbic reward system or by receptor stimulation 

in the NAc leads to a pleasure increase in food which promotes 

feeding (Bozarth and Wise, 1983; Peciña and Berridge, 2005). 

Moreover, opioid agonists increase food intake and hedonic reactions 

to food, whereas MOR antagonists and inverse agonists reduce food 

consumption and hedonic responses (Glass et al., 1999; Yeomans 

and Gray, 2002; Giuliano et al., 2012; Nathan et al., 2012). This 

evidence is supported by imaging studies in humans that demonstrate 

that food intake leads to endogenous opioids release in the brain 

reward circuitry, which possibly contributes to obesity (Burghardt et 

al., 2015; Tuulari et al., 2017). In addition, neurological mechanisms 
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have been suggested to support overeating and compulsive food 

intake. For instance, the repeated overstimulation of MOR after 

prolonged consumption of high palatable food may result in a long-

term downregulation of MOR and the subsequent requirement of 

more significant amounts of food to produce the equivalent hedonic 

effect (Davis et al., 2009).  

 

3.3.2. Dopaminergic signaling 

DA is a neurotransmitter with crucial influences on behavioral and 

neuronal circuits. In addition, DA signaling plays an essential role in 

multiple CNS functions, such as voluntary movement, feeding, 

affect, decision making, attention, learning, working memory, and 

reward. Thus, given the breadth of DA vital tasks, it is not surprising 

that multiple human disorders have been linked to dopaminergic 

dysfunctions, including Parkinson’s disease, Tourette’s syndrome, 

schizophrenia, obsessive-compulsive disorder, and addiction (Tritsch 

and Sabatini, 2012). 

 

3.3.2.1. Dopaminergic neurons 

DA neurons are located in the mammalian CNS and in several 

peripheral tissues. The major dopaminergic networks identified 

within the brain are the nigrostriatal, mesolimbic and mesocortical, 

and tuberoinfundibular pathways. The nigrostriatal pathway is 

conferred by DA neurons projecting from substantia nigra pars 

compacta to the dorsal striatum, mainly involved in movement 
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control and habits. The mesolimbic and mesocortical pathways are 

formed by DA neurons projecting from the VTA to NAc and PFC, 

respectively. These DA neurons are involved in the reward system 

modulating reinforcement, reward-related learning, and motivation. 

Finally, the tuberoinfundibular pathway is constituted of DA 

neurons that arise in the arcuate nucleus and end in the median 

eminence of the hypothalamus. This pathway is involved in the 

release and synthesis of pituitary neurons, primarily prolactin 

(Beaulieu and Gainetdinov, 2011; Baik, 2013) (Figure 19). 

 

 

Figure 19. Dopaminergic pathways in the human brain. Major four dopaminergic 

pathways are presented: the nigrostriatal pathway, mesolimbic pathway, 

mesocortical pathway, and tuberoinfundibular pathway. VTA, ventral tegmental 

area; SN, substantia nigra; NAc, nucleus accumbens. 

 

DA neurons are observed in two different activity states the active 

(firing states) state or the silent (non-firing) state. When DA neurons 
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are firing, they can fire in a stable irregular tonic mode (low 

frequency, 1-8 Hz) or a transitory (500 msec) phasic mode (high 

frequency, >15 Hz) with bursts of the action potential. The 

spontaneously firing activity at low frequencies suggests that each 

neuron provides a basal DA tone to several target neurons. Exposure 

to salient (reinforcing, novel, unexpected or aversive) stimuli induces 

changes in firing activity from low frequencies to burst phasic firing 

at high frequencies associated with reinforcement learning (Nora D 

Volkow et al., 2017). Firing in the tonic mode is generated by 

intrinsic pace-maker membrane properties of DA neurons and results 

in DA release (in the range of nM) from extrasynaptic release sites. 

These low DA concentrations are sufficient to activate high-affinity 

DA receptors, which determine arousal of motivation (Ford, 2014). 

On the other hand, phasic spiking is dependent on glutamate receptor 

activation and voltage-gated ionic channels and results in an 

augmented extracellular DA release (in the range of µM) in the 

synaptic cleft, which stimulates the low-affinity postsynaptic DA 

receptors that lead to behaviorally salient stimuli (Dreyer et al., 

2010). Subsequently, DA is rapidly removed from the synapse by the 

DA transporter (DAT) that ends the signal.   

 

3.3.2.2. Dopamine receptors 

DA mediates its physiological activity by interacting with DA 

receptors that belong to the extensive family of G protein-coupled 

receptors (GPCRs). This class of receptors  is characterized by seven 

hydrophobic transmembrane sections and a vital third 
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intracytoplasmic loop that interacts with a high amount of G-proteins 

types and effector molecules (Missale et al., 1998; Beaulieu and 

Gainetdinov, 2011). Based on their structural, pharmacological, and 

signaling properties, these DA receptors are commonly subdivided 

into the D1-like DA receptors subfamily, which comprises D1 and 

D5 receptors, and the D2-like DA receptors subfamily which 

involves D2, D3, and D4 receptors (Jaber et al., 1996). Common 

structural characteristics are shared with the individual receptors 

within the same subfamily. However, different sequence variations 

are detected between them, playing a unique role in determining their 

specific affinity for ligands and coupling to transduction pathways. 

The affinity of D2-like receptors is generally reported to be 10- to 

100- fold higher than D1-like receptors, with D3 and D4 receptors 

exhibiting the highest sensitivity for DA and D1 receptors the 

shortest. Nevertheless, D1 and D2 receptors can be found in both high 

and low-affinity states, having analogous nanomolar affinities for 

DA in their affinity states (Beaulieu and Gainetdinov, 2011) (Table 

2). 

Regarding the distribution of DA receptors, these receptors are highly 

expressed in the CNS and periphery. D1 and D2 receptors are the most 

abundant receptor subtypes expressed in the brain, with D1R being 

the most expressed and widely distributed. Both receptors are most 

prominently found in areas where DA fibers innervate, such as the 

dorsal striatum, NAc, olfactory tubercle, and cortex, among other 

structures. Inside the cell, D1 and D2 receptors are localized in the 

presynaptic sites of nerve terminals and axonal varicosities; and the 
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postsynaptic sites of dendritic shafts and spines (Tritsch and Sabatini, 

2012).    

The genetic differences between D1- and D2-like receptors concern 

the absence and presence of introns in their coding sequence, 

respectively. Whereas the D1-like subfamily genes do not contain 

introns, the genes that encode for the D2-like subfamily comprise 

several introns. The D2R gene (DRD2) contains exons that generate 

two splicing variants termed D2S and D2L. These two alternatively 

spliced isoforms differ in the presence of an additional 29 amino 

acids in the third intracellular loop (Khan et al., 1998). Moreover, 

expression levels are different between these two variants of the D2R, 

with the D2L mRNA being highly expressed compared to the shorter 

variant (Usiello et al., 2000). Additionally, D2S is mainly expressed 

presynaptically, playing a role in autoreceptor functions, whereas 

D2L seems to be predominant postsynaptically (Beaulieu and 

Gainetdinov, 2011) (Table 2). 

 

Table 2. Basic characteristics of DA receptors. Modified from (Tritsch and 

Sabatini, 2012). 
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D1- and D2-like receptor subfamilies differ functionally concerning 

the intracellular signaling pathways. Although DA receptors enhance 

the activation of heterotrimeric G proteins, the roles of the second 

messenger pathways and effector proteins activated by both receptors 

interpose opposite effects. D1-like DA receptors (D1 and D2) activate 

Gs/olf family of G proteins to enhance cAMP production by adenylyl 

cyclase (AC) enzymes. On the other hand, D2-like DA receptors (D2, 

D3, and D4) couple with G proteins' Gi/o family, leading to AC 

enzymes inhibition. In the absence of DA, DA receptors constitute an 

inactive trimeric complex form by the combination of the βγ-

complex with the α-subunit which is bounded to GDP. By contrast, 

in the presence of DA, GDP releases and leads to the binding of GFP 

with the α-subunit, which consequently drives the dissociation of the 

trimeric complex. Then, the α-subunit and βγ-complex transduce the 

signal to activate some effector systems. For instance, Gαs protein 

activation enhances AC, whereas Gαs protein activation inhibits the 

production of cAMP. The formation of cAMP triggers a signaling 

cascade by enhancing protein kinase A (PKA) (Pierce et al., 2002; 

Beaulieu and Gainetdinov, 2011). PKA has a variety of substrates 

such as voltage-gated potassium (K+), sodium (Na+), and calcium 

(Ca2+) channels, ionotropic glutamate, GABA receptors, and 

transcription factors that mediate the effects of DA receptor 

stimulation. One of the major targets of PKA is the DA and cAMP-

regulated phosphoprotein (DARPP-32), a multifunctional protein 

highly expressed in the striatum and cortical areas that modulate 

downstream signal transduction pathways in response to multiple 

neurotransmitters, including DA. The phosphorylation of DARPP-32 
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in response to activation of D1R triggers the amplification of PKA 

signaling by inhibiting protein phosphatase-1. On the other hand, 

dephosphorylation of DARPP-32 by the calmodulin-dependent 

protein phosphatase 2B upon D2R stimulation converts DARPP-32 

into a potent inhibitor of PKA signaling (Beaulieu and Gainetdinov, 

2011; Tritsch and Sabatini, 2012) (Figure 20). 

In addition to cAMPA/PKA-regulated signaling, DA receptors 

modulate intracellular levels of Ca2+ by acting on ion channels. 

Specifically, βγ-subunits activate phospholipase C (PLC) after D2R 

stimulation. The activation of PLC results in the formation of inositol 

triphosphate (IP3), diacylglycerol, and enhanced intracellular Ca2+ 

mobilization in response to IP3. Moreover, D2R βγ-subunits are 

involved in the regulation of N-type Ca2+ channels and G protein-

coupled inwardly rectifying potassium channels (GIRKs), leading to 

a repressive firing activity in neurons (Lüscher and Slesinger, 2010) 

(Figure 20). 

On the other hand, DA receptors do not exclusively signal through 

heterotrimeric G proteins and may also engage in G protein-

independent signaling events. Thus, D1R and D2R alter membrane 

trafficking of Ca2+ channels, N-methyl-D-aspartate (NMDA), and 

GABA receptors through direct protein-protein interactions or 

downstream of tyrosine kinase activation (Beaulieu and Gainetdinov, 

2011) (Figure 20). 
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Figure 20. Intracellular DA signaling pathways. Schematic of signaling networks 

cAMP/PKA-dependent and Gβγ-dependent regulated by D1- and D2-like receptor 

responding neurons. Black and red arrows indicate activation and inhibition, 

respectively. NMDA, N-methyl-D-aspartate; PP2B, protein phosphatase 2B; 

DARPP-32, DA and cAMP-regulated phosphoprotein; PP1, protein phosphatase 1; 

IP3, inositol triphosphate; DAG, diacylglycerol; PLC, phospholipase C; GIRK, G 

protein-coupled inwardly rectifying potassium channels; AC, adenylyl cyclase; 

cAMP, cyclic adenosine monophosphate; PKA, protein kinase. 

 

As previously mentioned, DA receptors act through diverse signaling 

mechanisms. However, DA receptors can undergo desensitization in 

response to extensive exposure to agonists. Additionally, these 

receptors can experience resensitization when an agonist does not 

activate them for a prolonged period. DA receptor desensitization is 

induced by G protein-coupled receptor kinases phosphorylation, 

which recruits arrestins, promoting the internalization of the receptor 

from the cellular membrane (Laporte et al., 2002). 
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3.3.2.3. Dopaminergic system in food addiction and eating 

disorders 

Alterations in the dopaminergic system have been associated with 

food addiction and eating disorders due to the crucial involvement of 

this system in rewarding and eating behaviors. Some types of foods, 

particularly high palatable foods, may induce neuroadaptations in the 

DA system, modulating its reinforcing effects. These 

neuroadaptations are similar to those produced by drugs of abuse that 

hijack the DA system, amplifying an uncontrolled dopamine effect 

on neuronal plasticity. 

Previous studies in humans demonstrated that visual and olfactory 

exposure to palatable food augmented extracellular DA in the dorsal 

striatum of normal-weight healthy controls with food deprivation. 

Moreover, dopamine release correlated with the increased self-

reports of hunger and desire for food, providing evidence of a striatal 

DA release for a conditioned-cue response (Volkow et al., 2002a). 

These evidence are consistent with the crucial role of DA in the 

modulation of  food rewarding properties and food intake motivation 

(Bello and Hajnal, 2010). Preclinical studies using rodents also 

detected a strong correlation between adaptations in the DA system 

and compulsive eating behavior (DiFeliceantonio and Small, 2019). 

Rodents that consumed highly palatable and energy-dense food 

displayed an increased compulsivity toward food, which was 

reflected in decreased expression of dorsal striatum DA receptors. 

Furthermore, lentivirus-mediated knockdown of striatal D2R rapidly 

developed addiction-like reward deficits and compulsive-like food-

seeking in rats with extended access to palatable high-fat food  
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(Johnson and Kenny, 2010). Thus, the participation of the DA system 

is also supported by the increased reinstatement of food-seeking 

behavior enhanced by the administration of D2R agonists (Ball et al., 

2011). These results obtained in rodent studies were consistent with 

reports in humans, revealing that obesity is linked to downregulation 

of striatal D2R, which is associated with cortical areas dysfunction 

(Nora D Volkow et al., 2017). Altogether, these findings highlight 

the importance of the DA system, specifically the D2R, in the 

mesolimbic pathway regulation, being a potential target for 

pharmacological treatment of eating disorders. 

 

3.3.3. Endocannabinoid signaling 

The endocannabinoid system is a neuromodulatory network involved 

in several physiological roles, including reward-related processes, 

among many others. The endocannabinoid system is extensively 

distributed in the central and peripheral nervous system and in other 

tissues, where it controls different brain functions by acting on 

diverse cell types and cellular compartments (Katona and Freund, 

2012; Piazza et al., 2017). It is composed of endogenous cannabinoid 

receptors, endocannabinoids (eCBs), and the enzymes involved in 

their synthesis and degradation (Lutz et al., 2015). 

 

3.3.3.1. Cannabinoid receptors 

Endogenous and exogenous cannabinoids act at least in the two 

canonical receptors of the endocannabinoid system, the cannabinoid 
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type-1 receptor (CB1R) and cannabinoid type-2 receptor (CB2R). 

These are receptors of the GPCR family mainly coupled to Gi/o 

protein (Childers and Deadwyler, 1996) that regulate diverse brain 

functions and pathologies, including addictive-related behaviors. 

The CB1R is abundantly expressed in the CNS, being the most highly 

expressed GPCR in the brain (Westlake et al., 1994; Tsou et al., 

1998). The brain regions with the highest levels of CB1R expression 

include the hippocampus, olfactory bulb, cerebellum, and basal 

ganglia (Flores et al., 2013). At a cellular level, studies using 

knockout mice of CB1R revealed that this receptor is primarily 

expressed in GABAergic neurons (Monory et al., 2006; Martín-

García et al., 2016). Specifically, expression levels of CB1R are very 

large in GABAergic synaptic terminals of the cortex and 

hippocampus (Kawamura et al., 2006; Katona and Freund, 2012; 

Steindel et al., 2013; Hu and Mackie, 2015; Martín-García et al., 

2016), whereas CB1R expression is low in glutamatergic synapses 

and astrocytes (Monory et al., 2006; Puente et al., 2011; Ruehle et 

al., 2013; Gutiérrez-Rodríguez et al., 2018). These findings suggest 

that CB1Rs are primarily detected in axon terminals close to 

presynaptic areas. However, several studies have identified 

expression levels of CB1R in neurons mitochondria and astrocytes 

(Bénard et al., 2012; Koch et al., 2015; Gutiérrez-Rodríguez et al., 

2018). Altogether, CB1R is dispersed in GABAergic (∼56%) and 

glutamatergic (∼12%) terminals, astrocytes (∼6%), mitochondria 

(∼15%), and other compartments of the hippocampus (∼11%) 

(Gutiérrez-Rodríguez et al., 2018) (Figure 21). 
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Figure 21. Distribution of CB1R in the CNS. The accumulation of CB1R is high in 

GABAergic synaptic terminals, low in glutamatergic synaptic terminals, and very 

low in astrocytes. CB1R is also located in mitochondria of neurons and astrocytes 

(Manzanares et al., 2018).  

 

On the other hand, levels of CB2R expression are low in the CNS, 

being this receptor highly expressed in the periphery, particularly in 

immune cells and tissues such as the spleen, bones, and skin (Atwood 

and Mackie, 2010). CB2R was not identified in the CNS under normal 

(not pathological) conditions until 2005 (Van Sickle et al., 2005). 

However, nowadays, many studies have detected CB2R in the 

brainstem, cortical, hippocampal, frontal cortex, amygdala, striatum, 

and mesencephalic neurons in normal conditions (Gong et al., 2006; 

Onaivi, 2006; Brusco et al., 2008; Lanciego et al., 2011). 

Furthermore, many authors have demonstrated the functional 

involvement of CB2R in rewarding processes (Navarrete et al., 2013; 

Galaj et al., 2020; Zhang et al., 2021). 
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Both CB1R and CB2R participate in the endocannabinoid system by 

activating the heterotrimeric Gi/o proteins. Consequently, AC activity 

is inhibited, leading to a decrease in cAMP synthesis and PKA 

activity. Coupling to heterotrimeric Gi/o proteins additionally 

stimulates enzymes of the MAPK family, such as extracellular 

signal-regulated kinases 1 and 2 (ERK1/2), p38, and c-Jun N-

terminal kinase (JNK) (McAllister and Glass, 2002; Bosier et al., 

2010). The transcription of genes is regulated downstream as a result 

of these mechanisms. The activation of Gi/o proteins leads to the 

repression of neurotransmitter release by the inhibition and 

stimulation of voltage-activated Ca2+ channels and inwardly 

rectifying K+ channels (Kir3), respectively (McAllister and Glass, 

2002) (Figure 22). 

 

 

Figure 22. Major signaling pathways of cannabinoids. CB1, cannabinoid receptor 

1; CB2, cannabinoid receptor 2; AC, adenylyl cyclase; ATP, adenosine 

triphosphate; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; 

MAPK, mitogen-activated protein kinase (Di Marzo et al., 2004). 



Introduction 

74 

 

3.3.3.2. Endocannabinoid ligands 

eCBs are lipids acting as messengers that can diffuse across 

membranes in a paracrine, autocrine, and possibly endocrine manner 

(Piomelli, 2003; Kano et al., 2009; Katona and Freund, 2012; Zou 

and Kumar, 2018). The two-best characterized eCBs are N-

arachidonoylethanolamide (anandamide, AEA) and 2-

arachidonoylglycerol (2-AG). These are arachidonic acid derivates 

conjugated with ethanolamine to form fatty acid amines orglycerol to 

form monoacylglycerols. These lipidic derivates are synthesized “on-

demand” by diverse pathways present in cell membranes and are 

consequently released through Ca2+ mechanisms. Thus, 

endocannabinoid signaling is extremely dependent on the state of 

synaptic activity (Alger and Kim, 2011). 

AEA and 2-AG present varying selectivity for CB1R, CB2R, and 

other targets and various concentration distribution (McAllister and 

Glass, 2002). AEA is a partial agonist of CB1R and CB2R, whereas 

2-AG is a full agonist of CB1R and CB2R presented at higher 

concentrations (Sugiura et al., 2006). 

Apart from endogenous cannabinoids, existing natural and synthetic 

compounds have a particular affinity toward cannabinoid receptors. 

The most abundant natural cannabinoids in the Cannabis sativa 

plant are Δ9-tetrahydrocannabinol (Δ9-THC) and cannabidiol. Δ9-

THC is the main psychoactive component of marijuana, acting as a 

partial agonist of CB1R and CB2R. On the other hand, cannabidiol 

does not present psychoactive effects, and its affinity for CB1R and 

CB2R is significantly reduced (Morales et al., 2017). Among 
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synthetic cannabinoids designed with different selectivity profiles 

for CB1R and CB2R, WIN55,212-2, HU-210 and CP55,940 are the 

most common agonists with an affinity for both receptors. By 

contrast, the most common antagonists that block activation of 

cannabinoid receptors are CB1R-selective competitive antagonists 

such as rimonabant (SR141716A), and taranabant (MK-0364), 

AM281, and LY320135, among others. Notwithstanding, most 

molecules that inhibit cannabinoid receptors' activity also act as 

inverse agonists, inducing inverse cannabimimetic effects in the 

absence of agonists (Martín-García et al., 2010; Pertwee et al., 2010).  

 

3.3.3.3. Cannabinoid type-1 receptor signaling 

Upon eCBs ligand binding and receptor activation, CB1R are 

primarily coupled to Gi/o protein, leading to a rapid decrease in levels 

of cAMP by inhibiting AC activity. Subsequently, cAMP modulates 

different types of ion channels and enzymes in a dependent or 

independent manner. For example, postsynaptic neuronal 

depolarization induces the opening of Ca2+ channels that lead to the 

synthesis of 2-AG. On the other hand, the activation of group 1 

metabotropic glutamate receptors (mGluRs) and M1/M3 muscarinic 

acetylcholine receptors (mAChRs) triggers endocannabinoids release 

in a Ca2+ independent manner, where the activation of PLC is 

concerned. Subsequently, the resulting eCBs are liberated in the 

postsynaptic area and migrate retrogradely to act on CB1Rs in the 

presynaptic area that, finally, inhibit neurotransmitter release (Kano 

et al., 2009; Lau et al., 2017) (Figure 23). Several studies have 
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revealed that CB1R activation represses the release of 

neurotransmitters (Schlicker and Kathmann, 2001). Thus, the eCB 

system is involved in several forms of synaptic plasticity at different 

synapses. Subsequent to activation of CB1R, the inhibition of 

neurotransmitter liberation may be transient (seconds), resulting in 

endocannabinoid-mediated short-term depression (eCB-STD), or 

persistent (minutes to hours), leading to endocannabinoid-mediated 

long-term depression (eCB-LTD). Among eCB-STDs, the 

depolarization-induced suppression of inhibition (DSI) in 

GABAergic synapses and the depolarization-induced suppression of 

excitation (DSE) in glutamatergic synapses are two different forms 

of eCB-STD (Castillo et al., 2012). 
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Figure 23. Endocannabinoid-mediated synaptic signaling. (1) Glutamate is 

released from presynaptic terminals and stimulates both ionotropic and 

metobotropic glutamate receptors, leading to postsynaptic depolarization through 

Ca2+ entrance and Gq-protein activation. (2) High Ca2+ concentration stimulates 

endocannabinoid synthesis through PLC and PLD. (3) Endocannabinoids are 

released to the synaptic cleft and consequently activate CB1 presynaptic receptor. 

Some of the main downstream consequences of CB1R activation and subsequent 

Gi-protein stimulation are (3a) inhibition of AC activity, (3b) membrane 

hyperpolarization after modulation of K+ and Ca2+ channels, and subsequent 

inhibition of NT release, (3c) activation of protein kinase cascades such as MAPK 

pathway. NT, neurotransmitter; iGluR, ionotropic glutamate receptor; mGluR, 

metabotropic glutamate receptor; PIP2, phosphatidylinositol bisphosphate; DAG, 

diacylglycerol; 2-AG, 2-arachidonoylglycerol; NAPE, M-arachidonoyl-

phosphatidylethanolamine; AEA, anandamide; PLC, phospholipase C; DAGL, 

diacylglycerol lipase; PLD, phospholipase D; AC, adenyl cyclase; cAMP, cyclic 

AMP; MAPK, mitogen-activated protein kinase. Adapted from (Flores et al., 

2013). 

 

3.3.3.4. Endocannabinoid modulation of brain reward system 

CB1R is expressed in the main structures of the mesocorticolimbic 

system, where it exhibits extensive modulatory influences on 
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excitatory and inhibitory signaling that lead to rewarding processing 

regulation and food intake (Parsons and Hurd, 2015). CB1R 

expression is medium-high in the dorsal and ventral striatum, while 

CB1R expression levels are relatively low in the VTA (Herkenham et 

al., 1990; Tsou et al., 1998; Martín-García et al., 2016). At a cellular 

level, glutamatergic projecting neurons to the VTA and GABAergic 

interneurons expressing CB1R in the presynaptic site are the main 

responsible in the regulation of DA projections from the VTA. CB1R 

activation on axon terminals of GABAergic neurons in the VTA 

triggers the repression of GABA neurotransmission (DSI), and the 

reversion of this repressive input on DA neurons leads to augmented 

excitation of DA VTA neurons, that consequently promotes reward 

(D’Addario et al., 2014). Furthermore, the activation of CB1R also 

diminishes glutamatergic transmission (DSE) in the VTA and NAc, 

mainly controlling the activity of neurons projecting from the PFC 

(Melis et al., 2004).  

In the NAc, neurons activity is modulated by the moderate and 

abundant expression levels of CB1R and DA receptors, respectively 

(Hernandez et al., 2002; Salamone et al., 2007). CB1Rs are identified 

in the postsynaptic site of excitatory glutamatergic projections going 

from the PFC to NAc, and in the presynaptic sites of inhibitory 

GABAergic projections from the NAc, in MSNs, and in some 

interneurons (Figure 24). Thus, eCBs acting in the NAc may have an 

essential role in the substance-related rewarding effect modulation. 

Previous studies with rodents demonstrated that CB1R antagonist 

microinjection in the NAc reduced GABA release of the projecting 

MSNs, leading to suppression in ethanol and saccharin 
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administration (Malinen and Hyytiä, 2008; Balla et al., 2018). 

However, neurons of the NAc are additionally modulated by eCBs 

binding to CB1Rs on glutamatergic terminals which induce a 

reduction in glutamate release and hyperphagia  (Bellocchio et al., 

2010). Thus, the final effect of eCBs on rewarding processes depends 

on the functional balance between its actions on inhibitory 

GABAergic versus excitatory glutamatergic transmission. 

 

Figure 24. Functional localization of CB1R and CB2R in the main structures of the 

mesocorticolimbic circuit. CCK+: Cholecystokinin-positive (Manzanares et al., 

2018). 

 

Additionally, the eCB system may influence rewarding processes by 

modulation of sensory perception, such as palatability and olfaction. 

Local pharmacological and genetic manipulations demonstrated that 

cortical feedback projection to the main olfactory bulb crucially 
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regulates food intake via CB1R (Soria-Gomez et al., 2014). These 

findings reveal that eCBs of the mesocorticolimbic system have a 

prominent role in the reinforcing properties of drugs and food intake 

due to its neuronal activity regulation function. The eCB system is an 

emerging research target in food addiction and eating disorders. 

 

3.3.3.5. The endocannabinoid system in food addiction and 

eating disorders 

The widespread role of the eCB system as a modulator of homeostatic 

and hedonic aspects of food intake has prompted investigations into 

possible disruptions of this system in eating disorders. Previous 

studies in obese rodents and anorexia nervosa and binge eating 

disorder patients detected increased levels of AEA in comparison to 

control groups (Di Marzo et al., 2001; Monteleone et al., 2005). 

Consistent with these findings, PET studies detected increased CB1R 

levels in cortical and subcortical areas in anorexia patients compared 

to healthy control (Gérard et al., 2011). Furthermore, human genetic 

studies revealed a positive linkage between eating disorders and 

specific polymorphisms of genes encoding diverse components of the 

eCB system, such as CB1R (Monteleone et al., 2009). According to 

these findings, the eCB tone dysregulation of patients suffering from 

eating disorders may represent an adaptative response to maintain 

energy balance by potentiating internal orexigenic signals and easing 

the rewarding properties of food intake (Monteleone and Maj, 2013; 

D’Addario et al., 2014).  

Additionally, various preclinical and clinical studies have identified 

associations between obesity and hyperactivity of the eCB system 
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manifested as overproduction of eCBs or/and upregulation of 

cannabinoid receptors in central and peripheral tissues implicated in 

energy homeostasis (Di Marzo and Matias, 2005). These findings 

highlight the crucial role of the eCB system in the regulation of 

feeding hedonic aspects. However, although many preclinical and 

clinical studies focus on the implication of the eCB system in eating 

disorders and obesity, little is known about the involvement of this 

system in food addiction. Previous studies conducted in our 

laboratory using a validated food addiction mouse model revealed 

that long-term operant training to obtain highly palatable food-

induced adaptative changes at epigenetic and protein levels in the 

eCB system (Mancino et al., 2015). Specifically, a significant 

reduction in DNA methylation at CB1R gene (Cnr1) promoter in the 

PFC was observed, which was associated with upregulation of gene 

expression and the subsequent augment of CB1R protein in mice 

classified as food addicted. The participation of the CB1R in the food 

addictive-like behavior was corroborated using pharmacological and 

genetic approaches. Administration of CB1R antagonist rimonabant 

decreased the percentage of animals reaching the addiction scores. In 

accordance, the genetic deletion of CB1R using CB1KO mice 

decreased operant seeking behavior, and CB1KO did not reach the 

criteria for addiction (Mancino et al., 2015). Thus, CB1R may 

modulate the primary glutamatergic neuronal output of PFC, 

ultimately affecting brain reward processes and consequently 

enhancing extracellular DA levels in the NAc. These results were 

further investigated in recent studies where Glu-CB1-KO mice 

displayed a resilient phenotype to develop food addictive-like 
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behavior, which was associated with enhanced excitatory synaptic 

transmission of glutamatergic neurons in the PFC-NAc pathway 

(Domingo-Rodriguez et al., 2020). According to this evidence, the 

eCB system plays a crucial role in regulating the overconsumption of 

high palatable food through the hedonic effect modulation triggered 

by food intake. 

 

4. Dynamics in the transition to addiction: stages of the food 

addiction cycle 

 

Food addiction can be conceptualized in three key, and not mutually 

exclusive elements describing food addictive-like behavior: (i) 

habitual overeating, (ii) overeating to relieve a negative 

emotional state, and (iii) overeating despite adverse 

consequences. These three stages depend principally on the basal 

ganglia, the extended amygdala, and the PFC (Moore et al., 2017, 

2018). These key elements interact, forming a recurring cycle that 

worsens over time, ending with the pathological state of compulsive 

intake. The transition of food addiction from controlled intake to loss 

of control involves neuroplastic changes in the brain that affect 

reward, stress, and executive functions (George F Koob and Volkow, 

2010; Koob and Volkow, 2016) (Figure 25).  
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Figure 25. Model of the addiction cycle conceptualized in three stages with the 

corresponding brain areas involved, in which each dysfunction contributes to the 

compulsive overeating. The overall neurocircuitry correspond to three functional 

domains: habitual overeating (reward and incentive salience: basal ganglia (blue)), 

overeating to relieve a negative emotional state (negative emotional states and 

stress: extended amygdala (red)), and overeating despite negative consequences 

(craving, impulsivity, and executive function: PFC (green)). Adapted from (Koob 

and Volkow, 2016; Moore et al., 2017). 

 

4.1. Habitual overeating: maladaptive habit formation 

Habitual overeating is the first element referring to the process by 

which a once goal-directed behavior becomes a maladaptive 

stimulus-driven habit. This process depends on the basal ganglia that 

include the NAc and dorsal components of the striatum, known for 
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their important roles in reward and reinforcement and habit 

formation, respectively (Moore et al., 2018). Analogous to drugs of 

abuse, repeated stimulations of DA system in the NAc by palatable 

food and associated cues shifts signaling to dorso-striatal DA 

pathways leading to habit formation. Thus, compulsive eating 

reflects a maladaptive stimulus-driven habit which hijacks voluntary 

and goal-directed actions.  

Maladaptive habit responses start with the union of environmental 

stimuli with food availability in the phenomenon named conditioned 

reinforcement. Repeated pairing of a cue with food induces the 

learned cue itself becomes salient in the phenomenon named 

incentive salient (Koob and Volkow, 2016). Both conditioned 

reinforcement and incentive salience may robustly augment eating 

desire and maintain food food-seeking even in the absence of food 

presentation or physiological needs, leading to habit formation 

(Velázquez-Sánchez et al., 2015; Moore et al., 2017). Thus, habit 

formation is the product of adaptive learning where voluntary actions 

become habitual through the reinforcement of these behaviors 

(Everitt and Robbins, 2005). 

Stimuli associated with food delivery are enough to maintain 

compulsive-seeking behavior associated with food craving. Previous 

experiments in rodent models of operant conditioning maintained by 

palatable food paired with a cue light revealed that rats exhibited 

higher active lever responding even in a conditioned punishment 

compared to rats exposed to chow food (Velázquez-Sánchez et al., 

2015). Furthermore, compulsive food-seeking behavior was 
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observed in mice that continued responding on a palatable food-

paired lever during a period signaled non-availability (Mancino et al., 

2015). 

Several findings have hypothesized that the transition from 

controlled actions to habit-based responding behaviors comprises the 

shift from action-outcome ventrally dependent learning systems to 

dorsally dependent habit systems. As behavior is executed 

repetitively, there is a transition at the neural level from prefrontal 

cortical areas to striatal control where glutamatergic neurons from 

PFC and amygdala projecting to NAc lose their critical role (Everitt 

and Robbins, 2005). Recent evidence suggests that analogous to 

drugs of abuse, palatable foods may promote this shift in striatal 

circuits and consequently induce goal-directed actions in habitual 

systems (Ostlund et al., 2010; Barker et al. Moreover, neuroimaging 

investigations in obese and healthy weight subjects exposed to 

palatable food detected activation of the caudate nucleus of the 

striatum, the area involved in goal-directed actions, and increased 

activity of the putamen, the area involved in habit responding. Obese 

subjects showed an impulsive eating behavior compared to healthy 

weight subjects (Babbs et al., 2013; Moore et al., 2018) (Table 3). 

 

4.2. Overeating to relieve a negative emotional state: the 

emergence of a negative affect 

Overeating to relieve a negative emotional state is the second element 

referred to performing a behavior, such as drug consumption or 

intake of palatable food, to alleviate a behavior, such as a drug 
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consumption or intake of palatable food, to alleviate a negative 

emotional state. This element may involve engagement in 

compulsive behaviors to suppress anxiety and distress before 

engagement or provide relief from anxiety and distress during and 

following engagement of the behavior (el-Guebaly et al., 2012; 

Abramowitz and Jacoby, 2015). The neurobiological mechanisms 

underlying these processes are within-system inducing functional 

desensitization of DA transmission of the mesocorticolimbic system, 

and between-system neuroadaptations that comprise the recruitment 

of the stress system in the extended amygdala (Cottone et al., 2009). 

Thus, a withdrawal-induced negative emotional state includes 

decreased reward, loss of motivation for ordinary rewards, and 

augmented anxiety (Moore et al., 2017). 

As controlled food intake progresses towards compulsive food 

intake, the hedonically rewarding properties of food may hold less 

importance in favor of food intake for preventing or improving 

negative states such as anxiety, depression or irritability, experienced 

symptoms occurring when preferred foods are not available (Parylak 

et al., 2011). 

Several studies in humans have reported that changing from a high-

fat diet to a low-fat diet after one month of eating a high-fat diet 

induced mood effects that lead to increased anger and hostility (Wells 

et al., 1998). Furthermore, negative emotional states such as 

irritability, nervousness, and anxiety appeared in human subjects that 

were restricted to food after overeating (Greeno and Wing, 1994). 

Thus, these findings suggest that repeated overconsumption of 
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palatable foods induces long-term neuroadaptations in the reward and 

stress pathways that promote anxious or depressive responses when 

desired foods are unavailable. Data collected from studies examining 

emotional factors in relation to binge eating supported that binge 

eaters present greater rates of psychiatric diagnoses, and increased 

prevalence of major depression, bipolar disorder and anxiety 

(Rosenbaum and White, 2015). 

As previously mentioned, the withdrawal-induced adverse effects are 

within-system neuroadaptations and between-system 

neuroadaptations processes. Within-system neuroadaptations 

comprise changes in neurotransmitters that are implicated in 

reinforcing effect systems, inducing a decreased reward function 

signaling characterized by motivation loss towards rewards. Thus, 

high palatable foods may trigger disruptions in the DA system that 

lead to downregulation of D2Rs in the striatum and reduction of DA 

basal levels in the NAc. In this context, previous investigations in 

obese and healthy weight individuals revealed that obese individuals 

showed a lower availability of D2Rs associated with BMI (Wang et 

al., 2001). 

On the other hand, between-system neuroadaptations involve the 

engagement of the brain stress system situated in the extended 

amygdala. This system is not directly associated with the positive, 

rewarding effects, but it is retained and dysregulated by chronic 

stimulation of the rewarding system (Moore et al., 2017). For 

example, previous studies in rodents demonstrated that rats 

withdrawn from intermittent access to palatable food displayed 
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increased anxiety and depressive-like behavior during withdrawal 

(Cottone et al., 2009). Thus, these neuroadaptations aim to overcome 

the chronic presence of the problematic substance or food, limiting 

the reward and restoring normal function (Table 3). 

 

4.3. Overeating despite aversive consequences: failure of 

inhibitory control 

Overeating despite aversive consequences is the third element that 

describes the loss of executive control over food intake observed as 

a prolongation of maladaptive overeating in the face of the resulting 

physical and negative psychological consequences. The loss of 

control reflects alterations in inhibitory control mechanisms intended 

to suppress inappropriate actions (Deroche-Gamonet et al., 2004b; 

Moore et al., 2018). Dysfunctions in inhibitory control imply the 

disruption of frontostriatal circuitries. Concretely, the “Go circuit” 

and “Stop circuit” of the PFC to NAc pathway mediated by the 

orbitofrontal cortex and the PL (dlPFC in humans), respectively, play 

a crucial role in this stage. This frontostriatal communication 

between areas is modified throughout addiction leading to an 

increased orbitofrontal cortex to NAc (“Go circuit”) connectivity and 

a decreased PL to NAc (“Stop circuit”) communication (Hu et al., 

2019). Thus, as addiction progresses over time, the unbalance 

between these two circuits becomes more pronounced. 

This last element has been mimicked in laboratory animals that show 

a compulsive behavior towards palatable food. Animals continue to 

consume palatable food even in the presence of an electric foot shock, 
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a conditioned stimulus that signals a punishment, or aversive 

conditions (Deroche-Gamonet et al., 2004b; Mancino et al., 2015; 

Velázquez-Sánchez et al., 2015) (Table 3). 

 

Table 3. A summary of the features of each element of compulsive eating 

beahavior. Adapted from (Moore et al., 2017, 2018). 

 

5. Complex multifactorial nature of food addiction and eating 

disorders: gene and environment interaction 

 

Recent progress has been made in behavioral genetics to highlight 

the importance of understanding genomics and epigenomics in food 

addiction and eating disorders. Findings from human behavioral 

genetic and molecular genetic studies have revealed that 

susceptibility to addiction development is heritable, highly polygenic 

and that the combination of environment and genetic factors 
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contributes to part of the observed phenotypic variation (Plomin and 

Daniels, 2011). The interaction between multiple gene networks and 

environmental factors strongly impacts brain function during 

development and throughout adulthood, influencing behavior, 

leading to different individuals' vulnerability or resilience to 

developing the disorder (Rafael Maldonado et al., 2021). The 

vulnerability to addiction is associated with intrinsic factors such as 

gender, age, personality traits and comorbidity in psychopathological 

conditions, and extrinsic factors such as socioeconomic position, 

adverse life experiences, and addictive-substance availability (Dalle 

Molle et al., 2017). The proportional importance of these factors 

fluctuates across the lifespan and the diverse stages of the disease 

(Ducci and Goldman, 2012).   

The multifactorial nature of food addiction might explain why the 

vast majority of people that consume highly palatable food do not 

become addicted (Piazza and Deroche-Gamonet, 2013). Analogous 

to drugs of abuse, the repetitive exposure to the addictive substance 

induces long-lasting neuroadaptive changes in vulnerable 

individuals. Like drug addiction, food addiction may be the product 

of pathological response to highly palatable food in individuals with 

a vulnerable biological phenotype.  

 

5.1. Genetic mechanisms of food addiction and eating 

disorders 

The genetic mechanisms of multifactorial diseases indicate that the 

inheritance of the disorder has a polygenetic component, hindering 
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the determination of a person’s risk of inheriting or passing these 

disorders (Volkow and Muenke, 2012). However, a multifactorial 

threshold model has been postulated (Reich et al., 1975). In this 

model, a determined number of different genes and environmental 

variables are supposed to operate as risk and protective factors for the 

disease's development is considered a single entity admitted as 

“liability”. The liability of individuals in a population creates a 

continuous variable that is regularly distributed throughout the 

population. Thus, if the combined impact of genetic and 

environmental variables pushes a person’s liability over a certain 

threshold level, the individual will be affected and develop the 

disease (Figure 26). 

 

Figure 26. Multifactorial threshold model. The liability distribution for a 

multifactorial disease. An individual must exceed a threshold on this distribution 

to be affected with the diseases. Adapted from (Anthony et al., 1994; Deroche-

Gamonet et al., 2004a). 
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Different genetic factors have been described as crucial determinants 

for a psychiatric disorder's risk or resilience. The genetic 

polymorphisms associated with addiction have been extensively 

studied, and evidence suggest that genes implicated in drug addiction 

may also participate in food addiction and obesity (Heber and 

Carpenter, 2011). Like substance use disorders, eating disorders are 

also found to aggregate within families (Bulik et al., 1997) and 

individual differences in eating disorders may be explained by 

additive genetic factors (Munn et al., 2010). In this context, shared 

environmental factors may significantly affect disordered eating in 

adoptive siblings, and the heritability of eating alterations is more 

pronounced in twins reared apart (Klump et al., 2009). Thus, genetic 

and environmental factors play a crucial role in developing eating 

disorders. 

Previous studies have employed different molecular and genetic 

approaches to study eating disorders, such as linkage, candidate-gene 

association, genome-wide association, and rare variants studies. Due 

to the importance of food and -related rewarding effects triggered by 

the increase of DA in the NAc, these studies have particularly 

focused on the genetic variations affecting the DA system (Volkow 

and Muenke, 2012). The A1 allele of the dopamine D2R gene 

(Taq1A) is the most studied polymorphism. The Taq1A 

polymorphism is located more than 10 kilobase pairs downstream 

from the coding region of the DRD2 gene or in the coding gene for 

the neighbored ANKK1 gene (Neville et al., 2004). Individuals 

containing the A1 allele of the Taq1A polymorphism (rs1800497) 

have been associated with the “reward deficiency syndrome”, a 
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syndrome consisting of a hypodopaminergic state induced by a faulty 

and decreased density of D2R. Thus, the lack of D2R gives rise to a 

higher risk of developing addictive, compulsive, and impulsive 

behaviors in the population. This affection may be explained by the 

possible compensatory performance for insufficient DA activity. 

Furthermore, Taq1A A1 allele has been directly associated with 

obesity and substance use disorders (Blum et al., 1996, 2014, 2018), 

and further investigations revealed that D2R and neighboring ANKK1 

single nucleotide polymorphisms are implicated in eating disorders 

(Davis et al., 2008, 2009; Davis, 2013, 2017). 

Moreover, addiction and obesity have been associated with other 

polymorphisms that participate in DA transmission. These 

polymorphisms are genes of DA receptors type 2, 3, and 4 (DRD2, 

DRD3, and DRD4, respectively) and genes for enzymes associated 

with DA degradation (Lindgren et al., 2018). Differences in genotype 

for these particular genes may partially explain individual variation 

in eating behavior and susceptibility to weight gain (Stanfill et al., 

2015). 

Research studies have begun to recognize the importance of 

considering epistatic interactions among polymorphic loci when 

addressing the simultaneous participation of numerous genes in the 

regulation pathways. Epistasis describes nearly any set of complex 

interactions among genetic loci (Phillips, 2008). Nikolova et al. were 

the first to apply a physiologically based “multilocus genetic profile 

score”, a composite genetic index that reflects the cumulative 

influence of numerous polymorphic loci with established functions 
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on a specific signaling pathway (Nikolova et al., 2011). Thus, due to 

the simultaneous assessment of many functional loci, polymorphisms 

with non-significant independent effects might be included, which 

only collectively account for significant proportions of variability. 

Precisely, researchers designed a multilocus genetic profile 

representing the cumulative impact of functional polymorphisms on 

DA signaling, comprising DA receptor and DA degradation enzymes 

genes, which have been linked with variations in striatal DA 

signaling in an individual manner. This multilocus genetic profile 

might be employed to understand individual differences in reward-

related ventral striatum variability. Finally, researchers demonstrated 

that the multilocus genetic profile score accounted for a greater 

proportion of variance in ventral striatum reactivity than each locus 

considered independently (Nikolova et al., 2011). 

Previous studies using this genetic methodology adapted to DA 

signaling revealed that food addiction YFAS-diagnosed patients 

showed an increased DA signaling compared to controls, suggesting 

a reward-based causal model progressing from an inherent biological 

susceptibility to an elevated risk of overeating (Davis, 2013). 

Furthermore, a recent study performed on slim individuals 

demonstrated that higher polygenic scores approximating DA 

signaling predicted increased food addiction symptoms and BMI. 

These findings suggest that emerging symptoms of food addiction 

and obesity risk may present identifiable biomarkers correlates in 

slim individuals (Romer et al., 2019). Thus, risk-related neural and 

genetic fingerprints predicting subclinical symptoms of food 
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addiction may be helpful for the early identification and prevention 

of weight gain and obesity. 

 

5.2. Epigenetic mechanisms of food addiction and eating 

disorders 

Epigenetic mechanisms are promising candidates for the study of 

psychiatric disorders.  The fact that not all individuals who consume 

drugs and high palatable food develop drug and food addiction, 

respectively, suggests the existence of individual resilient and 

vulnerable factors that contribute to the pathogenesis and persistence 

of addiction. As previously mentioned, experiences in life and 

environmental factors can shape epigenetic profiles that may modify 

individuals’ vulnerability to addiction. Epigenetic mechanisms are a 

set of post-translational modifications that play an essential role in 

changing the brain for a lifetime, although they can also be reversible 

and transgenerationally transmitted (Nestler, 2014). Thus, epigenetic 

mechanisms can be seen as the vehicle through which the 

environment interacts with an individual’s genome to determine all 

aspects of functions in health and disease. Epigenetic mechanisms 

include several types of post-translational adaptations such as 

histone modifications, DNA methylation, and changes in miRNAs 

(Nestler and Lüscher, 2019) (Figure 27). 
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Figure 27. Epigenetic mechanisms alter individual’s phenotype. Substances of 

abuse, diet, environmental factors, and experiences in life can modify epigenetic 

marks and reshape an individual’s phenotype. Histone modification, DNA 

methylation, and non-coding RNAs are the most common epigenetic 

modifications. These modifications regulate gene expression without causing 

variations in the DNA sequence. The N-terminals tails of histones can undergo 

several post-transcriptional modifications, including acetylation, methylation, and 

phosphorylation, among others. Histone modification can lead to either activation 

or repression of gene expression, depending on the residues modified and the type 

of modification. DNA methylation is the covalent modification of cytosine residues 

in CpG dinucleotides within gene sequences. Contrary to histone modification, 

DNA methylation is associated with transcriptional silencing. However, DNA 

methylation in gene bodies is linked with active transcription. Non-coding RNAs 

include miRNAs that regulate gene expression through post-transcriptional 

silencing of genes (Rafael Maldonado et al., 2021). 
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5.2.1. Histones modifications 

Modification of histones is one of the most frequently studied 

epigenetic alterations in addiction. Histones are essential proteins 

that wrap DNA in the nucleus and condense it into chromatin. The 

basic building block of chromatin, also called a nucleosome, contains 

147 DNA base pairs wrapped throughout an octamer comprised of 

two copies of H2A, H2B, H3, and H4 histones (Andrews and Luger, 

2011). These proteins can undergo several post-translational 

modifications in which different functional groups are covalently 

added to amino acid residues of the N-terminal tails. Some of these 

modifications are acetylation, phosphorylation, and methylation, 

among others (Walker and Nestler, 2018). 

Acetylation of histone occupancy on lysine residues diminishes 

electrostatic interaction between DNA and histone proteins, to make 

DNA more accessible to transcriptional regulators (Kouzarides, 

2007). Histone lysine acetylation tends to be protective and leads to 

adaptive behaviors (Hitchcock and Matthew, 2014). This histone 

modification is continuously fluctuating throughout the brain after 

exposure to different drugs of abuse (Renthal et al., 2008; 

Mashayekhi et al., 2012; Rogge and Wood, 2013; Huang et al., 

2014).  

On the other hand, histone phosphorylation is another post-

translational modification occurring on serine, threonine, and 

tyrosine residues, and is generally associated with transcriptional 

activation. Drugs of abuse and natural reinforcements promote the 

nuclear accumulation of dopamine- and cAMP-regulated 
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phosphoprotein DARPP-32. The nuclear accumulation of DARP-32 

leads to an increase in H3 histone phosphorylation (Stipanovich et 

al., 2009).  

Histone lysine methylation is particularly complex and variable. 

Repeated exposure of drugs reduces global levels of histone 

methylation marks (H3K9me2, H3K9me3, and H3K27me2) in the 

NAc (Sun et al., 2012; Aguilar-Valles et al., 2014). On the other 

hand, drug exposure to methamphetamine may increase H3K4me2 

and H3K4me3 levels in the NAc (Aguilar-Valles et al., 2014). These 

studies are prototypical and suggest that regulation of histone 

methylation in response to drugs of abuse is complex and drug- and 

region-specific.  

The identification of drug-induced transformations in histone 

acetylation, phosphorylation, and methylation in the NAc and other 

brain areas suggests that these modifications might be involved in the 

regulation of the addiction. More studies are needed to propose a 

molecular mechanism to explain these adaptations after exposure to 

the different drugs of abuse. However, evidence suggests that the 

combination of inherited predispositions, environmental stimuli, and 

exposure to addictive substances leading to histone modifications 

may have essential protective and/or risk factors in developing 

addiction. 

Altogether, drug use may produce enduring alterations in gene 

expression via histone modifications to individuals carrying 

susceptibility genes exposed to adverse environmental factors. These 

post-translational transformations may influence susceptibility to 
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addictive disorders. Enhanced vulnerability to abuse drugs will then 

feedback into a higher risk of future drug consumption that will lead 

to further modifications to the epigenome and gene expression 

(Wong et al., 2011) (Rafael Maldonado et al., 2021). 

 

5.2.2. DNA methylation 

DNA methylation is a stable epigenetic mark that occurs with the 

covalent modification of DNA by DNA methyltransferases. In this 

modification, DNA methyltransferases trigger the addition of a 

methyl group to cytosine-phosphoguanine (CpG) at the C5 position 

(5-mC) (Bird, 2002). DNA methylation in gene promoters is 

associated with repression, whereas DNA methylation in gene bodies 

is associated with active transcription (Nestler and Lüscher, 2019). 

Repression of DNA by DNA methylation can be detrimental and lead 

to risks of developing addictive-like behaviors (Hitchcock and 

Matthew, 2014). However, little is known about the specific impact 

of DNA methylation on protective and risk factors in drug addiction, 

and most studies focus on the effect of drugs of abuse on the 

expression of DNA methyltransferases. Subchronic 

methamphetamine treatment induced different DNA 

methyltransferase 1 mRNA expression in the nucleus caudatus and 

NAc in rats, which increased DNA methylation (Numachi et al., 

2007). Other studies showed that repeated cocaine exposure 

increased the expression of methyl-CpG binding protein 2 and 

produced de novo DNA methylation (Bodetto et al., 2013). 

Moreover, a recent study in alcohol use disorder subjects revealed 

that chronic alcohol drinking results in increased DNA methylation 
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of NR3C1 exon variant 1H, associated with reduced NR3C1 mRNA 

and protein expression levels in PFC other cortico-limbic regions 

(Gatta et al., 2019). However, a global mapping of DNA methylation 

changes in the brain at single-nucleotide resolution in response to 

drugs of abuse is still not available. The generation of DNA 

methylation genome-wide maps would allow a better understanding 

of the role of this epigenetic mark in drug addiction.  

In the food addiction field, the formation of reward-related 

associative memories in rats upregulated essential plasticity genes in 

the VTA, which were correlated with memory strength and 

associated with gene-specific changes in DNA methylation (Day et 

al., 2013). In addition, food addicted mice also showed a significant 

decrease in DNA methylation of the CNR1 gene promoter in the PFC, 

associated with an upregulation of CB1 protein expression in the 

same brain area (S Mancino et al., 2015). 

Nowadays, recent epigenetic studies focus on determining the cell-

type specificity of observed epigenetic alterations. For example, a 

study investigating the DNA-methylation cell-specificity in addiction 

demonstrated an elevated hypermethylated gene region in genes 

enriched preferentially in glutamatergic neurons but not in 

GABAergic neurons (Kozlenkov et al., 2017). 

Thus, epigenetic signatures have an essential role in vulnerability or 

resilience to addiction. The epigenetic mechanisms involve  

modifications in the stable-state expression levels of a set of genes, 

and also modifications in the stable-state expression levels of a set of 

genes and produce ‘latent’ changes in other genes’ inducibility both 
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activation and inactivation (Nestler, 2014). Regulation of gene 

inducibility can be seen as “latent” in that it would not be evident by 

analysis of mRNA or protein levels. For instance, cocaine induces 

latent effects by changing the chromatin structure of many genes, 

which alter their inducibility in response to a subsequent stimulus. 

These latent changes can determine an individual’s vulnerability to 

addiction later in life upon drug exposure or affect relapse in long-

term abstinent individuals after re-exposure to the drug. However, 

drugs or other environmental exposures can also induce 

transgenerational epigenetic inheritance of addiction vulnerability by 

epigenetic changes in germinal cells, which are then passed on to 

progeny and alter their vulnerability to addiction (Meaney and Szyf, 

2005) (Rafael Maldonado et al., 2021).  

 

5.2.3. Non-coding RNA: microRNA 

miRNAs are short RNA transcripts with around 22 nucleotides that 

are endogenously expressed by cells to regulate gene expression 

post-transcriptionally in a very dynamic way (Kenny, 2014). 

Identifying more than 2,000 miRNAs in the human genome suggests 

elevated conservation through evolution (Alles et al., 2019), and each 

one may impact the post-transcription of thousands of protein-coding 

genes, eliciting a rising interest among the scientific community in 

addiction.  

miRNAs are transcribed by RNA polymerase II in their native form 

and processed into so-called pri-miRNAs. Pri-miRNAs are processed 

by the Drosha enzyme into pre-miRNAs of around 70 nucleotides 
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and exported from the nucleus. Outside of the nucleus, they are 

further processed by the Dicer enzyme into a duplex RNA (dsRNA). 

Subsequently, the protein family Argonaute plays a crucial role in 

RNA silencing, being a component of the RNA-induced silencing 

complex (RISC). Together with Dicer and Argonaute, the dsRNA 

incorporates into RISC. RISC is responsible for the gene silencing 

phenomenon known as RNA interference (RNAi). Argonaute 

proteins bind different classes of small non-coding RNAs, including 

microRNAs (miRNAs). One RNA strand is removed from the 

dsRNA molecule, and the other RNA remains retained in the RISC 

as a mature molecule of miRNA (Figure 28). Ago 2 (one of the four 

members of the Argonaute family) has endonucleolytic activity, 

identifies the target mRNA-miRNA complementary sites, and 

degrades the target mRNA (Liu et al., 2004). However, miRNAs can 

also block mRNA translation by preventing mRNA interaction with 

ribosomes and targeting mRNAs to processing bodies for 

degradation (Filipowicz et al., 2008). In addition to these “canonical” 

miRNA roles in the cytoplasm, some findings have described 

miRNA targeting different cell compartments such as the nucleus and 

the cytoplasm and newer functions developed by miRNAs in these 

locations. These miRNAs can relocate to the nucleus, alter mRNA 

stability in the nucleolus, and affect alternative splicing (Catalanotto 

et al., 2016). In neurons, miRNAs develop specific functions in 

dendrites and can be secreted to synapsis in exosomes (Smith and PJ, 

2018). When miRNAs bind to the 3’UTR of mRNAs, they affect 

mRNA translation and stability and mRNA distribution in dendrites 

and synapsis (Most et al., 2014). 
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Figure 28. miRNA generation, maturation, and silencing mechanisms. miRNAs 

are transcribed by RNA polymerase II in their native form and processed into so-

called pri-miRNAs. Pri-miRNAs are processed by the Drosha enzyme into pre-

miRNAs and exported from the nucleus. At that point, they consist of around 70 

nucleotides. The Dicer enzyme further processes them into a duplex (dsRNA) 

outside of the nucleus. Together with Dicer and Argonaute, the miRNA 

incorporates into an RNA-induced silencing complex (RISC). One RNA strand is 

removed, and the mature molecule of the miRNA is retained in the RISC. The 

miRNA silencing mechanisms comprise locked nucleic acid (LNA), antagomiR, 

sponges, and tough decoy (TuD). LNA use for miRNA knockdown is beneficial 

because these probes have a high affinity for their small RNA targets and 

exceptional mismatch-discrimination ability. AntagomiR consists of a single-

stranded RNA molecule entirely complementary to the target miRNA. They 
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hybridize to prevent the union of the miRNA to an mRNA molecule. Sponges have 

up to eight regions antisense to target miRNAs located tandemly in the same 

transcript. Sponges, transcribed by RNA Pol II, can target different miRNAs from 

the same family. TuDs are 100 nucleotides long and form a hairpin structure that 

increases their stability and contains an unpaired region in the middle. Both strands 

from this unpaired region are complementary to the target miRNA. With the same 

TuD construct, there is the possibility of targeting two different miRNAs and 

forming TuD clusters to increase the number of miRNA-binding sites (Rafael 

Maldonado et al., 2021). 

 

According to the crucial role of miRNAs in synaptic plasticity and 

the emerging appreciation that maladaptive neuroplasticity 

mechanisms drive addiction, it is not surprising the relationship of 

several miRNAs with the addictive behavior. miR-132 and miR-212 

are two examples of miRNAs with essential functions in synaptic 

plasticity and dendritic growth through the interaction with the brain-

derived neurotrophic factor (BDNF). Inhibition of miR-132 reduces 

the number of mushroom-like spines while immature filopodia 

increases, whereas the deletion of miR-132 and miR-212 decreases 

dendritic length and complexity in the neurons of the hippocampus 

(Smith and PJ, 2018). miR-132 and miR-212 are upregulated in the 

striatum after cocaine administration and upon cocaine reinstatement 

(Quinn et al., 2015; Sadakierska-Chudy et al., 2017). Moreover, miR‐

132 and miR‐212 are enriched in neurons in a CREB‐dependent 

manner activated by cAMP during cocaine exposure (Hollander et 

al., 2010). Thus, extended daily access to cocaine self‐administration 

induced an augment of CREB phosphorylation in the dorsal striatum, 

and this effect was amplified by overexpression of miR‐212, which 

decreased cocaine self-administration (Hollander et al., 2010). 
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AntagomiR is an efficient tool for silencing miRNAs in vivo. This 

approach has been developed to study the effects of miRNAs directed 

regulation on gene expression (Krützfeldt et al., 2005). It consists of 

a single-stranded RNA molecule entirely complementary to the target 

miRNA that hybridizes and prevents the association of the miRNA 

to an mRNA molecule (Scherr et al., 2007). However, this useful 

technology is far from optimal as antagomiRs are unstable and 

quickly degraded. 

Although the majority of miRNAs have been detected intracellularly, 

a significant number of miRNAs have been observed in the 

extracellular areas, including blood. This discovery attached 

attention to the scientific community as circulating miRNAs could be 

employed as biomarkers for specific diseases. Nowadays, some 

research on miRNAs have obtained promising results when 

comparing circulating miRNAs between drug users and healthy 

controls (Smith and Kenny, 2018). 

Despite these studies in the drug addiction framework, few specific 

investigations have been published studying the epigenetic changes 

during food addiction. Previous studies in our laboratory evaluated 

the epigenetic mark of CB1R gene at a DNA methylation level, 

suggesting that the long-term operant training to obtain highly 

palatable food produced a significant reduction in promoter DNA 

methylation in the PFC of addicted mice. This reduction leads to an 

upregulation of CB1R gene expression and the subsequent increase 

of CB1R in the same brain area (Mancino et al., 2015). Additionally, 

studies in the food addiction field are starting to employ potent 
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approaches for inhibition strategies such as “Sponges”, Tough Decoy 

inhibitors, or circular RNAs.  

 

6. Animal models of food addiction and eating disorders 

 

In recent years, accumulating evidence proposes the possibility of 

modeling food addiction in animals, and different conditions have 

been employed to this end. For example, many studies have used 

palatable food to originate overeating, obesity, binge eating, 

withdrawal symptoms, and food relapse in animal models. Although 

animal models may not reproduce the analogous internal and external 

factors involved in eating behaviors in humans, these animal models 

may mimic some relative roles of genetic and environmental 

variables, promoting a better control and understanding of the 

variables underlying behavioral, physiological, and molecular 

mechanisms. Specifically, inbred are among the most useful,  

extensively used to identify the genetic basis of addictive behaviors 

and strain-related differences in behavior (Di Segni et al., 2014). 

The validity of an animal model is evaluated by construct validity, 

face validity, and predictive validity. Construct validity refers to 

how precisely the mechanism used to induce the addictive phenotype 

in animals mimics the disease etiology in humans. Face validity 

indicates that the animal model reproduces anatomical, biochemical, 

neuropathological, or behavioral features of addiction in humans. 

Ultimately, predictive validity signifies that an animal phenotype 
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similarly responds to treatments as in humans (Nestler and Hyman, 

2010). 

 

6.1. Food addiction mouse model 

Previous studies in our laboratory developed a food addiction mouse 

model with face and predictive validity for the first time. This mouse 

model mimicking food addiction is an operant conditioning model 

where mice are exposed to long-term operant training to obtain 

palatable food. Remarkably, two different extreme subpopulations of 

mice are identified at the end of the long-term operant training, 

referred to as the resilient or vulnerable phenotype to develop food 

addiction (Mancino et al., 2015). The food addiction model was 

adapted from a previous mice model of cocaine addiction (Deroche-

Gamonet et al., 2004). Based on the DSM-IV clinical criteria, this 

model provides a unique tool to identify a percentage of drug-

exposed rats that shift from controlled to compulsive self-

administration, highlighting the interindividual differences between 

animals (Deroche-Gamonet et al., 2004).  

The operant conditioning model is based on the learning 

contingency in which a positive reinforcer, such as a drug or food, is 

delivered contingently to complete the schedule requirements 

(Sanchis-Segura and Spanagel, 2006). An operant chamber is used to 

conduct drug or food operant self-administration and is typically 

equipped with active and inactive operant switches, such as levers or 

nose poke. For instance, responding on the active lever will activate 

a pump or dispenser delivering drug or food. On the other hand, 
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responding on the inactive lever has no consequences. Stimuli such 

light or tone is usually paired with active responses, facilitating the 

operant behavior (Figure 29). 

 

Figure 29. Scheme of an operant box to perform operant conditioning maintained 

by chocolate flavored-pellets. The chamber is provided with two retractable levers 

(active and inactive), a stimulus-light, and a food pellet dispenser. The floor of the 

chamber is a grid floor that delivers electric foot shocks. The grid floor is covered 

during operant self-administration sessions with a metal sheet with holes (Martín-

García et al., 2020). 

 

The most common schedules of reinforcement used in drug or food 

self-administration are the fixed ratio (FR) and the progressive ratio 

(PR) schedules. A reinforcer is delivered under a FR schedule when 

the animal reaches a pre-established number of responses. For 

instance, an FR5 schedule corresponds to five active responses for 

single reward delivery. Usually, a time-out period of 15 s is initiated 

after each pellet delivery or drug infusion, where active responses are 
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not rewarded. Impulsive-like behavior is studied by evaluating active 

responses in the time-out period. 

Moreover, the PR schedule is used to study the motivational effects 

of reward delivery. The required ratio to deliver the reward within 

the PR schedule augments following a pre-established progression. 

The maximum number of active responses that the animal performs 

to obtain one pellet is the last event completed, referred to as the 

“breaking point”. Thus, the breaking point is considered to be a 

measure of motivation. Finally, FR scheduled sessions can also be 

combined with a negative consequence (electric foot shock) 

associated with pellet delivery or drug infusion. Some animals will 

continue pressing the active lever for a reward delivery even in the 

presence of an electric foot shock. Thus, compulsive-like behavior is 

evaluated by scoring the number of shocks an animal will receive for 

reward obtainment (Mancino et al., 2015; Domingo-Rodriguez et al., 

2020; Martín-García et al., 2020).  

The food addiction model consists on a long-term operant training 

maintained by chocolate-flavored pellets in daily sessions of 1h 

during 112 days. During the operant training schedule, three food 

addiction criteria are evaluated in two specific time periods: early and 

late periods. The three addictive-like criteria evaluated at both stages 

are (I) persistence to response when food is signaled as not available, 

(II) motivation towards food, and (III) compulsivity, which is 

referred to when mice continue pressing the lever and consuming the 

food despite negative consequences. An animal is considered 

positive for an addiction criterion when the score of the specific 
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behavioral test is above the 75th percentile of the global distribution. 

According to the number of addiction criteria reached in the early and 

late period, mice are categorized as resilient or vulnerable andnon-

addicted and addicted mice, respectively. At the end of the long-term 

operant training, mice considered food addicted (2-3 criteria) 

presented higher scoreson each of the three addiction criteria than 

mice categorized as non-addicted (0-1 criteria). Moreover, addicted 

mice presented increased impulsivity and aversive learning (Mancino 

et al., 2015; Domingo-Rodriguez et al., 2020; Martín-García et al., 

2020).  

As previously mentioned in section 2.2., the term food addiction has 

not still been included in the DSM-5 and is currently diagnosed by 

the validated tool YFAS 2.0 (Schulte and Gearhardt, 2017). This 

diagnostic tool is adapted from the substance use disorders criteria of 

the DSM-5. Remarkably, the food addiction model evaluates the 

three addiction criteria, which summarize the significant hallmarks 

of addiction specified in the DSM-5 and the food addiction diagnosis 

of the YFAS 2.0 (Table 4). Furthermore, the investigations 

performed using this model suggested a valid model with face and 

predictive validity as addicted mice represented ∼20% of the 

population exposed to palatable food, a similar percentage value 

observed in humans (19.9%) (Kirrilly M Pursey et al., 2014). 

Furthermore, the percentage of addicted animals was reduced by the 

administration of CB1R antagonist rimonabant, correcting the food 

addiction-like behavior (Mancino et al., 2015). These findings 

accentuate the importance of combining a vulnerable phenotype with 

chronic palatable food exposure in the development of compulsive 
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food self-administration. Altogether, the food addiction model is 

reliable for investigating the neurobiological mechanisms 

underpinning the transition from a controlled to compulsive food 

intake.  

Table 4.  Diagnostic items of drug use related disorders in DSM-4 and DSM-5, 

and of food addiction in YFAS 2.0, with their corresponding criteria measured in 

the mouse model of food addiction. Adapted from (Moore et al., 2017; R. 

Maldonado et al., 2021). 



Introduction 

112 

 

Additionally, diverse animal models of different eating disorders 

have been generated through different means such as selective 

breeding, genetic engineering, brain lesions, and environmental 

manipulations. For instance, some models of binge eating comprise 

voluntary binge eating in animals by limiting access to palatable 

food, incorporating cyclic periods of food deprivation, and using 

stressors (Avena et al., 2012). Nevertheless, these models have 

several limitations. Deprivation of food induces and augment in 

locomotor activity and corticosterone levels, leading to unstable 

binge-like eating patterns in short periods of time. Thus, developing 

a mouse model of binge-like eating behavior has proven to be more 

complex as minor stresses may significantly inhibit food intake 

(Teegarden and Bale, 2008). 

 

6.2. Innovative technological approaches 

Operant behavioral approaches are usually required to evaluate 

complex responses in animal models of drug or food addiction. 

Nowadays, novel techniques are available to be combined with 

operant approaches to dissect the interconnected brain networks that 

underpin addictive behavioral responses. These techniques include 

chemogenetics, calcium imaging, optogenetics, and 

electrophysiology. In addition, these innovative approaches have 

identified particular brain networks that could be targeted as potential 

therapies for future prevention and treatment of addiction (Rafael 

Maldonado et al., 2021). 
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6.2.1. Chemogenetics 

A chemogenetic technique that has been recently used to study the 

implication of specific cell populations in addiction is Designer 

Receptors Exclusively Activated by Designer Drugs (DREADDs). 

DREADD is based on GPCRs that allow the modification of a 

specific cell population to modulate the neuronal activity of a brain 

region or, even more precisely, the activity of a neuronal pathway. 

This modulation is performed through the depolarization or 

hyperpolarization of the neurons infected by a viral vector that 

contains the genetic information for excitatory (hM3Dq or hM3Ds) 

or inhibitory (hM4Di) GPCRs, respectively (Roth, 2016). The most 

common DREADD agonist used by the scientific community is 

clozapine-N-oxide (CNO). It has low brain penetrance and, via 

metabolic degradation, originates the antipsychotic drug clozapine in 

low concentrations, representing an additional active DREADD 

ligand (Gomez et al., 2017). Despite the metabolic conversion, 

multiple research support the use of CNO. In addition, alternative 

DREADD agonists such as perlapine and compound 21 are also 

employed to substitute CNO (R. Maldonado et al., 2021). 

DREADDs have been extensively combined with behavioral studies 

to elucidate the reinforcing effects of drugs in the addictive processes 

(Urban and Roth, 2015). In this context, the activation of the 

excitatory DREADD, hM3Dq, by CNO chronically in the NAc 

reduced binge alcohol consumption (Purohit et al., 2018; 

Pozhidayeva et al., 2020). Furthermore, recent studies in the food 

addiction framework have used an updated DREADD technique 

more sophisticated called retro-DREADDS. This technique consists 
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of the inhibition or excitation of a neuronal population in a specific 

brain pathway, taking advantage of retrograde viral microinjection, 

which comprises an enzyme that recombines the DREADD. A study 

performed in our laboratory using the retro-DREADD technique 

from the mPFC to the NAc administrating CNO, evaluated the role 

of this pathway in an addictive-like behavior promoted by palatable 

food. The inhibition of mPFC projections to the NAc resulted in 

compulsive consumption of palatable food and enhancement of the 

addictive-like behavior (Domingo-Rodriguez et al., 2020; R. 

Maldonado et al., 2021) (Figure 30). 

 

 

Figure 30. DREADDs approach for projection-specific modulation of neuronal 

activity. Representation of the mouse brain with the combinatorial viral strategy of 

the retro-DREADD approach. Selective chemogenetic inhibition of the mPFC to 

NAc neurons is produced by Cre-dependent hM4Di-mCherry injection in the 

mPFC and retrograde AAV with Cre recombinase in the NAc. Thus, hM4Di 

receptor expression only occurs in mPFC neurons that directly project to NAc. 

VTA, ventral tegmental area; NAc, nucleus accumbens; DS, dorsal striatum; AMY, 

amygdala; HIP, hippocampus; OFC, orbitofrontal cortex; PL, prelimbic; IL, 

infralimbic (R. Maldonado et al., 2021). 
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6.2.2. Calcium imaging 

Calcium imaging is based on the recordings of intracellular calcium 

influxes produced by the depolarization of neurons. Several optical 

techniques capture the intracellular calcium influxes based on 

genetically encoded calcium indicators (Yang and Yuste, 2017). 

Among these optical techniques, miniscopes allow for the first time 

the optical recordings of neuronal activity in awake, freely moving 

rodents that are employed in different behavioral models (Ghosh et 

al., 2011) (Figure 31). 

Few studies have used head-mounted miniscopes technology in 

behavioral studies to investigate the neuronal activity patterns during 

addiction. Increased neuronal activity patterns were recently reported 

with calcium recordings in neurons projecting from the mPFC to the 

NAc during cocaine-seeking, whereas the decreased activity of the 

same neurons was observed in a cocaine-free period (Cameron et al., 

2019). Specifically, selective recordings were performed from mPFC 

to NAc neurons during drug-seeking, and the activation of this 

network was associated with relapse prevention. Moreover, the 

activation of glutamatergic or GABAergic neurons in the ventral 

pallidum regulated differently cue-induced cocaine-seeking. Indeed, 

activation of glutamate neurons inhibited cocaine-seeking, while 

activating GABA or enkephalin neurons induced cocaine-seeking 

(Heinsbroek et al., 2020). On the other hand, few studies using 

miniscopes have been published in the food addiction field. A 

previous study using freely behaving mice identified that individual 

GABAergic neurons of the lateral hippocampus preferentially 

encode aspects of either appetitive or consummatory behaviors, but 
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rarely both (Jennings et al., 2015). Thus, miniscopes determine in a 

quantitative and qualitative strategy within cell resolution the 

particular neural activity in contrast to photometry that only captures 

the overall amount of fluorescence emitted in a quantitative strategy. 

Although miniscopes are currently the most contrasted in vivo 

calcium imaging system, new promising approaches are emerging, 

such as the optical fiberscope that allows high optical resolution in 

quantitative and qualitative strategies (R. Maldonado et al., 2021). 

 

Figure 31. Schematic of the miniscopes and imaging system. 1. extension cable 

for the sensor; 2.  wires allowing motionless electrical scanning; 3. optical fiber; 4. 

light source; 5, DAQ sensor; 6. rotary joint system; 7, light-emitting diodes driver; 

8, DAQ Labview; 9, camera to record behavior; and 10, Labview user interface. 

Adapted from (Bagramyan et al., 2021).  

 

6.2.3. Optogenetics 

Optogenetic manipulation of specific neural subpopulations has 

become a powerful strategy to understand behavioral paradigms. 
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This photo-dependent technique involves the introduction of genes 

encoding for photoactivatable ion channels, called opsins, in targeted 

neurons to enable depolarization or hyperpolarization. The most 

commonly used opsin to activate neural circuits is channelrhodopsin-

2 (ChR2), a light-gated cation channel activated by blue light (450 – 

490 nm wavelength). On the other hand, optogenetic inactivation of 

neural circuits is most commonly accomplished by employing the 

light-gated chloride pump halorhodopsin (NpHR), which is activated 

with yellow light (~590 nm wavelength). Indeed, other variants of 

these opsins have been developed, allowing the possibility of exciting 

two genetically distinct neuron populations within the same brain 

area (Rodriguez-Romaguera et al., 2020) (Figure 32). 

Opsins expression under the control of neuron -specific promoter is 

a method to manipulate diverse subtypes of neurons without using 

transgenic mouse lines. Using this method, previous studies 

manipulated glutamatergic projections from the basolateral amygdala 

to the NAc, suggesting that this pathway is crucial in reward-seeking 

(Stuber et al., 2011). Moreover, further studies have used 

optogenetics to elucidate multiple circuit components involved in the 

motivational states of addiction (Britt and Bonci, 2013; Juarez et al., 

2019). Thus, the optogenetic technique combined with behavioral 

approaches has provided significant advances to understand the 

specific participation of relevant neuronal pathways in the 

development of addiction. 
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Figure 32. Optogenetics opsins. A. The most popular opsins include ChR, HR, and 

archaerhodopsin (BR). Light induction of ChR leads to neuronal depolarization, 

while illumination upon HR and BR leads to neuronal silencing. B. Normally, the 

double-floxed inverse open-reading frame (DIO) contains the inverted repeat 

(ITR), the elongation factor-1α (EF1α) promoter, an eYFP-ChR2 transgene 

surrounded by loxP sites and lox2722 sites oriented inward, a woodchuck hepatitis 

virus posttranscriptional regulatory element (WPRE), and a polyadenylation signal 

(polyA). Presence of Cre recombinase cleaves the loxP sites, leading in the 

expression of the eYFP-ChR2 transgene. C. Stereotaxic microinjection is needed 

to deliver a light-sensitive opsin packaged in a viral vector in the desired brain area. 

Once expressed, targeted neurons will contain opsins on the plasma membrane. An 

implanted fiber optic delivers light inducing depolarization or hyperpolarization of 

the targeted neurons (Jiang et al., 2017). 

 

7. Electrophysiological approaches 

 

In vivo electrophysiological approaches explore the electrical activity 

of living neurons and investigate the molecular and cellular processes 

that govern their signaling. As previously commented, neurons 

communicate using electrical and chemical signals, and therefore 
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electrophysiology techniques listen in on these signals by recording 

electrical activity, allowing the decoding of intercellular and 

intracellular communications. In combination with behavioral 

approaches, this technique enables a real-time readout of neural 

functions and network capability in different brain states across a 

wide range of temporal and spatial scales. Different recording 

methods are comprised in electrophysiology research, such as 

electroencephalography (EEG) and in vivo extracellular recordings. 

 

7.1. Electroencephalography recordings 

EEG is a non-invasive technique that has been extensively used in 

the last four decades to record on the scalp of patients suffering from 

addiction. EEG data have been used to get an insight into the 

pharmacological modulation by drugs of abuse of ongoing neural 

oscillations, which are electric waves that travel across the brain.  

The acute effect of different addictive drugs has been extensively 

studied. Acute administration of drugs of abuse, such as cocaine 

(Herning et al., 1985), alcohol (Lukas et al., 1986; Stenberg et al., 

1994; Little, 1999), THC (Lukas et al., 1995), and benzodiazepines 

(Benowitz et al., 1980; Manmaru and Matsuura, 1989) induced an 

increase in alpha and beta activity in healthy volunteers. By contrast, 

MDMA administration decreases alpha and theta power in MDMA 

naïve volunteers (Frei et al., 2001). Theta activity also decreases after 

acute THC administration in healthy volunteers (Aaron B et al., 

2004; Zuurman et al., 2008; Böcker et al., 2010). Thus, it is well 
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known that acute administration of drugs of abuse tunes the rhythmic 

activity of neurons in the human brain (R. Maldonado et al., 2021).  

Other authors have focused on studying the acute effect of drugs on 

consumers. During resting states, cannabis users exhibited decreased 

delta and increased theta, beta, and gamma power compared to 

controls (Shikha Prashad and Dedrick, 2018). Alcohol users showed 

a decrease in delta and theta bands (Coutin-Churchman et al., 2006). 

Cocaine-experienced users did not evidence persistent beta increase, 

commonly observed in inexperienced intranasal cocaine users 

(Heming et al., 1994). Furthermore,  predominantly in the beta band, 

were detected in heroin addicts compared to healthy controls 

(Motlagh et al., 2018).  

EEG studies have also focused on studying the neural correlates of 

food addiction in patients with three or more food addiction 

symptoms. For example, food addicted individuals presented an 

increase of delta and theta power in the right middle frontal gyrus, 

the right precentral gyrus, and the right insula and right inferior 

frontal gyrus, respectively. Moreover, food addicted patients 

presented elevated functional connectivity in frontoparietal areas in 

both alpha and theta brainwaves, associated with the number of food 

addiction symptoms (Imperatori et al., 2015). 

EEG has also been used to study reward valuation processes and 

cognitive impairments using drug-related cues in patients with 

previous drug and food intake stories. These studies have focused on 

event-related potentials (ERPs), which are the means of time-locked 

EEG recordings to a stimulus or a response. P300 is the most 
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frequently employed index of neural resources assigned to reward 

studies among different ERPs types. A positive ERP appears 300 to 

600 ms following stimulus presentation. P300s are implicated in 

memory, motivation, attention, and response inhibition using 

cognitive and emotional paradigms (Stewart and May, 2016). 

Using oddball visual tasks, opioids (Lubman et al., 2007, 2008, 

2009), nicotine (Littel and Franken, 2011), alcohol (Bartholow et al., 

2010; Petit et al., 2012), and cannabis (Henry et al., 2014) users 

displayed greater P300s for substance-related cues than for non-

substance-related cues. Furthermore, drug users exhibited generally 

higher P300s compared to controls. These studies indicate that 

consumers increased neural activity to process stimuli related to the 

selected drug of choice at the expense of other stimuli. 

Several studies have also focused on studying EEG activity 

abnormalities when patients suffering from eating disorders are 

exposed to food cues. Authors of different studies observed that beta 

oscillations in resting states was augmented in frontocentral regions 

of individuals with a comorbid eating disorder and obesity, which 

positively correlated with eating disorder psychopathologies at rest 

and following exposure to food cues (Tammela et al., 2010; Hume et 

al., 2015; Bauer and Manning, 2016; Wolz et al., 2017). ERP 

responses to food stimuli have also been investigated among 

individuals with eating and weight disorders. Studies revealed that 

patients suffering from eating disorders exhibited an increased 

attentional response to food cues compared to healthy controls. 

Moreover, P300s augmented during food-specific exposure but did 
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not differentiate overweight from control groups (Chami et al., 

2019).   

The previous studies provide evidence of the potential usefulness of 

electrophysiological techniques to assess cerebral function in drug or 

food addiction patients. However, despite the advances in 

understanding the consequences of exposure to drugs of abuse and 

palatable food by recording neural activity on patients' scalp, EEG 

research in addiction and reward processes has significant 

limitations. Indeed, the electrical activity recorded by EEG electrodes 

is distant from the input source, coming from neurons in deep brain 

areas, which prevents the accurate study of brain regions altered 

during addiction. For that reason, direct extracellular 

electrophysiological recordings in  better understand animals' 

specific brain areas and the neurocircuitry basis underlying addiction 

(R. Maldonado et al., 2021). 

 

7.2. In vivo extracellular recordings 

In vivo extracellular recordings may detect neural activity in awake 

animals during different behavioral performances. Animals undergo 

stereotaxic surgery to implant electrodes to permit real-time 

monitoring of neural network activity. Neural activity is detected as 

local field potentials (LFP) and multi-unit (MUA) or single-unit 

activity (SUA) (Hong and Lieber, 2019). LFPs are voltage waves 

generated by synchronizing the activity of neuron populations 

interconnected in neural networks. MUA and SUA provide spike 

firing rate information of a group of neurons and single neurons. 
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Therefore, crucial information on brain circuitry and connectivity 

related to addictive-like behaviors can be obtained using in vivo 

extracellular recordings.  

The effect of drugs of abuse on neurons firing rate has been 

extensively studied in anesthetized and awake animals. In 

anesthetized rats, cocaine (Koulchitsky et al., 2012) and opioids 

(Khodayari et al., 2019) produced a general decrease in the firing rate 

and bursting of VTA neurons after injection. Moreover, THC 

(Renard et al., 2017; Norris et al., 2019) and ethanol (Tu et al., 2007) 

decreased medium spiny neurons activity in the anterior NAc and/ or 

PFC. By contrast, nicotine (Morel et al., 2018) and amphetamines 

(Shi et al., 2000) enhanced VTA DA cells' firing and bursting 

activity. Many studies have evaluated neuron synaptic plasticity in 

anesthetized animals with previous chronic drug intake (Moussawi et 

al., 2009; Shen and Kalivas, 2013). Nevertheless, this thesis focuses 

on electrophysiological studies combined with operant behavioral 

approaches, and these studies in anesthetized animals are out of 

scope. 

In vivo electrophysiological studies in addiction have also focused 

on neuronal firing responses related to brain reactivity to contingent 

drug-self administration. These studies record chronic activity in 

awake, freely moving animals trained for operant self-administration, 

and examine correlations between neural activity (LFPs and single-

unit) and lever-pressing for intravenous administration of drugs or 

palatable pellets intake associated to drug or food-related cues 

(Figure 33). 
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Through an entire self-administration session, amphetamine (Haracz 

et al., 1998) and cocaine (Peoples et al., 1997, 2004; Kiyatkin et al., 

2000) infusions increased dopamine levels that tonically inhibited the 

majority of neurons in the striatum and the NAc. Nicotine self-

administration sessions produced higher VTA DA neurons activity 

than saline self-administration sessions (Caillé et al., 2009). 

Moreover, lever-pressing for drugs of abuse correlates with increases 

or decreases of glutamate-mediated firing in response to drug reward 

or drug-related cues. During cocaine and heroin self-administration 

sessions, distinct firing rates patterns were associated with the 

reinforced lever-presses (Carelli et al., 1993; Chang et al., 1994, 

1997; Carelli and Deadwyler, 1996; Deadwyler et al., 2004). In the 

NAc of rats trained to self-administer cocaine, a small percentage of 

neurons exhibited either increased or decreased firing rates seconds 

before lever-pressing (anticipatory responses). Half of the neuron 

population predominantly decreased firing rates minutes after lever-

pressing (post-cocaine responses) (Chang et al., 1994). In heroin self-

administration sessions, NAc neurons displayed more post-heroin 

responses than PFC neurons, while the percentage of neurons firing 

before the lever-press was similar in the PFC and the NAc (Chang et 

al., 1997). In ethanol self-administration, the recording from 

ensembles of single-units primarily located within the shell of the 

NAc during operant responding to oral ethanol in trained rats exhibits 

significant phasic changes, with alterations in firing rate related to 

operant response, tone stimulus, and ethanol delivery (Janak et al., 

1999). These results reveal the crucial role of the NAc in linking 

conditioned and unconditioned internal and external stimuli with 
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motor plans to allow for ethanol-seeking behavior to occur (R. 

Maldonado et al., 2021). 

Several studies have also focused on neuronal responses related to 

particular behavioral responses in the food addictive process. 

Evidence suggests that oscillatory activities of the mPFC and NAc 

correlate with impulsivity and pellet delivery outcomes. Power in 

gamma frequency LFP oscillations transiently increased in the PFC 

and the NAc during anticipation of reward-related cue signaling. 

Moreover, theta LFP power increased during the waiting period in 

these brain areas (Donnelly et al., 2014). These neurophysiological 

findings further implicate the PFC and the NAc in reward outcome 

abnormalities (G F Koob and Volkow, 2010). In terms of firing rate, 

other studies have revealed that the firing activity of neurons in the 

mPFC and the NAc fluctuate between anticipatory responses (before 

lever-press) and post-reward responses (Chang et al., 1997, 1994; 

Deadwyler et al., 2004b). Moreover, recent studies in trained rats 

suggest that the firing dynamics of neurons in the mPFC, encode 

reward outcome and impulsivity (Sackett et al., 2019). Thus, 

addictive-like behavior is associated with irregular delta, theta, and 

gamma oscillations and abnormal firing rates. However, connectivity 

measures between brain areas involved in drug and food addictive 

behaviors during reward processes remain mostly unknown. The 

elucidation of these interconnectivity may be crucial to clearly 

understanding the neurophysiological mechanisms responsible for 

addictive behaviors (R. Maldonado et al., 2021). 
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Figure 33. Electrophysiological recordings in awake, freely moving mice. Animals 

are trained to self-administer drugs of abuse or palatable food in operant boxes. A 

light stimulus (cue light) located above the active lever is paired contingently with 

reward delivery. Neural oscillatory activities are recorded during the entire session. 

The electrode implanted in the desired brain area records rhythmic changes in 

voltage generated by the synchronization of activity of neuron population 

interconnected in neural networks. Analogic signals recorded by the electrode are 

bandpass filtered and digitized by a preamplifier, later amplified by the acquisition 

system, and finally, visualized and stored in a computer via an in vivo 

electrophysiology system (blue arrow). The control panel processes timestamps 

events occurring along with the session and consequently signaled to the 

acquisition system to mark events duration in the electrophysiological recordings 

(yellow arrow) (R. Maldonado et al., 2021). 

 

8. Therapeutics for food addiction and eating disorders 

 

The emerging inclusion of food addiction and eating disorders as a 

research framework has stimulated considerable research testing 
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innovative methods to treat eating disorders. As investigations better 

characterized the needs of individuals suffering from eating 

disorders, it was evident that these treatments had to be effective for 

compulsive eating pathologies, associated eating disorders 

psychopathologies, depressive psychopathologies, and often weight 

gain problems (Devlin, 2001). Notwithstanding, treatment 

investigations have extensively varied in their designs and methods, 

focusing primarily on binge eating and weight. 

Review studies and analyses of the treatment literature have generally 

combined different specific specialized non-pharmacological and 

pharmacological treatments for reducing compulsive eating and 

associated psychopathologies. Among diverse therapies, non-

pharmacological behavioral therapies have demonstrated that their 

benefit are quite durable with follow-up studies. However, weight 

loss does not generally occur (Grilo et al., 2011). On the other hand, 

pharmacotherapy studies have revealed that certain medications have 

short-term efficacy relative to placebo for eating disorders (McElroy 

et al., 2015; Reas and Grilo, 2015; Grilo et al., 2016). Thus, eating 

disorders require a detailed treatment plan, including strategy 

combinations, tailored to meet individuals' needs and improve their 

eating behaviors. 

 

8.1. Non-pharmacological treatments 

8.1.1. Behavioral therapies 

Behavioral therapies are effective alternatives that focus on 

correcting thinking and behavior, offering diverse, healthy attitudes 
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towards food. Specifically, these psychological interventions are 

centered on challenging and changing unhelpful distortions in 

cognition, such as thoughts, attitudes, beliefs, behaviors, and 

emotional regulation (McHugh et al., 2010; Castelnuovo et al., 2017; 

Linardon and Brennan, 2017). Cognitive behavior therapy and 

interpersonal psychotherapy are the two main strategies employed in 

behavioral therapies. 

Cognitive behavior therapy and interpersonal psychotherapy are 

different specific therapies directly acting on the eating disorder. 

Cognitive behavior therapy plays an important role in helping the 

patient better confront eating disorder-related issues, such as negative 

emotions and depressed mood. This therapy may provide improved 

behavioral control over food consumption. On the other hand, 

interpersonal psychotherapy is centered on social relationships 

with other people, improving interpersonal skills. This therapy aims 

to reduce compulsive eating induced by problems in social 

relationships and communication skills. Although both therapies did 

not produce significant weight loss in comorbid patients, they have 

improved eating disorder psychopathology with short-term and long-

term efficacy (Wilfley et al., 2002; Wilson et al., 2007). 

Notwithstanding, it is usually recommended a combination of 

behavioral and pharmacological therapies. 

 

8.1.2. Brain stimulation therapeutics 

The circuit-based therapeutics could be invasive, such as deep brain 

stimulation (DBS) or non-invasive, such as repetitive transcranial 
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magnetic stimulation (rTMS) and transcranial direct current 

stimulation (tDCS). 

DBS is an invasive non-lesional neurosurgical procedure with 

surgical implantation of current circulating electrodes for the 

electrical stimulation of discrete brain areas. This stimulating therapy 

has been employed in diverse circuit-based neuropsychiatric 

conditions, such as compulsive disorder and depression (Alonso et 

al., 2015; Cleary et al., 2015). DBS therapy is a safe and efficacious 

treatment for Parkinson’s disease (Honey et al., 2017). 

Notwithstanding, DBS has limitations as the general stimulation 

provided in a determined brain area is not selective at cellular levels. 

To eliminate these limitations, many studies have designed a 

combinatorial approach with deep brain stimulation and 

pharmacological adjuvants that discard the opposing effects of the 

general stimulation. This approach was effective in preclinical 

models of cocaine addiction, where cocaine-induced modifications in 

synaptic plasticity and cocaine locomotor sensitization were reversed 

(Creed et al., 2015). DBS has also been used in clinical studies with 

obese women. The stimulation of particular hypothalamic areas 

(homeostatic center) and NAc (reward system) induced a loss of body 

weight and, therefore, a reduced BMI (Harat et al., 2016). These 

findings highlight the possibilities of deep brain stimulation for 

treating food addiction, eating disorders, and obesity. However, 

further research is needed to understand better the effectiveness and 

adverse effects originated by DMS in the food addiction framework. 
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rTMS and tDCS are non-invasive stimulation techniques that do not 

require surgical procedures. rTMS passes brief current pulses 

through a coil over the patient’s scalp to originate an electromagnetic 

field that inhibits (low frequency, <5 Hz rTMS) or activates (high 

frequency, >5 Hz rTMS) target neurons. On the other hand, tDCS 

delivers a weak electrical current to brain regions through electrodes 

situated over the patient’s scalp to either depolarize (anodal tDCS) or 

hyperpolarize (cathodal tDCS) resident neurons. Nowadays, most 

investigations have employed high-frequency rTMS and tDCS to 

ameliorate neuronal and cortical activity in the dlPFC, leading to an 

elevated control of executive functions. 

A previous study in patients suffering from cocaine addiction 

suggested that cocaine consumption and craving were reduced after 

several trials using high-frequency rTMS of the dlPFC (Terraneo et 

al., 2016). Moreover, analogous to these results, a decrease in food 

cravings and weight loss was detected in a cohort of obese individuals 

after several weeks of high-frequency dlPFC rTMS (Ferrulli et al., 

2019). Similarly, studies employing tDCS to stimulate the dlPFC of 

obese subjects observed a food craving reduction (Lee et al., 2018). 

The efficacy of dlPFC high-frequency rTMS in drug or food 

addiction-like behavior therapies might be elucidated by enhancing 

long-term neuroplastic variations that modulate cortical excitability. 

Due to the release of a wide variety of neurotransmitters, long-term 

plasticity originated at the dlPFC, being the primary area activated. 

This activation may enhance the stimulation of subcortical areas, 

which are secondly activated. Certainly, rTMS of the dlPFC at high 
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frequencies caused prolonged augmentation of DA levels in the 

ventral striatal complex (Diana et al., 2017). These findings propose 

that rTMS and tDCS may play a crucial role in treating food addiction 

and obesity. Nevertheless, more investigations are required to better 

define stimulation parameters, frequency of the therapy, and the long-

term sustainability of any positive effects.  

 

8.1.3. Neurofeedback strategies 

Other alternative non-pharmacological approaches used to treat 

addiction are neurofeedback strategies. In the last years these 

strategies have emergedas an imaging or recording modality 

employed to examine volitional control over targeted brain activity 

in the last years. Functional magnetic resonance imaging or EEG 

applied clinicallto train patients to self-regulate areas of the brain, or 

circuitry, associated with addictive-like behaviors. The objective of 

this strategy is to promote normalized brain activity via associative 

learning and subsequently provide diverse strategies to patients to 

modify their psychological states (Hammond, 2011; Martz et al., 

2020). Few studies have focused in the treatment of substance use 

disorder and overeating using this strategy. A recent study suggested 

that after neurofeedback treatment, participants reduced binge eating 

episodes showing a decreased EEG high beta activity (Schmidt and 

Martin, 2020). Although these treatments are still in preliminary 

stages, evidence indicate that physiological changes serve as specific 

treatment mechanisms in neurofeedback against eating disorders. 

Decreasing cortical arousal may ameliorate eating behaviors, 
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therefore considering corresponding neurofeedback techniques in 

combination with pharmacological treatments for future treatments 

(Schmidt and Martin, 2020). 

 

8.2. Pharmacotherapies 

Pharmacological treatments aimed to treat food addiction, obesity, 

and eating disorders must address the dysfunctions at brain levels, 

and the use of pharmaceuticals including opioids, leptin, 

cannabinoids, and DA has been proposed to modulate these brain 

areas leading to a craving decrease and a correction in food intake. 

However, the current pharmacologic treatments for obesity have not 

succeeded in addressing the disease.  

Silbutramine is a mixture of serotonin, norepinephrine, and DA 

reuptake inhibitors approved in 1977 to treat overweight. This drug 

did show promising effects on body weight but was discarded from 

the market in 2010 due to concerns of elevated risk of stroke and 

cardiovascular events (Padwal and Majumdar, 2007; Rucker et al., 

2007). Orlistat is nowadays the unique long-term pharmacologic 

treatment for obesity that is approved for up to a year duration. This 

drug reduces fat absorption in the gut by inhibiting gastrointestinal 

lipase, resulting in a modest weight loss. Orlistat is currently 

considered a good option due to its safety on cardiovascular effects. 

However, secondary effects such as diarrhea and excess gas have 

been presented in many individuals (Rössner et al., 2000; Rucker et 

al., 2007). Furthermore, phentermine and diethylpropion are 
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usually prescribed for obesity but have limited success (Wadden et 

al., 2005). 

Furthermore, preclinical studies induced an extensive range of 

promising pharmacological strategies that aim to target modulators 

of the brain reward system, such as opioids that play a major role in 

controlling appetite and food consumption. As such, opioid 

antagonists have been helpful in weight loss therapy, demonstrating 

a decrease in short-term food intake and in the pleasurable nature of 

palatable foods (Cota et al., 2006). Investigations have revealed that 

opioid antagonists such as naltrexone, naloxone, and nalmefene may 

decrease caloric intake. Among these, Naltrexone preferentially acts 

on mu opioid receptor and is currently employed for treating alcohol 

and opioid addiction.  Additionally, in the food addiction treatment, 

naltrexone use significantly decreases food intake and reward 

activation in normal-weight volunteers (Lee and Fujioka, 2009). 

Other recent medications have been approved by the Food and Drug 

Administration (FDA) to treat obesity, having relevant implications 

for food addiction. These drugs are contrave (mixture of naltrexone 

and bupronion), lorcaserin and topiramate. In an obesity clinical trial, 

contrave reduced body weight in 48% of obese participants 

(Greenway et al., 2010). Furthermore, contrave blunted 

hypothalamic activation to food cues and stimulated the activation of 

brain regions participating in inhibitory control, internal awareness 

and memory (G-J Wang et al., 2014). Lorcaserin acts in 

serotoninergic 5HT2C receptors of the brain, enhancing satiety, 

whereas topiramate is an antiepileptic drug acting on GABAergic 
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and AMPA/kainite receptors that induces a decrease in appetite and 

weight. A clinical investigation using topiramate reported that 

prolonged administration of this drug resulted in a significant 

reduction of binge eating episodes with a corresponding weight loss 

(Milano et al., 2013). 

Finally, as previously commented, cannabinoid receptors may serve 

as another potential target for treating food addiction and obesity. A 

blockade of the eCB system has been proposed as a potential 

alternative. The most common, rimonabant, is an antagonist drug 

acting on CB1R that was approved in Europe and more than 30 

countries worldwide in 2006 for obesity treatment (Rinaldi-Carmona 

et al., 1996). Although rimonabant was effective in enhancing weight 

loss, this medication was withdrawn from clinical use two years later 

due to adverse psychiatric effects, such as anxiety, depression, and 

suicidal ideas. Thereupon, new neutral CB1R antagonists and/or 

peripherally restricted CB1R antagonists unable to cross the blood-

brain barrier have been developed and are under preclinical 

investigation (D’Addario et al., 2014). On the other hand, 

pharmacological modulators of eCBs synthesis, instead of blockade 

of CB1R, could provide a better physiological approach to treating 

obesity. 
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General objective 

The general objective of this thesis is to unravel the 

neurophysiological signatures involved in food addiction.  

 

Objective 1: To study the prelimbic-nucleus accumbens core 

neurophysiological signatures in food addiction.  

1.1.   To characterize the prelimbic-nucleus accumbens core 

electrophysiological fingerprints of extreme phenotypes of food 

addicted and non-addicted mice. 

1.2.   To characterize the prelimbic-nucleus accumbens core 

electrophysiological marks of CB1 receptor blockade in food 

addicted and non-addicted mice. 

Chapter 1: Prelimbic to nucleus accumbens core neural dynamics in 

food addicted and non-addicted mice.  

 

 

Objective 2: To study the prelimbic-nucleus accumbens core 

neurophysiological signatures in the transition from vulnerable to 

food addiction phenotype in mice. 

Chapter 2: Evolution of prelimbic-nucleus accumbens core neural 

dynamics in mice vulnerable to develop food addiction. 
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Animals 

Experiments were performed in C57BL/6J male mice (n=60). Mice 

(2 - 10 months old) were housed under conditions of controlled 

temperature (23 ±1ºC) and illumination (12 hours light/dark cycle), 

and all the tests were performed during the dark phase of a reverse 

light cycle. Mice were habituated to the experimental room and 

handled for one week before starting the experiments. All procedures 

had authorization from the Barcelona Biomedical Research Park 

Animal Research Ethics Committee (PRBB-CEEA) and complied 

with the guidelines of the European Union Council (EU Directive 

2010/63/EU) and Spanish regulations (BOE 252/34367-91, 2005). 

 

Operant behavior apparatus 

Mouse operant chambers (Model ENV‐307A‐CT, Med Associates, 

Georgia, VT, USA) were used for operant responding maintained by 

chocolate flavored pellets. The operant chambers were equipped with 

two retractable levers, one randomly selected as the active lever and 

the other as the inactive. Pressing on the active lever resulted in a 

food pellet delivery paired with a stimulus‐light (associated cue), 

located above the active lever, and while pressing on the inactive 

lever had no consequences. A food dispenser equidistant between the 

two levers permitted the delivery of food pellets when required. The 

floor of the chambers was a grid floor that served to deliver electric 

food shocks in the session of the shock‐test and served as a contextual 

cue in the session of the shock‐associated cue, the day after the shock 

session. A metal sheet with holes was placed above the grid floor 

during the rest of the self-administration sessions. Thus, mice could 
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discriminate between different contexts. The chambers were made of 

aluminum and acrylic and were located in sound‐ and light‐attenuated 

boxes equipped with fans to provide ventilation and white noise. 

 

Food  pellets 

During the operant conditioning sessions, after active responding by 

lever pressing, animals received a 20 mg chocolate-flavored pellet, a 

highly palatable isocaloric pellet (TestDiet, Richmond, IN, USA). 

These pellets had a similar caloric value (3.44 kcal/g: 20.6% protein, 

12.7% fat, 66.7% carbohydrate) to the standard maintenance diet 

provided to mice in their home cage (3.52 kcal/g: 17.5% protein, 

7.5% fat, 75% carbohydrate) with some slight differences in their 

composition: addition of chocolate flavor (2% pure unsweetened 

cocoa) and modification in the sucrose content. Indeed, although the 

carbohydrate content was similar in the standard diet (75%) and 

highly palatable isocaloric pellets (66.7%), the proportion of sucrose 

content in standard diet food was 8.3% and 50.1% in highly palatable 

isocaloric pellets. 

 

Behavioral experiment 

Daily self-administration sessions maintained by chocolate-flavored 

pellets were performed in operant boxes and lasted 1 hour. The 

beginning of each self-administration session was signaled by turning 

on a house light placed on the ceiling of the skinner box during the 

first 3 seconds. The self-administration sessions were composed of 

two pellet periods (active periods) of 25 minutes, separated by a 

pellet-free period of 10 minutes. Pellets were delivered contingently 
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after an active response paired with a stimulus light (cue light) during 

the pellet periods. A time-out period of 15 seconds was established 

after each pellet delivery, where the cue light was off, and no 

reinforcer was provided after responding on the active lever. 

Responses on the active lever and all the responses performed during 

the time-out period were recorded. During the pellet-free period, no 

pellet was delivered and this period was signaled by the illumination 

of the entire self-administration chamber. In the operant conditioning 

sessions, mice were under a fixed ratio 1 (FR1) schedule of 

reinforcement (one lever-press resulted in one pellet delivery) 

followed by an increased FR to 5 (FR5) (five lever-presses resulted 

in one pellet delivery) for the rest of the sessions. The criteria for the 

achievement of the operant responding were acquired when all of the 

following conditions were met: (1) mice maintained a stable 

responding with <20% deviation from the mean of the total number 

of reinforcers earned in three consecutive sessions (80% of stability); 

(2) at least 75% responding on the active lever; and (3) a minimum 

of 5 reinforcers per session. After each session mice were returned to 

their home cages.  

 

Decision-making epochs were defined as the second prior to the first 

of the five lever presses in reward preceding trials (5 lever presses + 

cue light and reward delivery). Reward expectation epochs were 

defined as the second occurring immediately after the fifth lever 

press, when the cue light turns on and reward is delivered. 
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Three behavioral tests were used to evaluate the food addiction-like 

criteria as recently described and adapted from cocaine addiction-like 

in rats (Deroche-Gamonet et al., 2004b; Deroche-Gamonet and 

Piazza, 2014). These three criteria summarized the significant 

hallmarks of addiction based on DSM-IV, specified in DSM-5 and 

now included in the food addiction diagnosis through the YFAS 2.03.  

 

Persistence of response: Non-reinforced active responses during the 

pellet-free period (10 minutes), when the box was illuminated and 

signaling the unavailability of pellet delivery, were measured as 

persistence of food-seeking behavior. Mice were scored on this test 

for three consecutive days before the motivation test (see below).  

 

Motivation: The progressive ratio schedule of reinforcement was 

used to evaluate the motivation for the chocolate-flavored pellets. 

The response required to earn one single pellet escalated according 

to the following series: 1, 5, 12, 21, 33, 51, 75, 90, 120, 155, 180, 

225, 260, 300, 350, 410, 465, 540, 630, 730, 850, 1000, 1200, 1500, 

1800, 2100, 2400, 2700, 3000, 3400, 3800, 4200, 4600, 5000, and 

5500. The maximal number of responses that the animal performs to 

obtain one pellet was the last event completed, referred to as the 

breaking point. The maximum duration of the progressive ratio 

session was 5 h or until mice did not respond on any lever within 1 

h.  

 

Compulsivity: Total number of shocks in the session of shock test 

(50 min) performed after the motivation test, when each pellet 
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delivered was associated with punishment, were used to evaluate 

compulsivity-like behavior. Mice were placed in a self-

administration chamber without the metal sheet with holes and 

consequently with the grid floor exposed (contextual cue). In this 

shock session, mice were under an FR5 schedule of reinforcement 

for 50 min with two scheduled changes: at the fourth active lever-

response, mice received only an electric footshock (0.18 mA, 2 

seconds) without pellet delivery, and at the fifth active lever-

response, mice received another electric footshock with a chocolate-

flavored pellet paired with the cue light. The schedule was reinitiated 

after 15 seconds of pellet delivery (time-out period) and after the 

fourth response if mice did not perform the fifth response within a 

minute.  

 

Moreover, two additional phenotypic traits involved in the addictive-

like behavior were evaluated.  

 

Impulsivity: Non-reinforced active responses during the time-out 

periods (15 sec) after each pellet delivery were measured as 

impulsivity-like behavior, indicating the inability to stop a response 

once initiated (George F Koob and Volkow, 2010). The last three 

consecutive days of the self-administration period were considered. 

 

Aversive learning: Measured with the shock-induced suppression 

test. In the shock-induced suppression test mice were placed in the 

self-administration chamber for 50 minutes with the same grid floor 

used during the shock test. However, during this FR5 self-
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administration session, pressing the active lever had no 

consequences: no electric shock, no chocolate-flavored pellets, and 

no cue light. Non-reinforced active responses during this shock-

induced suppression test are measured for the aversive associative 

learning (Figure 34). 

 

After performing the behavioral tests to measure the food addiction-

like behaviors, mice were categorized into two extreme 

subpopulations (addicted or extreme non-addicted animals) 

depending on the number of positive criteria that they had achieved. 

An animal was considered positive for an addiction-like criterion 

when the score of the specific behavioral test was above the 75th 

percentile of the normal distribution. Mice that achieved two or three 

addiction-like criteria were considered addicted animals, and mice 

that achieved none or one addiction-like criterion were considered 

extreme non-addicted animals. 

  



Materials and Methods 

147 

 

 

 

Figure 34. Addiction-like criteria and phenotypic traits of the behavioral 

experiment. Addiction-like criteria: (1) Persistence to response. Non-reinforced 

active responses during the pellet free period (10 min), when the box is illuminated 

and signaling the unavailability of pellet delivery, are used to evaluate the 

persistence of food-seeking. (2) Motivation. The progressive ratio test is used to 

evaluate the motivation for chocolate-flavored pellets. The responses to earn a 

single pellet increase exponentially. The maximal number of responses that the 

animal performs to obtain one pellet is the last event completed, referred to as the 

breaking point. (3) Compulsivity. The total number of shocks in the session of 

shock test, when each pellet delivered is associated with punishment, is used to 

evaluate compulsivity-like behavior. Phenotypic traits: (1) Impulsivity measured 

by the non-reinforced active responses not paired with a stimulus light during the 

time-out periods (15 s) after each pellet delivery. (2) Aversive associative learning 

measured by the shock-induced suppression test. Adapted from (Martín-García et 

al., 2020). 
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Surgeries and electrode implantation 

Mice were induced with a mixture of ketamine/xylazine and placed 

into a stereotaxic apparatus for intracranial electrode implantation. 

Anesthesia was maintained with isoflurane 0.25 - 2%. Four micro-

screws were placed into the skull to stabilize the implant. An 

additional micro-screw was placed on the top of the cerebellum and 

used as a general ground. Two tungsten electrodes (25 um wide; 100 

to 400 kOhm; Advent, UK) were unilaterally implanted in the PL 

mPFC (AP: 1.98 mm, ML: 0.3 mm, DV: -2.30 mm) and the NAc core 

(AP: 1.10 mm, ML: 1.0 mm, DV: -4.60 mm) (Figure 35). In addition, 

three reference electrodes were implanted in the corpus callosum and 

lateral ventricles (AP: 1.0 mm, 0.2 mm, -1.0 mm; ML: 1.0 mm, 0.8 

mm, 1.70 mm; DV: -1.25 mm, -1.40 mm, -1.50 mm, respectively). 

The recorded hemisphere was chosen randomly. At the time of 

implantation, the electrodes had an impedance from 100 to 400 kOhm 

and were implanted with dental cement. Neural activity was recorded 

while the electrodes were being lowered down inside the brain to 

make sure they were implanted in tissue rich in neural activity. In 

addition, mice received after surgery a preventive treatment with an 

i.p. injection of the antibiotic gentamicin (Genta-Gobens; 

Laboratorios Normon, Spain; 1 mg/kg of body weight) and a 

subcutaneous (s.c.) injection of the anti-inflammatory agent 

meloxicam (Metacam; Boehringer Ingelheim, Rhein; 2 mg/kg of 

body weight) both diluted in sterile 0.9% physiological saline. After 

surgery, animals were allowed at least one week to recover, during 

which they familiarized themselves with the implant connected to the 

recording cable.  
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Figure 35. Representative and histological validation of electrode implantation in 

the mPFC and the NAc. Stereotrodes were unilaterally implanted in the prelimbic 

mPFC and the NAc core. Additionally, three reference electrodes were implanted 

in the corpus callosum and lateral ventricles. At the end of the experiment, 

electrode placements were confirmed by histological validation. 

 

In vivo electrophysiological recordings 

Electrophysiological recordings were conducted in the dark 

illumination cycle (from 8:00 a.m. to 7:30 p.m.). Animals were 

removed from their home cages, connected to the headstage and 

placed inside the skinner box to start the session. All the recordings 

(LFPs and MUA) were carried out with the multi-channel Open 

Ephys system at 0.1-6000 Hz and a sampling rate of 30 kHz with 

Intan RHD2132 amplifiers equipped with an accelerometer. Two 

animals were recorded simultaneously in two separate skinner boxes 

adapted for electrophysiological recordings. In brief, the boxes 

included an input-output board that collected relevant behavioral 

measures from the box (lever presses, pellet deliveries, houselight 
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activation, and cue light activation) and timestamped them in the 

electrophysiological files where the voltage signals were saved. We 

used two criteria to consider that operant responding was achieved 

during electrophysiological FR5 sessions. Operant responding during 

recordings was achieved when the total number of reinforcers earned 

in three consecutive sessions had more than a 60% of stability, and 

when reinforcement levels reached a minimum of 5 reinforcers per 

session. The electrophysiological recordings of Chapter 2 were 

performed with two different operant boxes per animal in order to 

record all the animals twice per week as a minimum. The additional 

operant box was a “fake operant box adapted to electrophysiology” 

that mimicked recordings conditions (wire connection, swivel, 

adapted feeder for implanted animals) but without producing 

electrophysiological data. 

 

Pharmacology  

The CB1 receptor blocker rimonabant was administered to mice at 

the end of the experimental protocol. Rimonabant (Sanofi-Aventis) 

was diluted in 5% ethanol, 5% Cremophor EL, and 90% saline. 

Rimonabant was injected by intraperitoneal (i.p.) in a dose of 3 mg/kg 

of body weight. Recordings of FR5 operant training sessions were 

performed 30 minutes after injection of the treatment. 

 

Data and statistical analyses 

All analyses were carried out with custom scripts programmed in 

Python. The files were first pre-processed to extract local field 

potentials (LFPs) and multi-unit activities (MUA). More 
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especifically, recorded signals from each electrode were detrended, 

notch-filtered to remove power line artifacts (50 Hz), and decimated 

to 1kHz offline to obtain LFPs. Noisy electrodes were discarded by 

visual inspection from individual channel spectrograms. The 

frequency bands considered for the band-specific analyses included: 

delta (2-5 Hz), theta (8-12 Hz), beta (18-25 Hz), low gamma (30-50 

Hz), high gamma (50-100 Hz) and high-frequency oscillations (150-

200 Hz).  

 

Power spectral density results were calculated using the multi-taper 

method (time-frequency bandwidth; TW = 5 and K = 9 tapers; 1-

200Hz range, non-overlapping sliding windows of 1 minute for 

spectrograms and power spectrum of the selected epoch, 1 second for 

decision-making, reward expectation, and phase changes of the FR5 

sessions). Due to mathematical limitations of the multi-taper method, 

the stockwell method from the mne library (Gramfort et al., 2013) 

was used for spectrograms of 1-second window during operant 

training sessions. Spectrograms were constructed using consecutive 

Fourier transforms. 

 

Phase coherence between mPFC and NAc was estimated via 

weighted phase-lag index (wPLI, Butterworth filter of order 3), a 

measure of phase synchronization between areas aimed at removing 

the contribution of common source zero-lag effects that allowed us 

to estimate the synchronization between the mPFC and the NAc 

mitigating source signals affecting multiple regions simultaneously. 

First, we used Hilbert transformation to obtain instantaneous phases 
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from LFP. wPLI measures the asymmetry in the distribution of phase 

differences for each frequency band between the two-time series 

resulting in values ranging between 0 and 1, being a higher value a 

high asymmetric distribution as a consequence of a consistent phase-

lag between signals in the two areas. wPLI reduces the probability of 

detecting false positive connectivity in the case of volume conducted 

noise sources with near zero phase lag and shows higher sensitivity 

in detecting real phase synchronization. These measures are not 

present in the result section of the thesis as no differences were 

reported between experimental groups. 

 

Signal directionality between mPFC and NAc areas was calculated 

with the phase slope index (PSI) with a Python translation of 

MATLAB’s data2psi.m (epleng = 60s, segleng = 1s) as in reference 

(Nolte et al., 2008). PSI is a robust measure of directionality based 

on the conceptual, temporal argument supporting that the driver is 

earlier than the recipient. It quantifies the consistency of the direction 

within phase differences across frequencies. Given a specific 

bandwidth parameter, it computes the change in the phase difference 

between close frequency bins for each frequency bin, weighted with 

the coherence. Then, when phase difference changes consistently 

across frequencies and there is coherence, PSI deviates from zero 

(Bastos and Schoffelen, 2015). A positive slope reflects a PFC-to-

NAc flow of information in a specific frequency range, while a 

negative slope reflects NAc-to-PFC signal directionality.  
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For the phase-amplitude coupling (PAC), we used two different 

functions depending on the size of the window to analyze. We used 

the modulation index (MI) developed by (Tort et al., 2008) for over 

one minute windows. In addition, we used the Canolty method as 

implemented by (Onslow et al., 2011) for the one-second windows 

reflecting decision-making and reward expectancy periods during the 

operant conditioning. First, low frequency (delta and theta) phases 

were divided into 18º bins (i.e., each cycle was divided into 20 bins), 

and gamma (low, high gamma) and hfo amplitudes were calculated 

for each phase bin. MI measured the divergence of the phase-

amplitude distribution and was higher as the distribution deviated 

from the uniform distribution (i.e., no modulation). In order to choose 

specific frequency band pairs for the MI quantification, we 

represented overall MI in two-dimensional pseudocolor 

comodulation maps. A warmer color indicateds coupling between the 

phase of the low-frequency bands (1-16 Hz; x-axis) and the 

amplitude of the high-frequency band (20-250 Hz; y-axis), while blue 

depicts the absence of coupling (Figure 36). 

MUA was estimated by first subtracting the raw signals from each 

electrode with the signal from a nearby referencing electrode to 

remove artifacts generated by the animals’ movement and present in 

all the channels. Then, continuous signals were filtered between 450-

6000 Hz with Python and thresholded at -3 sigma standard deviations 

with Offline Sorter v4 (Plexon Inc.). 

 

Statistical analyses were performed with Graphpad Prism 8.0 

(Graphpad Software, Inc, San Diego, CA) and Statistical Package for 
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the Social Sciences 22.0 (SSPS Software, IBM Corp, Armonk, NY) 

softwares. 

 

 

Figure 36. Classification of local field potential analyses. Power spectral analyses 

were performed to analyze the amplitude of the local field potentials in the PFC or 

the NAc locally. Phase amplitude coupling is performed locally or inter-regionally 

methods for short or long windows. First, we performed a band-pass filtering and 

extraction of phase and amplitude and then assessed correlations between 

amplitude and phase to quantify deviations of the uniform distribution from the 

amplitude vs phase histogram. The directed connectivity measure was the phase 

slope index, measuring the consistency of the direction of the change in the phase 

difference across frequencies. Spectrograms, comodulograms and quantifications 

will be used to present these analyses. 

 

Histology 

On the last day of electrophysiological recordings, small electrolytic 

lesions of the recording sites were carried out via electrical 

stimulation of the electrodes (100 Hz, 0.1 mA for 2 s) under 

anesthesia. Then, mice were sacrificed and their brains extracted and 

preserved in 2-methylbutane. Brains were sliced into 30 µm sections 

with a cryostat. Electrode placements were confirmed histologically 

by staining the brain slices using the Nissl method. Images were 

obtained and analyzed using light microscopy (Olympus BX61) with 

a 4x magnification. Electrodes with tips outside the targeted areas 

were discarded from data analyses. 
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Experimental design 

Chapter 1 

 Thirty-one mice were trained in operant boxes for 112 days to 

develop food addictive-like behaviors (Mancino et al., 2015; 

Domingo-Rodriguez et al., 2020). The long-term operant 

conditioning started with a fixed ratio of one lever press to one pellet 

reward (FR1) schedule of reinforcement during five sessions and was 

followed by 105 sessions under FR5 (Figure 37a). One mouse that 

did not achieve the acquisition criteria after day 33 was excluded 

from the study. Persistence to response, motivation, and compulsivity 

were evaluated in the early (sessions 18-26) and late periods (sessions 

104-112). After the behavioral evaluation during the late training 

period, mice were classified into two different phenotypes: addicted 

(covering two or three criteria) and non-addicted (covering none or 

one criterion) mice. An additional classification was performed to 

select extreme phenotypes according to the distribution of their 

values in P25, P50 and P75 percentiles values (<P25 = 0, >P25<P50 

= 1, >P50<P75 = 2, >P75 = 3) in the different addiction-like criteria 

and phenotypic traits tests (5x compulsivity, 4.5x three days pellet-

free period, 4x motivation, 3x ten days pellet-free period, 2.5x three 

days time-out, 2x ten days time-out, 1.5x three days reinforcement, 

1x ten days reinforcement). These extreme subpopulations (extreme 

non-addicted and addicted mice) underwent stereotaxic surgery to 

implant electrodes in the prelimbic mPFC and the NAc core. 

Following recovery from surgery, recordings were performed in 

operant boxes adapted for electrophysiology for a short-term operant 

training (post-surgery FR5 sessions 1 to 10). Following these ten 
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sessions with electrophysiological recordings, mice were treated with 

rimonabant 3 mg/kg to investigate the effects on the neural substrates 

of the addictive phenotype. Recordings in standard cages and 

recordings during four FR5 sessions (post-surgery FR5 sessions 11 

to 14) were performed to study the electrophysiological effects of 

rimonabant in the mPFC and the NAc core (Figure 37a). 

 

 

Figure 37a. Timeline of the experimental sequence. Mice were trained to acquire 

the operant conditioning maintained by chocolate-flavored pellets under FR1 (5 

sessions) and FR5 (105 sessions) schedules of reinforcement. Mice categorization 

was performed according to the three addiction criteria and phenotypic traits in 

order to obtain extreme subpopulations: extreme non-addicted (0 criteria) and 

addicted (2-3 criteria) mice. These animals underwent stereotaxic surgery for 

electrode implantation the PL mPFC and the NAc core (n = 9 addicted mice and n 

= 9 extreme non-addicted mice). After recovery from surgery and habituation to 

the implant and the wire connection, electrophysiological recordings were 

performed in standard cages and operant boxes adapted for electrophysiology in 

the post-surgery FR5 sessions period (10 sessions). Subsequently, mice were 

treated with rimonabant 3 mg/kg and recordings were performed in standard cages 

and operant boxes during additional FR5 sessions (4 sessions). 
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Chapter 2 

Twenty-eight mice started the experimental protocol with an FR1 

schedule of reinforcement during two sessions and was followed by 

five sessions under FR5. These sessions were performed to lead the 

animals to learn the operant training and habituate themselves to the 

operant chambers. After these sessions were completed, animals 

underwent stereotaxic surgery to implant stereotrodes in the 

prelimbic mPFC and the NAc core. Following recovery from 

surgery, a habituation period to the wire was performed and the 

animals were re-trained in the task. Mice that accomplished more 

than 3 reinforcers per session, and obtained stability of 60% between 

sessions at the two different operant boxes (the standard one and the 

one adapted for electrophysiology), and performed more than 75% of 

responses in the active lever were ready to start the 

electrophysiological recordings of the medium-term operant training. 

These criteria were analyzed individually and mice that did not 

accomplish the acquisition criteria after day 33 after implantation 

(day 45 from the beginning of the experiment) were excluded from 

the study. The electrophysiological recordings were performed with 

two different operant boxes per animal in order to record all the 

animals twice per week as a minimum. The additional operant box 

was a “fake operant box adapted to electrophysiology” that mimicked 

recordings conditions (wire connection, swivel, adapted feeder for 

implanted animals) but without producing electrophysiological data. 

Electrophysiological recordings of the medium-term operant training 

started with 15 sessions of FR5 and subsequently, persistence to 

response, motivation and compulsivity were evaluated in the early 
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(session 18-26) and medium (session 52-60) periods (Figure 37b). 

Electrophysiological recordings lasted until the end of the medium 

period due to the signal quality and implant durability. After the 

behavioral evaluation during the medium training period, mice were 

classified into two different phenotypes: addicted (covering two or 

three criteria) and non-addicted (covering none or one criterion) 

mice, as in Chapter 1 (Figure 37b). 

 

 

Figure 37b. Timeline of the experimental sequence. Mice were trained to acquire 

the operant conditioning maintained by chocolate-flavored pellets in five sessions 

(2 FR1 and 3 FR5 sessions). Electrode implantation in the PL mPFC and the NAc 

core was performed in all animals. After recovery and the habituation period, mice 

were recorded twice per week during the medium-term operant training (60 

sessions). Addictive-like criteria were evaluated at the early and medium periods. 

Mice categorization was performed according to the three addiction criteria and 

phenotypic traits in order to obtain extreme subpopulations: non-addicted (0-1 

criteria) and addicted (2-3 criteria) mice.  
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1.1.   Electrophysiological characterization of extreme 

subpopulations of food addicted and non-addicted mice. 

 

Categorization of extreme phenotypes of food addicted and non-

addicted mice 

 

To study the electrophysiological signatures of food addicted and 

non-addicted mice, we first categorized mice into addicted and non-

addicted according to the food addiction animal model (Mancino et 

al., 2015). Thus, we trained 31 C57Bl/6J adult male mice in the long 

operant protocol of food addiction for 112 days (Domingo-Rodriguez 

et al., 2020) (Figure 37a; see Experimental design section of Chapter 

1 in Methods). In fixed ratio 1 (FR1) sessions, mice started to acquire 

the operant behavior, and the number of reinforcers increased across 

sessions in all mice. When the effort to obtain one single pellet was 

augmented to FR5, the number of reinforcers declined during the first 

four FR5 sessions. However, previous reinforcement levels were 

quickly achieved at the fifth FR5 session and progressively increased 

across time (Figure 38). After surgical electrode implantation, mice 

significantly reduced the number of reinforcers from 51.16 to 41.18. 

At the end of the protocol, four days of pharmacological treatment 

were introduced using rimonabant and vehicle subsequently in a 

within-subject design. Results showed that rimonabant drastically 

reduced the number of reinforcers compared with the vehicle with 

the previous FR5 sessions (Figure 38). 
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Figure 38. Acquisition of operant training maintained by chocolate-flavored 

pellets. Mean number of reinforcers during the acquisition training in FR1 and FR5 

schedule of reinforcement (n=31, One-way ANOVA repeated measures, 

Supplementary Table 1), during electrophysiological recordings (n=9-13), and 

during rimonabant treatment (n=9-11). Differences are reported as mean ±SEM. 

 

Categorization of extreme phenotypes of food addicted and non-

addicted mice was performed in the late period, between sessions 

(104-112), and 29.03% of the animals reached two or three addiction-

like criteria and were considered as addicted (n=9). The rest of the 

animals (70.97%) reached none or one addiction-like criterion and 

were considered non-addicted (n=22) (Figure 39). 
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Figure 39. According to the late period, the 

distribution of animals with different scores 

for addiction-like behavior. Animals were 

assigned to a criteria subgroup based on the 

number of criteria met for which they 

scored equal to or above the 75th percentile. 

Considering this phenotypic 

categorization of the late period, we evaluated if there were 

significant differences in the hallmarks of addiction between these 

groups of addicted and non-addicted mice in the early period (session 

18-26). Results showed non-significant differences in the persistence 

of response, motivation, and compulsivity between addicted and non-

addicted mice (Figure 40A-C). As expected, in the late period 

(session 104-112), addicted mice showed significantly higher 

persistence of response and increased motivation for reward 

obtention compared to non-addicted mice (U Mann–Whitney, P < 

0.01, P < 0.001, Figure 40D-F). Moreover, addicted mice tended to 

show increased compulsivity values, although the difference between 

addicted and non-addicted animals was not significant (Figure 40F). 

  

Total=31

n=9

n=22

29.03%  A

70.97%  NA

3.23%  3 crit.

25.81%  2 crit.

22.58%  1 crit.
48.39%  0 crit.
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Figure 40. Behavioral tests of the three addiction criteria in both phenotypes at the 

early (A-C) and late (D-F) periods. (A,D) Persistence of response. Total number of 

non‐reinforced active responses during three consecutive daily 10‐min of pellet 

free period. (B,E) Motivation. Breaking point achieved in 5 h of PR schedule. The 

breaking point refers to the maximal effort that an animal is willing to do to earn 

one pellet. (C,F) Compulsivity. Number of shocks that mice received in 50 min in 

the shock test in which each pellet delivery was associated with a footshock (0.18 

mA). Differences are reported as mean ±SEM, U Mann-Whitney, **P < 0.01, ***P 

< 0.001. 

 

We further evaluated the reinforcing effects of chocolate-flavored 

pellets and importantly, in the FR5 late period, addicted mice showed 

a significantly increased number of reinforcers and lever-presses 

compared to their non-addicted peers (U Mann–Whitney, P < 0.05, P 
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< 0.01, Figure 41A-B). This effect was not observed in FR1 nor the 

FR5 early period. We also compared the levels of impulsivity in 

addicted and non-addicted mice, and only in the late period addicted 

mice showed significantly higher impulsivity which was measured 

by the inability to stop pressing the lever during the time-out period 

(15 s) after each pellet delivery (U Mann–Whitney, P < 0.01, Figure 

41C). For the aversive associative cue reactivity test, in both early 

and late periods, addicted mice showed a slightly increased food-

seeking compared to non-addicted mice, indicating decreased 

aversive cue reactivity, although the statistical difference was not 

significant (Figure 41D-E). 
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Figure 41. (A-C) Behavioral data of phenotypic traits in FR5 sessions represented 

by individual values with the mean and ±SEM. FR1 corresponds to the five operant 

sessions of FR1, FR5 Early Period corresponds to the five FR5 sessions before the 

early period, FR5 Late Period corresponds to the five FR5 sessions before the late 

period. (A) Reinforcement levels were quantified by counting the number of 

reinforcers consumed in 1h operant sessions. (B) Number of total active lever-

presses scored in 1h operant session. (C) Impulsivity. Number of non-reinforced 

active lever-presses during five consecutive daily time out (15 s) after each pellet 

delivery (U Mann-Whitney, *P < 0.05, **P < 0.01). (D-E) Behavioral test of shock-

induced suppression at the (D) early period and (E) late period represented by 

individual values with the mean of active levers and ±SEM. Basal corresponds to 

the five FR5 sessions before compulsivity test (shock). Shock corresponds to the 

compulsivity test where each pellet delivery was associated with a punishment, an 

electric foot shock. Shock-associated cue corresponds to the number of non-

reinforced active responses in 50 min in the following session after the shock test 

with the same discriminative stimulus (grid floor) as the shock test in which 

pressing the active lever had no consequences: no shock, no reward delivery and 

no cue light (U Mann-Whitney, **P < 0.01). 
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We measured weekly bodyweight during the whole protocol to 

discard any potential predisposing effect on food addiction 

development and monitor its evolution. Results showed no basal 

differences between addicted and non-addicted mice. In addition, the 

evolution across time was similar and not affected by food addiction 

development (Figure 42), indicating that changes in the body weight 

did not explain the higher persistence of response, motivation, 

reinforcement, and impulsivity observed in addicted mice. 

Figure 42. Bodyweight. (A) Measurements of body weight in grams across weeks 

in NA and A mice. (B) Averaged body weight data per phenotype. 

 

To gain deeper insight into the main factors contributing to the 

development of addicted and non-addicted phenotypes, we 

performed a principal component analysis (PCA) of behavioral traits. 

The percentage of variance explained by the two principal 

components was 45.4% (PC1) and 22.1% (PC2). PCA allowed 

classifying the two extreme phenotypes in vulnerable (n=9) or 

resilient (n=22) to develop food addiction-like behaviors based on 

these criteria and phenotypic traits (Figure 43A). The main variables 
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contributing to PC1 were reinforcement, the addiction criterion of 

motivation, and the impulsivity trait, whereas the addiction criteria 

of compulsivity and persistence of response were the predominant in 

PC2 (Figure 43B-C). 

Figure 43. PCA analysis. (A) Mice subjects clustered by the presence of A or NA 

on the space yielded by two components of the PCA that account for the maximum 

data variance with factor loadings of principal component (PC) 1 (45.4%) and 

principal PC2 (22.1%). (B-C) The order of factor loading of the different variables 

in the (B) PC1 and (C) PC2 is represented. The dashed horizontal line marked 

loadings > 0.7, mainly contributing to the component. 

 

As reinforcement levels and motivation to pursue highly palatable 

pellets were the higher scores variables of the PC1 (0.88 and 0.81, 

respectively), and compulsivity and persistence of response had the 

higher load of the PC2 (0.92 and 0.75 respectively), we decided to 

focus the analysis on decision-making and reward expectation of FR5 

sessions. Indeed, altered decision-making and outweighed reward 

expectation have been associated with motivation, rewarding 

processes of food consumption, compulsivity, and persistence of 

response (O’Doherty et al., 2017; Verharen et al., 2020). 
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Prelimbic - nucleus accumbens core gamma circuit communication 

signals are disrupted in addicted mice during decision-making and 

reward expectation. 

 

To investigate the neurophysiological signatures underlying 

addictive-like behaviors, we selected mice at the tails of an inverted 

U-shape curve according to the quantitative individual scores 

obtained in the addiction-like criteria and phenotypic traits tests. 

Animals were classified according to the distribution of their scores 

in the specific behavioral tests. Scores below 25th percentile summed 

up 0 points, scores between 25th and 50th percentiles summed up 1 

point, scores between 50th and 75th percentile summed up 2 points, 

and scores above 75th percentile summed up 3 points. Indeed, the 

number of points scored were multiplied by the importance of the 

behavioral test (5x compulsivity, 4.5x three days pellet-free period, 

4x motivation, 3x ten days pellet-free period, 2.5x three days’ time-

out, 2x ten days time-out, 1.5x three days reinforcement, 1x ten days 

reinforcement). Extreme subpopulations of non-addicted (n=9) and 

addicted (n=9) mice (Figure 44) underwent stereotaxic surgery for 

electrode implantation in the PL mPFC and the NAc core. 
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 Figure 44. Representative scheme 

of the selection of animals situated 

at the extremes of the U-inverted 

shape curve, according to addictive-

like criteria and phenotypic traits. 

Out of 31 animals, 22 were 

categorized as non-addicted (NA) 

(0 and 1 criterion accomplished) 

and 9 were categorized as addicted 

(A) (2 and 3 criteria accomplished). 

9 extreme non-addicted (ENA) that 

accomplished 0 addiction-like 

criteria and obtained a low score in 

the addiction classification were 

selected in parallel with 9 A animals 

for electrode implantation. 

 

After surgical recovery, electrophysiological recordings were 

performed in home cages immediately after the FR5 sessions. 

Locomotor activity was similar in both groups (Figure 45), and no 

significant differences in signal power were detected between 

addicted and extreme non-addicted mice neither in the PL mPFC nor 

in the NAc core. However, lgamma power was larger in the NAc core 

compared with the PL mPFC (Unpaired t-test, P < 0.05, Figure 46). 

 

Figure 45. Locomotor activity in ENA and A mice 

during recordings in the standard cage after FR5 

sessions. Accelerometer, variance of signals from 

the accelerometer integrated within the headstages. 

The corresponding quantification of the animal’s 

mobility is presented as a ratio to the highest value 

in the baseline condition. 
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Figure 46. Power spectra of PL mPFC (left) and NAc core (right) signals during 

recordings of 20 min in the standard cage. Power values of delta and theta between 

ENA and A mice are shown in PL mPFC power spectra. Also, power values of 

lgamma and hgamma between ENA and A mice are shown in NAc core power 

spectra. 

 

Furthermore, no significant differences were found in circuit 

communication (phase slope index, PSI) between addicted and 

extreme non-addicted mice. Notably, both groups exhibited a flow of 

information from the NAc core to the PL mPFC at theta and hgamma 

frequencies (NAc core to PL mPFC PSI, NAc core leads) and a PL 

mPFC to NAc core communication at lgamma frequencies (PL 

mPFC to NAc core PSI, PL mPFC leads) under basal conditions 

(Figure 47). Altogether, circuit communication measures suggested 

that neural signals of addicted and extreme non-addicted mice in the 

PL mPFC and the NAc core coordinated at theta, lgamma and 

hgamma frequencies after FR5 sessions. These connectivity 

fluctuations were frequency-specific and did not occur at other 

frequencies. 
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Figure 47. PL mPFC – NAc core circuit communication (PSI) at delta, theta, beta, 

lgamma, hgamma and hfo in ENA and A animals during recordings in the standard 

cage. 

 

Addictive-like behavior was maintained after the surgery process 

during additional FR5 sessions (FR5 post-surgery). Addicted mice 

showed a higher number of reinforcers, an augmented number of 

lever-presses, and increased impulsivity compared to extreme non-

addicted mice (Unpaired t-test, P < 0.05, P < 0.01, Figure 48). 
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Figure 48. (A) Acquisition of operant training maintained by chocolate-flavored 

pellets in ENA (n=9) and A (n=9) mice. Mean number of reinforcers during the 

acquisition training in FR1 and FR5 schedule of reinforcement, during 

electrophysiological recordings, and rimonabant treatment. Differences are 

reported as mean ±SEM. (B-E) During recordings of the FR5 post-surgery period, 

A mice maintained the addictive-like behavior during the operant sessions showing 

an increased (B) reinforcement, (C) number of lever-presses, and (D) impulsivity, 

in comparison with ENA mice. (E) Persistence of response was not significantly 

different between A and ENA mice. Differences are reported as mean ±SEM, 

Unpaired t-test, *P < 0.05, **P < 0.01. 

 

In order to discard possible behavioral affections due to the surgery 

process, we compared reinforcement levels, number of active lever-

presses and impulsivity at the different stages of the long-term 

operant training, remarking the maintenance of the addictive-like 

behavior at the end of the training schedule (Figure 49A-C). 

Significant differences in compulsivity and aversive cue reactivity 

were observed at the late period, being addicted mice more 
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compulsive and showing reduced aversive associative learning 

compared with extreme non-addicted mice (Figure 49D-E). 

 

Figure 49. (A-C) A mice maintained the addictive-like behavior showing a higher 

number of reinforcers, an augmented number of lever-presses and increased 

impulsivity in comparison with ENA mice. Behavioral data of phenotypic traits in 

FR5 sessions are represented by individual values with the mean and ±SEM. FR1 

corresponds to the five operant sessions of FR1, FR5 Early Period corresponds to 

the five FR5 sessions before the early period, FR5 Late Period corresponds to the 

five FR5 sessions before the late period. FR5 post-surgery corresponds to the ten 

FR5 recording sessions after electrode implantation, recovery and habituation (A) 

Reinforcement levels quantified by counting the number of reinforcers consumed 

in 1h operant sessions. (B) Number of total active lever-presses scored in 1h 

operant session. (C) Impulsivity. Number of non-reinforced active lever-presses 

during five consecutive daily time out (15 s) after each pellet delivery (Unpaired t-

test, *P < 0.05, **P < 0.01). (D-E) Considering the phenotypic categorization used 

(n=9 addicted, n=9 extreme non-addicted), compulsivity and aversive associative 

learning were re-evaluated at the early (D) and late (E) periods. Significant 

differences in compulsivity and aversive associative learning were observed at the 

late period, being addicted mice more compulsive and showing an increased 

aversive associative learning compared with extreme non-addicted mice. 

Behavioral test of shock-induced suppression at the early period (D) and late period 
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(E) represented by individual values with the mean of active levers and ±SEM. 

Basal corresponds to the five FR5 sessions before compulsivity test (shock). Shock 

corresponds to the compulsivity test where each pellet delivery was associated with 

a punishment, an electric foot shock. Shock-associated cue corresponds to the 

number of non-reinforced active responses in 50 min in the following session after 

the shock test with the same discriminative stimulus (grid floor) as shock test in 

which pressing the active lever had no consequences: no shock, no reward delivery 

and no cue light (Unpaired t-test, *P < 0.05, **P < 0.01). 

 

We next investigated the neurophysiological fingerprints of addicted 

and extreme non-addicted phenotypes during decision-making and 

reward expectation. In order to discard behavioral variability in the 

duration of rewarding trials for reward obtainment between addicted 

and extreme non-addicted mice, we selected reward preceding 

epochs (5 lever presses + cue light and reward delivery) during FR5 

sessions that lasted one to three seconds, as these epochs length were 

the most abundant during rewarding preceding trials (Figure 50). 

 

Figure 50. Sum of reward preceding epochs per duration of seconds in A and ENA 

mice. The dots dashed square indicates the duration of epochs selected for the 

analysis. 
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We considered decision-making epochs as 1s time windows 

occurring the second prior to the first of the five lever presses, just 

before the animal will press the lever (Figure 51). 

  

 

 

 

Figure 51. Schematic diagram 

illustrating decision-making epochs. 

Decision-making epochs were 

considered as 1s time windows 

occurring the second prior to the first of 

the five lever presses in reward 

preceding trials (5 lever presses + cue 

light and reward delivery). 

 

During decision-making epochs, the power in the PL mPFC and in 

the NAc core was similar between extreme non-addicted and 

addicted mice and no significant differences were found at any 

frequency (Figure 52A). Differently, circuit communication 

measures revealed that hgamma and hfo were modified during 

decision-making in these subgroups of mice. Indeed, we found that 

extreme non-addicted mice displayed a NAc core to PL mPFC 

signaling at hgamma frequencies and a PL mPFC to NAC core 

communication at higher frequencies. However, addicted mice 

presented an opposite predominance of hgamma signaling (PL mPFC 

to NAc core PSI, PL mPFC leads) (Unpaired t-test, P < 0.05) and no 

clear directionality at higher frequencies was determined (Figure 
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52B). These results suggest that the directionality of these signals was 

disrupted in addicted mice. In contrast, addicted mice showed normal 

circuit communication at lower frequencies (Figure 52C). 

Figure 52. (A) Power spectra of neural signal in the PL mPFC (left) and the NAc 

core (right) in ENA and A mice during decision-making. Power values 

amplification of hgamma and hfo is also shown. (B) PL mPFC – NAc core circuit 

communication (PSI) at hgamma and hfo frequencies during decision-making. 

Data are represented as mean ±SEM, Unpaired t-test, *P < 0.05. (C) PL mPFC – 

NAc core circuit communication (PSI) at delta, theta, beta and lgamma in ENA and 

A animals during decision-making. 
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Notably, a significant negative correlation was detected between the 

total number of reinforcers and the PL mPFC to NAc core hfo circuit 

communication (PSI) values when including both phenotypes 

(Pearson correlation, P < 0.05, Figure 53). Conversely, food intake 

and NAc core to PL mPFC hgamma communication (PSI) during 

decision-making did not correlate. These findings suggest that PL 

mPFC to NAc core connectivity is abnormal at hgamma and hfo 

ranges in addicted mice during decision-making and that hfo 

connectivity was associated with the number of reinforcers 

consumed. 

 

 

 

 

 

 

Figure 53. Pearson correlations between PL mPFC – NAc core circuit 

communication at hgamma (left) and hfo (right); and the number of reinforcers 

acquired in the FR5 operant sessions. PL mPFC to NAc core hfo PSI that emerged 

during decision making correlated negatively with reinforcement levels in ENA 

and A mice together. Differences are reported as mean ±SEM, *P < 0.05. 

 

With the aim of understanding neural synchrony in both phenotypes, 

we further investigated cross-frequency coupling between slow 

rhythms (1-16 Hz) and faster oscillations (50-250 Hz) both within the 

PL mPFC and the NAc core (local PAC or l-PAC: PL mPFCphase-PL 
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mPFCamp and NAc corephase-NAc coreamp) and at the circuit level via 

coupling of NAc core phase with PL mPFC amplitude and vice versa 

(inter-regional PAC or ir-PAC: NAc corephase-PL mPFCamp and PL 

mPFCphase-NAc coreamp). Coupling between the phase of slow 

oscillations with the amplitude of high-frequency oscillations was 

similar between phenotypes (Figure 54A-D). 

 

Figure 54. (A-D) Local and inter-regional cross-frequency coupling during 

decision-making (1s) in ENA and A mice. (A-B) Comodulation maps and 

quantification of delta-gamma and theta-gamma local coupling in the PL mPFC 

and the NAc core. The x-axis represents phase frequencies (4-14 Hz) and the y-

axis represents amplitude frequencies (30-250 Hz). (C-D) Quantification of inter-

regional modulation index between the NAc core phase (NAc corep) and the PL 

mPFC amplitude (PL mPFCa) and between the PL mPFC phase (PL mPFCp) and 

the NAc core amplitude (NAc corea). 
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We also investigated the differential neural substrates of reward 

expectation in addicted and extreme non-addicted mice. We 

considered reward expectation epochs as 1s time windows occurring 

the second immediately after the fifth lever press when the cue light 

turns on, and reward is delivered (Figure 55). 

 

 

Figure 55. Schematic diagram 

illustrating reward expectation epochs. 

Reward expectation epochs were 

defined as the second occurring 

immediately after the fifth lever press, 

when the cue light turns on and reward 

is delivered. 

 

 

 

During reward expectation epochs, no significant differences were 

observed in PL mPFC power between addicted and extreme non-

addicted mice (Unpaired t-test, delta: P = 0.22; theta: P = 0.52, Figure 

56A left, 56B left). However, addicted mice showed decreased power 

at lgamma frequencies in the NAc core (Unpaired t-test, P < 0.01, 

Figure 56B right, 56B right). Furthermore, we found that the power 

of NAc core lgamma oscillations during reward expectation 

correlated negatively with the number of reinforcers when including 

both genotypes (Pearson correlation, P < 0.01, Figure 56C). These 

results suggest that addicted mice present a disruption of NAc core 
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lgamma oscillations during expectation of reward, that may 

contribute to the elevated pellet intake behavior. 

 

Figure 56. (A) Power spectra of neural signal in the PL mPFC (left) and the NAc 

core (right) in ENA and A mice during expectation of reward. Power values 

amplification of lgamma is also shown. (B) Corresponding quantification of 

lgamma power in the PL mPFC (left) and the NAc core (right) during expectation 

of reward. Data are represented as mean ±SEM, Unpaired t-test, **P < 0.01. (C) 

Pearson correlations between NAc core lgamma power and the number of 

reinforcers acquired in the FR5 operant sessions. Lgamma power negatively 

correlated with reinforcement levels in ENA and A mice together. Differences are 

reported as mean ±SEM, **P < 0.01. 

 

In order to evaluate communication strength between the PL mPFC 

and NAc core during reward expectation, we quantified inter-
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regional communication (PSI) in both phenotypes at this specific 

moment. Addicted animals showed normal PSI values with no 

significant differences being detected at any specific frequency 

range. In fact, a slight PL mPFC to NAc core signaling predominance 

was observed in both phenotypes at lgamma, hgamma and hfo (PL 

mPFC to NAc core PSI, PL mPFC leads) during the expectation of 

reward (Figure 57). These results indicate that the PL mPFC has a 

leading role in the communication between both areas during reward 

expectation, transferring neural signals to the NAc core at gamma 

and high frequencies.  

 

Figure 57. PL mPFC – NAc core circuit communication (PSI) at delta, theta, beta, 

lgamma, hgamma and hfo in ENA and A animals during expectation of reward. 
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We further investigated cross-frequency coupling during the 

expectation of reward. Correspondingly, theta-gamma coupling was 

reduced in the NAc core of addicted animals (Unpaired t-test, P < 

0.05, Figure 58). 

 

Figure 58. (A-D) Local and inter-regional cross-frequency coupling during reward 

expectation (1s) in ENA and A mice. (A-B) Comodulation maps and quantification 

of delta-gamma and theta-gamma local coupling in the PL mPFC and the NAc core 

(Unpaired t-test, *P < 0.05). The x-axis represents phase frequencies (4-14 Hz) and 

the y-axis represents amplitude frequencies (30-250 Hz). (C-D) Quantification of 

inter-regional modulation index between the NAc core phase (NAc corep) and the 

PL mPFC amplitude (PL mPFCa) and between the PL mPFC phase (PL mPFCp) 

and the NAc core amplitude (NAc corea). 
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Addicted mice exhibit abnormal prelimbic - nucleus accumbens core 

neural dynamics during rewarding periods. 

 

Persistence of food-seeking behavior was measured by the responses 

for active lever presses during the 10 minutes of unavailability of 

pellet delivery, and this period (pellet-free period) was signaled by 

the illumination of the entire operant chamber. However, the pellet-

free period was situated between two active periods (active period 1 

and active period 2) of 25 minutes each one, where a cue light was 

turned on when the reward was delivered after the five active lever 

presses during rewarding periods. In order to gain insight on neural 

activity in the PL mPFC and the NAc core during the transition of 

these different periods of the operant FR5 session, we evaluated local 

power during the phase change from the first rewarding period 

(active period 1) to the beginning of the non-rewarding period (pellet-

free period) and from the end of the pellet-free period to the 

beginning of the second rewarding period (active period 2). Changes 

between phases were analyzed in two seconds epochs (1s end reward 

to 1s start pellet-free period and 1s end pellet-free period to 1s start 

reward) (Figure 59). 
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Figure 59. Schematic diagram illustrating the different periods of an FR5 operant 

session. The self-administration sessions are composed of two pellet periods 

(active periods) of 25 minutes separated by a pellet-free period of 10 minutes. 

During the pellet periods, pellets are delivered contingently after five active lever-

presses paired with a cue light, whereas, during the pellet-free period, no pellet is 

delivered being this period signaled by the illumination of the entire self-

administration chamber. Changes between phases were analyzed in two seconds 

epochs (1s end reward to 1s start pellet-free period and 1s end pellet-free period to 

1s start reward). 

 

Changes between periods were characterized by prominent hgamma 

and hfo in the PL mPFC and in the NAc core (Figure 60A-B). Local 

power at these frequency ranges was increased from the end of the 

reward to the start of the pellet-free period in the PL mPFC and in 

both areas, respectively (One-way ANOVA repeated measures, P < 

0.05, P < 0.01, Figure 60C-D). Remarkably, during the pellet-free 

period (10 min), when no rewards were delivered, a decrease of PL 

mPFC and NAc core power was observed at delta, hgamma and hfo 

(One-way ANOVA repeated measures, P < 0.05, P < 0.01, P < 0.001, 

Figure 60C-D). Theta and beta oscillations were also reduced in the 

PL mPFC (One-way ANOVA repeated measures, P < 0.05, Figure 

60C-D). Subsequently, at the beginning of the second active period 

(start reward), PL mPFC power at hgamma and hfo reached basal 
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levels (One-way ANOVA repeated measures, P < 0.001, P < 0.05, 

Figure 60 C-D). These power fluctuations across phases of the 

operant training session indicate that neural activity in both the PL 

mPFC and the NAc core may contribute to the encoding of relevant 

behaviors linked to persistence and reward. While changes in local 

PL mPFC and NAc core oscillations were identified during the 

different phase changes of the FR5 sessions, no significant 

differences were detected between addicted and extreme non-

addicted mice (Figure 60C-D). 
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Figure 60. (A-B) Spectrograms of neural signals during the change between phases 

of the operant session (end reward to start PFP and end PFP to start reward) in the 

(A) PL mPFC and the (B) NAc core. The plots have been divided into 0-20, 20-

100 and 100-200 Hz to facilitate the comparison. (C-D) Power quantification 

across phases of the operant session at delta, theta, beta, lgamma, hgamma and hfo 

in the (C) PL mPFC and the (D) NAc core. ENA mice correspond to white-colored 

dots, whereas A mice are represented with red-colored dots. Data are represented 

as mean ±SEM, One-way ANOVA repeated measures, *P < 0.05, **P < 0.01, ***P 

< 0.001. 

 

To find valuable neurophysiological biomarkers that differentiate 

addictive-like behaviors from resilient phenotypes during the 

different phases of the FR5 sessions, we assessed PL mPFC to NAc 

core circuit communication in each of the phases (end reward, start 

pellet-free period, end pellet-free period, start reward), as above. 

Remarkably, circuit communication analyses indicated a flow of 

information at lgamma and hgamma from the PL mPFC to the NAc 

core in extreme non-addicted mice (PL mPFC to NAc core PSI, PL 

mPFC leads) during rewarding periods (end reward). By contrast, 

addicted mice showed a predominance of lgamma and hgamma 

signaling that originated in the NAc core and traveled to the PL 

mPFC (NAc core to PL mPFC PSI, NAc core leads) during the same 

session periods (Unpaired t-test, P < 0.05, P < 0.001, Figure 61). 

These observations suggest that food sensitivity to reward might be 

encoded by lgamma and hgamma communication in PL mPFC to 

NAc core connectivity. Fluctuations of lgamma and hgamma signals 

in PL mPFC to NAc core circuits were frequency-specific at the end 

of rewarding periods and did not occur at other bands and periods 

(Figure 61). 
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Figure 61. PL mPFC to NAc core circuit communication (PSI) at theta, lgamma, 

hgamma and hfo frequencies in ENA and A mice during the end of the rewarding 

period (end reward). Differences are reported as mean ±SEM, Unpaired t-test, *P 

< 0.05, ***P < 0.001. 

 

Correlations between circuit communication (PSI) and reward intake 

of the first rewarding period (active period 1) were examined to 

investigate this further. As expected, addicted mice showed more 

rewards and lever-presses than extreme non-addicted mice (Unpaired 

t-test, P < 0.01, P < 0.01, Figure 62). 
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Figure 62. Behavioral data of reinforcement levels and the number of lever-presses 

in the first active period (AP1). Differences are reported as mean ±SEM, Unpaired 

t-test, **P < 0.01. 

 

We found that PL mPFC - NAc core communication at hgamma, but 

not lgamma, correlated negatively with the number of reinforcers and 

active levers obtained in the first rewarding period, including both 

extreme genotypes (Pearson correlation, P < 0.001, Figure 63). 

Therefore, hgamma circuit connectivity seemed relevant for 

motivational values of rewards as it additionally significantly 

correlated with reinforcement and lever-presses in addicted mice 

(Pearson correlation, P < 0.01, P < 0.05, Figure 63).  

 

Consistent with the literature (Goldstein and Volkow, 2011; Volkow 

and Morales, 2015; Scofield et al., 2016), these evidence highlight 

the multifactorial concept of food addiction, suggesting that the NAc 

of addicted mice governs over the mPFC, whereas the mPFC of 

extreme non-addicted mice leads over the NAc. Furthermore, 

although electrophysiological signatures of the addictive-like 
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behavior were identified at the end of the first rewarding period, no 

more significant differences in circuit communication were found in 

the rest of the session periods analyzed (beginning pellet-free period, 

end pellet-free period, start reward) (Figure 64). 

 

Figure 63. Pearson correlations between PL mPFC to NAc core circuit 

communication (PSI) at lgamma and hgamma bands; and behavioral data (number 

of reinforcers and lever-presses) acquired in the AP1 of the FR5 operant sessions. 

PL mPFC – NAc core communication at hgamma correlated with behavioral data 

in ENA and A mice together (marked with black dotted line) and separately 

(marked with a black line for ENA mice and with a red line for A mice). 

Differences are reported as mean ±SEM, *P < 0.05, **P < 0.01, ***P < 0.001. 
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Figure 64. (A-C) PL mPFC to NAc core circuit communication (PSI) at delta, 

theta, beta, lgamma, hgamma and hfo frequencies in ENA and A mice during the 

(A) start of the pellet-free period, the (B) end of the pellet-free period, and the (C) 

beginning of the second active period (AP2) (start reward). Differences are 

reported as mean ±SEM. 
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Supplementary Table 1. 

Identification of extreme phenotypes of vulnerability and resilience to food addiction by long-term 

operant training. 

Figure number Statistical analysis Factor name Statistic value P-value 

Figure 38 One-way ANOVA 

repeated measures 

Operant training 

Time 

 

F(115,3503)=15.49 

 

P < 0.0001 

Figure 40A U Mann-Whitney Early Period 

Persistence of response 

U=83 n.s 

Figure 40B U Mann-Whitney Early Period 

Motivation 

U=77.50 n.s 

Figure 40C U Mann-Whitney Early Period 

Compulsivity 

U=86.50 n.s 

Figure 40D U Mann-Whitney Late Period 

Persistence of response 

U=28.50 P < 0.01 

Figure 40E U Mann-Whitney Late Period 

Motivation 

U=21.50 P < 0.001 

Figure 40F U Mann-Whitney Late Period 

Compulsivity 

U=65 n.s 

Figure 41A U Mann-Whitney FR1 

FR5 Early Period 

FR5 Late Period 

U=84 

U=97 

U=42.50 

n.s 

n.s 

P < 0.05 

Figure 41B U Mann-Whitney FR1 

FR5 Early Period 

FR5 Late Period 

U=83.50 

U=75 

U=30.50 

n.s 

n.s 

P < 0.01 

Figure 41C U Mann-Whitney FR1 

FR5 Early Period 

FR5 Late Period 

U=80.50 

U=67.50 

U=38 

n.s 

n.s 

P < 0.01 

Figure 41D U Mann-Whitney Early Period 

Basal 

Shock 

Shock associated cue 

 

U=75 

U=97.50 

U=56 

 

n.s 

n.s 

n.s 

Figure 41E U Mann-Whitney Late Period 

Basal 

Shock 

Shock associated cue 

 

U=30.50 

U=68 

U=61 

 

P < 0.01 

n.s 

n.s 

Figure 42A 2-WAY ANOVA Bodyweight 

Phenotype 

Weeks 

Phenotype x Weeks 

 

F(1, 319)=6.383 

F(10, 319)=22.59 

F(10,319)=0.1146 

 

P < 0.05 

P < 0.0001 

n.s 

Figure 42B U Mann-Whitney Bodyweight 

Phenotype 

 

U=85 

 

n.s 
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Supplementary Table 2. 

Prelimbic-nucleus accumbens core gamma circuit communication signals are disrupted in addicted 

mice during decision-making and reward expectation.  

Figure number Statistical analysis Factor name Statistic value P-value 

Figure 45 Unpaired t-test Locomotion t=0.5975 n.s 

Figure 46 Unpaired t-test PL mPFC power 

Delta 

Theta 

NAc core power 

Lgamma 

Hgamma 

PL mPFC vs NAc core 

(power) 

Lgamma 

Hgamma 

 

t=1.191 

t=0.5134 

 

t=0.5443 

t=0.7996 

 

 

t=2.505 

t=1.437 

 

n.s 

n.s 

 

n.s 

n.s 

 

P < 0.05 

n.s 

Figure 47 Unpaired t-test PSI 

Delta 

Theta 

Beta 

Lgamma 

Hgamma 

Hfo 

 

t=0.3545 

t=0.1721 

t=1.352 

t=0.01869 

t=0.3517 

t=0.02014 

 

 

n.s 

n.s 

n.s 

n.s 

n.s 

n.s 

Figure 48A Unpaired t-test Reinforcement t=4.732 P < 

0.0001 

Figure 48B Unpaired t-test Reinforcement t=3.927 P < 0.01 

Figure 48C Unpaired t-test Lever-presses t=3.658 P < 0.01 

Figure 48D Unpaired t-test Impulsivity t=2.772 P < 0.05 

Figure 48E Unpaired t-test Persistence t=1.427 n.s 

Figure 49A Unpaired t-test FR1 

FR5 Early Period 

FR5 Late Period 

FR5 Post-surgery 

t=0.1063 

t=0.6800 

t=2.643 

t=3.376 

n.s 

n.s 

P < 0.05 

P < 0.01 

Figure 49B Unpaired t-test FR1 

FR5 Early Period 

FR5 Late Period 

FR5 Post-surgery 

t=0.1805 

t=0.3339 

t=3.386 

t=3.658 

n.s 

n.s 

P < 0.01 

P < 0.01 

Figure 49C Unpaired t-test FR1 

FR5 Early Period 

FR5 Late Period 

FR5 Post-surgery 

t=0.2975 

t=0.1168 

t=2.798 

t=2.772 

n.s 

n.s 

P < 0.05 

P < 0.05 

Figure 49D Unpaired t-test Early Period 

Basal 

Shock 

 

t=0.3339 

t=0.4105 

 

n.s 

n.s 
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Shock associated cue t=1.079 n.s 

Figure 49E Unpaired t-test Early Period 

Basal 

Shock 

Shock associated cue 

 

t=3.386 

t=2.123 

t=2.407 

 

P < 0.01 

P < 0.05 

P < 0.01 

Figure 52A Unpaired t-test PL mPFC Power 

Hgamma 

Hfo 

NAc core Power 

Hgamma 

Hfo 

 

t=0.08792 

t=0.4008 

 

t=0.06407 

t=0.1279 

 

 

n.s 

n.s 

 

n.s 

n.s 

Figure 52B Unpaired t-test PSI 

Hgamma 

Hfo 

 

t=2.309 

t=2.879 

 

 

P < 0.05 

P < 0.05 

Figure 52C Unpaired t-test PSI 

Delta 

Theta 

Beta 

Lgamma 

 

t=0.7386 

t=0.3664 

t=0.7337 

t=0.3315 

 

 

n.s 

n.s 

n.s 

n.s 

Figure 53 Pearson correlation PSI 

Hgamma 

Hfo 

 

 

R=0.1413 

R=0.5742 

 

n.s 

P < 0.05 

Figure 54A Unpaired t-test PAC PL mPFC 

Delta/Gamma 

Theta/Gamma 

 

t=0.7250 

t=0.0493 

 

 

n.s 

n.s 

Figure 54B Unpaired t-test PAC NAc core 

Delta/Gamma 

Theta/Gamma 

 

 

t=0.3150 

t=0.2474 

 

n.s 

n.s 

Figure 54C Unpaired t-test PAC NAc corep-PL 

mPFCa 

Delta/Gamma 

Theta/Gamma 

 

 

 

t=1.064 

t=0.139 

 

 

n.s 

n.s 

Figure 54D Unpaired t-test PAC PL mPFCp-NAc 

corea 

Delta/Gamma 

Theta/Gamma 

 

 

t=0.3252 

t=0.2882 

 

 

n.s 

n.s 

 

Figure 56A-B Unpaired t-test PL mPFC Power 

Lgamma 

NAc core power 

Lgamma 

 

t=0.4479 

 

t=4.336 

 

n.s 

 

P < 0.01 
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Figure 56C Pearson correlation NAc core Power 

Lgamma 

 

R=0.5893 

 

P < 0.01 

Figure 57 Unpaired t-test PSI 

Delta 

Theta 

Beta 

Lgamma 

Hgamma 

Hfo 

 

 

t=0.02118 

t=0.4621 

t=0.2085 

t=0.8999 

t=0.3846 

t=0.5305 

 

 

n.s 

n.s 

n.s 

n.s 

n.s 

n.s 

 

Figure 58A Unpaired t-test PAC PL mPFC 

Delta/Gamma 

Theta/Gamma 

 

t=1.749 

t=1.642 

 

 

n.s 

n.s 

Figure 58B Unpaired t-test PAC NAc core 

Delta/Gamma 

Theta/Gamma 

 

 

t=1.123 

t=2.356 

 

n.s 

P < 0.05 

Figure 58C Unpaired t-test PAC NAc corep-PL 

mPFCa 

Delta/Gamma 

Theta/Gamma 

 

 

 

t=1.588 

t=1.507 

 

 

n.s 

n.s 

Figure 58D Unpaired t-test PAC PL mPFCp-NAc 

corea 

Delta/Gamma 

Theta/Gamma 

 

 

t=0.1786 

t=0.3242 

 

 

n.s 

n.s 
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Supplementary Table 3. 

 
Addicted mice exhibit abnormal prelimbic-nucleus accumbens core neural dynamics during rewarding 

periods. 

Figure number Statistical analysis Factor name Statistic value P-value 

Figure 60C One-WAY ANOVA 

repeated measures 

PL mPFC power 

Delta 

Phases 

Individuals 

 

End reward vs Start PFP 

End reward vs End PFP 

End reward vs Start reward 

Start PFP vs End PFP 

Start PFP vs Start reward 

End PFP vs Start reward 

 

Theta 

Phases 

Individuals 

 

End reward vs Start PFP 

End reward vs End PFP 

End reward vs Start reward 

Start PFP vs End PFP 

Start PFP vs Start reward 

End PFP vs Start reward 

 

Beta 

Phases 

Individuals 

 

End reward vs Start PFP 

End reward vs End PFP 

End reward vs Start reward 

Start PFP vs End PFP 

Start PFP vs Start reward 

End PFP vs Start reward 

 

Lgamma 

Phases 

Individuals 

 

End reward vs Start PFP 

End reward vs End PFP 

End reward vs Start reward 

Start PFP vs End PFP 

 

 

F(3,33)=3.714 

F(11,33)=4.196 

 

 

 

 

 

 

 

 

 

F(3,33)=2.828 

F(11,33)=6.400 

 

 

 

 

 

 

 

 

 

F(3,33)=2.269 

F(11,33)=6.071 

 

 

 

 

 

 

 

 

 

F(3,30)=1.662 

F(10,30)=12.56 

 

 

 

 

 

 

 

P < 0.05 

P < 0.001 

 

n.s 

n.s 

n.s 

P < 0.05 

n.s 

n.s 

 

 

n.s 

P < 0.0001 

 

n.s 

n.s 

n.s 

P < 0.05 

n.s 

n.s 

 

 

n.s 

P < 0.0001 

 

n.s 

n.s 

n.s 

P < 0.05 

n.s 

n.s 

 

 

n.s 

P < 0.0001 

 

n.s 

n.s 

n.s 

n.s 
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Start PFP vs Start reward 

End PFP vs Start reward 

 

Hgamma 

Phases 

Individuals 

 

End reward vs Start PFP 

End reward vs End PFP 

End reward vs Start reward 

Start PFP vs End PFP 

Start PFP vs Start reward 

End PFP vs Start reward 

 

Hfo 

Phases 

Individuals 

 

End reward vs Start PFP 

End reward vs End PFP 

End reward vs Start reward 

Start PFP vs End PFP 

Start PFP vs Start reward 

End PFP vs Start reward 

 

 

 

 

 

F(3,33)=10.87 

F(11,33)=21.54 

 

 

 

 

 

 

 

 

 

F(3,33)=8.214 

F(11,33)=14.32 

n.s 

n.s 

 

 

P < 0.0001 

P < 0.0001 

 

P < 0.05 

n.s 

n.s 

P < 0.001 

n.s 

P < 0.001 

 

 

P < 0.001 

P < 0.0001 

 

P < 0.01 

n.s 

n.s 

P < 0.001 

n.s 

P < 0.05 

Figure 60D One-WAY ANOVA 

repeated measures 

NAc core power 

Delta 

Phases 

Individuals 

 

End reward vs Start PFP 

End reward vs End PFP 

End reward vs Start reward 
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Hfo t=0.7126 n.s 
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1.2.   Electrophysiological characterization of CB1 antagonism 

in extreme non-addicted and addicted mice. 

 

CB1 receptors shape prefrontal – accumbens neural dynamics. 

 

We aimed to investigate the acute effects of CB1 antagonism on 

addictive-like behavior and prelimbic-nucleus accumbens core 

neural dynamics. A selective blocker of CB1 receptors, rimonabant 

(3 mg/kg) was acutely administered to mice freely moving in a cage. 

Electrophysiological recordings were also performed to study the 

time-course of rimonabant’s effect on PL mPFC - NAc core 

neurodynamics at 1, 16, and 19 minutes after rimonabant 

administration (n=4-6 addicted mice and n=5 extreme non-addicted 

mice). Rimonabant administration induced modest alterations in 

neural oscillations (Figure 65A-B) that did not affect locomotor 

activity (Figure 66). 

In order to describe the electrophysiological effects of rimonabant in 

the PL mPFC and the NAc core independently of the addictive-like 

behavior, we quantified power in both areas, including addicted and 

extreme non-addicted mice together. Differences in power were 

observed between control and treated animals in the PL mPFC and 

the NAc core after 19 minutes of administration independent of 

addiction (Figure 67). 
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Figure 65. (A-B) Averaged spectrograms of signals of ENA and A mice under 

vehicle and rimonabant administration in the (A) PL mPFC and the (B) NAc core. 

Panels represent the raw data with the corresponding quantification of the animal’s 

motility (accelerometer, variance of signals from the accelerometer integrated 

within headstages). 

 

Figure 66. Locomotor activity in ENA 

(white dots) and A (red dots) mice during 20 

min recordings in the standard cage after 

vehicle (grey) or rimonabant (yellow) 

administration. Accelerometer, variance of 

signals from the accelerometer integrated 

within the headstages. The corresponding 

quantification of the animal’s mobility is 

presented as a ratio to the highest value in 

the baseline condition. 
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Figure 67. Power spectra of PL mPFC (top) and NAc core (down) signals at the 

19th minute after administration of vehicle (grey) or rimonabant (yellow). Power 

values amplification of delta and lgamma are also shown. 

 

Rimonabant progressively increased the delta band in the PL mPFC 

and the NAc core of both phenotypes compared to the vehicle (Two-

way ANOVA multiple comparisons, P < 0.05, P < 0.01, Figure 67 

and Figure 68). Additionally, rimonabant- treated animals showed a 

lgamma power amplification in the NAc core, but not in the PL 

mPFC (Two-way ANOVA, P < 0.05, P < 0.01, Figure 67 and Figure 

68). 
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Figure 68. Corresponding power quantification of delta and lgamma frequencies 

across time (0-1, 16-17 and 19-20 min after administration of vehicle or 

rimonabant) in the PL mPFC (top) and the NAc core (down). ENA mice are 

represented with white colored dots whereas A mice are represented with red 

colored dots. Differences are reported as mean ±SEM, Two-way ANOVA multiple 

comparisons, *P < 0.05, **P < 0.01, #P < 0.05. 

 

The rest of the frequency bands followed a similar power pattern 

compared to the vehicle, both in the PL mPFC (Figure 69 left) and 

the NAc core (Figure 69 right). 
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Figure 69. Power quantification of theta, beta, hgamma and hfo frequencies across 

time (0-1, 16-17 and 19-20 min after administration of vehicle or rimonabant) in 

the PL mPFC (left) and the NAc core (right). Within areas, in the left, power 

quantification by individual values (ENA and A mice) with the mean and ±SEM. 

In the right, power quantification considering ENA and A mice as a unique 

experimental group. Differences are reported as mean ±SEM. 

 

To further assess circuit communication, we quantified circuit 
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measures (PSI) of the diverse frequency bands across time (Figure 

70). 

 

Figure 70. PL mPFC to NAc core circuit communication (PSI) at delta, theta, beta, 

lgamma, hgamma and hfo frequencies in ENA and A mice across time (0-1, 16-17 

and 19-20 min after administration of vehicle or rimonabant). Data is reported as 

mean ±SEM. 
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neither between rimonabant and vehicle treatments. By contrast, in 

the NAc core, addicted and extreme non-addicted mice exhibited 

robust delta-lgamma and delta-hfo coupling over time when treated 

with vehicle. After rimonabant, the delta-hfo (1-4 Hz with 150-250 

Hz) coordination subsided after 19 minutes of drug administration 

(see panels marked with red dotted squares) (Paired t-test, P < 0.05, 

Figure 71 and Figure 72). At a circuit level, rimonabant effects were 

similar to those found in the NAc core. The phase of PL mPFC delta 

modulated the amplitude of NAc core hfo (PL mPFCphase-NAc 

coreamp). As observed in the NAc core, rimonabant weakened this 

circuit coupling (Paired t-test, P < 0.05, Figure 71 and Figure 72). By 

contrast, no significant changes were detected for the reversed inter-

regional coupling (that is, NAc corephase-PL mPFCamp) between the 

vehicle and rimonabant treated group. These findings demonstrate, 

yet again, a robust prelimbic-nucleus accumbens core 

communication that is sensitive to CB1 pharmacological 

manipulation under basal conditions.  
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Figure 71. Comodulation maps quantifying local and inter-regional cross-

frequency coupling in 1 minute periods (0-1, 16-17 and 19-20 min) in ENA and A 

mice. The x-axis represents phase frequencies (2-16 Hz) and the y-axis represents 

amplitude frequencies (10–250 Hz). Numbers on top indicate the minute after 

vehicle or rimonabant administration. In the top, local modulation index in the PL 

mPFC and the NAc core. In the bottom, inter-regional modulation index between 

the PL mPFC phase (PL mPFCp) and the NAc core amplitude (NAc corea) and 

between the NAc core phase (NAc corep) and the PL mPFC amplitude (PL mPFCa). 

The red dotted square indicates the coupling between delta and hfo present in 

normal conditions (vehicle), marked with a red arrow, that disappear after 19 

minutes of rimonabant administration. 

 

Figure 72. Corresponding quantification of local and inter-regional cross-

frequency coupling in the 19-20 min period after administration in ENA and A 

mice. In the left, local NAc core delta-hfo coupling. In the right, inter-regional 

between PL mPFC phase (PL mPFCp) and the NAc core amplitude (NAc corea). 

Differences are reported as mean ±SEM, Paired t-test, *P < 0.05. 
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Next, we examined the firing rate of neuron populations (multi-unit 

activity, MUA) in addicted and extreme non-addicted mice and the 

differential effects of rimonabant treatment. Considering all animals, 

rimonabant decreased firing rates in population activity across time 

in the PL mPFC and the NAc core. NAc core firing rates also 

diminished in vehicle-treated animals (Two-way ANOVA multiple 

comparisons, P < 0.05, P < 0.01, Figure 73A left - B left). When 

dividing vehicle-treated animals by phenotype, addicted mice 

showed a similar PL mPFC firing rate pattern over time compared to 

extreme non-addicted mice (Figure 73A right). When treated with 

rimonabant, PL mPFC firing activity slightly decreased after 16 mins 

in extreme non-addicted mice and remained stable, close to the firing 

rate pattern of addicted mice (Two-way ANOVA multiple 

comparisons, P < 0.05, Figure 73A right). However, altered NAc core 

spiking activity was found in addicted animals. Remarkably, addicted 

mice showed a higher firing rate of population activity in comparison 

with extreme non-addicted mice when treated with vehicle (Two-way 

ANOVA repeated measures, P < 0.05, Figure 73B right). These 

results suggest that addicted mice, under basal conditions, have an 

altered increasing spiking activity of neuron population in the NAc 

core. However, when addicted mice were treated with rimonabant, 

the NAc core firing activity declined and reached the firing rate 

pattern of extreme non-addicted mice, correcting in this way the 

spiking activity alteration found in addicted mice (Figure 73B right). 
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Figure 73. (A-B) Time-course of changes in the firing rate of neurons under 

vehicle and rimonabant treatment in the (A) PL mPFC and the (B) NAc core. Multi-

unit activity was used in this analysis. Differences are reported as mean ±SEM, 

Two-way ANOVA multiple comparisons, *P < 0.05, #P < 0.05, ##P < 0.01. 

 

Altogether, the abnormal power, cross-frequency coupling and 

spiking activity unraveled a profound disruption of the NAc core 

microcircuitry oscillations and the prelimbic-nucleus accumbens 

core oscillation circuitry generated by rimonabant. By contrast, 

neural spiking activity alteration in addicted mice was corrected by 

blocking CB1 receptors with rimonabant. 
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Rimonabant reduces reinforcement levels and restores abnormal 

prelimbic - nucleus accumbens core neural dynamics during 

decision-making and reward expectation. 

 

We used rimonabant to investigate its putative therapeutical effects 

on addictive-like behavior and to rescue the potential of anomalous 

neural dynamics. Rimonabant was administered 30 minutes before 

the operant training session and neurophysiological recordings were 

performed during the entire FR5 session. Mice received a treatment 

alternated daily either with vehicle or rimonabant for four 

consecutive days (Figure 37a). As reported in previous studies 

(Maccioni et al., 2008; Mancino et al., 2015), the pharmacological 

effect of CB1 antagonism had an impressive effect on addictive-like 

behavior. The number of reinforcers drastically decreased in addicted 

and extreme non-addicted mice compared to the vehicle group. 

(Mixed analysis ANOVA multiple comparisons, P < 0.0001, P < 

0.01, Figure 74 left and Paired t-test, P < 0.0001, Figure 74 right). 

We investigated if the effects of rimonabant were different in 

addicted and non-addicted mice. In addicted mice, reinforcement 

levels decreased to a percentage of 25.5% in comparison with basal 

levels. On the other hand, the number of reinforcers in treated non-

addicted mice declined to levels close to 0 (Paired t-test, P < 0.001, 

Figure 75 left). 
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Figure 74. Reinforcement values of ENA and A mice under vehicle and 

rimonabant treatment. ENA mice are represented with white dots whereas A mice 

are shown with red dots. Grey bars indicate vehicle treatment and yellow bars 

indicate rimonabant treatment. In the left, number of reinforcers in 1h operant 

session during 4 consecutive days alterning vehicle and rimonabant administration. 

In the right, corresponding mean of reinforcement levels of the 2 sessions under 

vehicle and rimonabant administration assembling ENA and A mice together. 

Differences are reported as mean ±SEM, Mixed analysis ANOVA multiple 

comparisons, **P < 0.01, ****P < 0.0001 and Paired t-test, ****P < 0.0001. 

 

Furthermore, in addicted mice, the decreased number of reinforcers 

consumed when treated with rimonabant correlated with the increase 

of NAc core lgamma power observed in the previous recordings 

performed in the cage (Pearson correlation, P < 0.01, Figure 75 right) 

and was not correlated in extreme non-addicted mice. This result 

suggests that NAc core gamma oscillatory activity might play an 

important role in the regulation of high palatable food intake. 
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Figure 75. In the left, corresponding mean of reinforcement levels in ENA and A 

mice after vehicle and rimonabant administration. Data are represented as mean 

±SEM, Paired t-test, ***P < 0.001. In the right, Pearson correlation between the 

number of reinforcers in rimonabant treatment FR5 sessions and NAc core lgamma 

power increase observed after 19 minutes of rimonabant administration. 

Differences are reported as mean ±SEM, **P < 0.01. The dotted line corresponds 

with linear regression of ENA and A mice together, whereas linear regressions in 

ENA and A mice separately are represented in black and red colored lines, 

respectively. 

 

No correlation was detected between the decreased reinforcement 

levels and delta activity, neither in the PL mPFC nor in the NAc core 

(Figure 76). 
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Figure 76. Pearson correlations between the number of reinforcers in rimonabant 

treatment FR5 sessions and delta power increase observed in the PL mPFC (left) 

and the NAc core (right) after 19 minutes of rimonabant administration. 

Differences are reported as mean ±SEM. The dotted line corresponds with linear 

regression of ENA and A mice together, whereas linear regressions in ENA and A 

mice separately are represented in black and red colored lines, respectively. 

 

Only one extreme non-addicted mouse had windows for 

electrophysiological analysis during rewarding preceding epochs 

(five lever-presses and reward delivery). Therefore, the lack of 

analysis windows in extreme non-addicted mice forced us to limit the 

study to the electrophysiological effects of rimonabant in only 

addicted mice. 

We investigated the pharmacological effects of rimonabant on power 

activity and circuit communication during decision-making and 

reward expectation epochs. During decision-making periods, power 

in the PL mPFC of addicted mice did not vary when treated with 

rimonabant (Figure 77) while the power of hfo slightly decreased in 

the NAc core (Paired t-test, P < 0.05, Figure 77). 
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Figure 77. Power spectra of PL mPFC (left) and NAc core (right) signals during 

decision-making after administration of vehicle (grey) or rimonabant (yellow). The 

corresponding power quantification of hfo in the NAc core is also represented in 

the right. Red dots correspond to A animals. Data are represented as mean ±SEM, 

Paired t-test, *P < 0.05. 

 

In terms of neural information flow between the PL mPFC and the 

NAc core (PSI), we previously identified that NAc core-to-PL mPFC 

hgamma and PL mPFC-to-NAc core hfo signals were involved in 

decision-making in extreme non-addicted mice and were altered in 

addicted mice (Figure 52B and Figure 53). At high frequencies, the 

vehicle control group again displayed reversed directionality of 

signals compared with extreme non-addicted mice (NAc core to PL 

mPFC PSI, NAc core leads) (Unpaired t-test, P < 0.05, Figure 78). In 

rimonabant-treated addicted animals, the directionality of signals 

reversed, resembling those of extreme non-addicted animals (PL 
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mPFC to NAc core PSI, PL mPFC leads) (Paired t-test, P < 0.05, 

Figure 78). 

Figure 78. PL mPFC – NAc core circuit communication (PSI) at hgamma (left) 

and hfo (right) frequencies during decision-making under vehicle and rimonabant 

treatment. Data are represented as mean ±SEM, Unpaired and Paired t-test, *P < 

0.05, #P < 0.05. 
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Neural activities at other frequencies were unchanged (Figure 79). 

 

Figure 79. PL mPFC to NAc core circuit communication (PSI) at delta, theta, beta 

and lgamma frequencies in vehicle and rimonabant treated A mice during decision-

making. Data is reported as mean ±SEM. 

 

Moreover, we studied phase-amplitude coupling during decision-

making. Theta-gamma coupling in both areas was equivalent 

between phenotypes and not overtly affected by the treatment (Figure 

80). 
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Figure 80. Quantification of local and inter-regional theta-gamma coupling in the 

PL mPFC and NAc core during decision-making (1s) in ENA and A mice treated 

with vehicle and rimonabant treated A mice. 

 

These power and connectivity results evidenced that rimonabant 

corrected aberrant signals at high frequencies during decision-

making in addicted animals.  

We further studied the electrophysiological effects of CB1 

antagonism during reward expectation periods. No significant 

changes in PL mPFC power were detected in rimonabant-treated 

addicted mice compared to the vehicle group (Figure 81) 

independently of the addiction phenotype. In the NAc core, lgamma 

power was larger in rimonabant-treated mice (Paired t-test, P < 0.01, 

Figure 81). Furthermore, as previously described for decision-

making epochs, we detected a power reduction at hfo in rimonabant-

treated mice (Paired t-test, P < 0.05, Figure 81). 
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Figure 81. Power spectra of PL mPFC (left) and NAc core (right) signals during 

expectation of reward after administration of vehicle (grey) or rimonabant 

(yellow). Power values amplification of lgamma and hfo are also shown. Red dots 

correspond to A animals. Data are represented as mean ±SEM, Paired t-test, *P < 

0.05, **P < 0.01. 

 

Next, we studied the influence of rimonabant on circuit 

communication. ENA animals exhibited robust PL mPFC-to-NAc 

core lgamma signals and NAc core-to-PL mPFC hfo signals 

following vehicle injections. In addicted mice, this circuit 

coordination was disrupted. In fact, hfo traveled in the opposite 

direction, that is, from the PL mPFC to the NAc core, and these 

signals were rescued in the two animals that could be evaluated in 

this test (Unpaired and Paired t-test, P < 0.05 and P < 0.05, 

respectively, Figure 82). 
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Figure 82. PL mPFC – NAc core circuit communication (PSI) at lgamma and hfo 

frequencies during reward expectation under vehicle and rimonabant treatment. 

Data are represented as mean ±SEM. Unpaired and Paired t-test, *P < 0.05, #P < 

0.05. 

 

The rest of the frequency bands were unaltered by rimonabant during 

reward expectation periods (Figure 83). 

Figure 83. PL mPFC to NAc core circuit communication (PSI) at delta, theta, beta 

and hgamma frequencies in vehicle and rimonabant treated A mice during reward 

expectation. Data is reported as mean ±SEM. 
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Additionally, theta-gamma coupling was again reduced in the NAc 

core of addicted animals during the expectation of reward (Unpaired 

t-test, P < 0.05, Figure 58B), however, it was not rescued by 

rimonabant (Figure 84). 

 

Figure 84. Quantification of local and inter-regional theta-gamma coupling in the 

PL mPFC and NAc core during expectation of reward (1s) in ENA and A mice 

treated with vehicle and rimonabant treated A mice. Differences are reported as 

mean ±SEM, Unpaired t-test, *P < 0.05. 

 

Finally, we aimed to study the effect of rimonabant during rewarding 

periods. Previously, we identified that circuit communication 

directionality of signals at lgamma and hgamma frequencies were 

disrupted in addicted mice during rewarding periods (end reward) 

(Figure 61-63). However, no correction effect was observed in 
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rimonabant-treated animals (extreme non-addicted and addicted) at 

any frequency range (Figure 85). 

 

Figure 85. PL mPFC – NAc core circuit communication (PSI) at delta, theta, beta, 

lgamma, hgamma and hfo frequencies during the last second of the first rewarding 

period (end reward) under vehicle and rimonabant treatment. Data are represented 

as mean ±SEM. 
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Supplementary Table 4. 

CB1 receptors shape prefrontal – accumbens neural dynamics. 

Figure number Statistical analysis Factor name Statistic value P-value 

Figure 66 Paired t-test Locomotor activity 

Treatment 

 

t=2.073 

 

n.s 

Figure 67-68 Two-way ANOVA  

multiple 

comparisons 

Treatment 

PL mPFC Power 

Delta 

0-1 

16-17 

19-20 

Lgamma 

0-1 

16-17 

19-20 

NAc core Power 

Delta 

0-1 

16-17 

19-20 

Lgamma 

0-1 

16-17 

19-20 

 

Time 

Rimonabant treatment 

PL mPFC Power 

Delta 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

Lgamma 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

NAc core Power 

Delta 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

Lgamma 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

 

Time 

 

 

F(5, 40)=3.931 

t=0.8410 

t=1.9520 

t=4.1260 

F(5, 40)=6.365 

t=1.4620 

t=2.5570 

t=3.292 

F(5, 45)=4.306 

 

 

t=1.01431 

t=1.9860 

F(5,45)=12.210.0 

05 

 

t=0.6851 

t=4.125 

t=2.765 

 

 

 

 

 

t=1.505 

t=2.359 

t=1.816 

 

t=2.566 

t=2.678 

t=0.3980 

 

 

t=2.755 

t=2.482 

t=1.200 

 

t=4.994 

t=4.104 

t=2.464 

 

 

 

n.s 

n.s 

P < 0.01 

 

n.s 

P < 0.05 

P < 0.05 

 

 

n.s 

n.s 

P < 0.05 

 

n.s 

P < 0.01 

P < 0.05 

 

 

 

 

 

n.s 

P < 0.05 

n.s 

 

P < 0.05 

P < 0.05 

n.s 

 

 

P < 0.05 

P < 0.05 

n.s 

 

P < 0.001 

P < 0.01 

P < 0.05 
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Vehicle treatment 

PL mPFC Power 

Delta 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

Lgamma 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

NAc core Power 

Delta 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

Lgamma 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

 

 

 

 

 

t=1.408 

t=1.402 

t=0.00786 

 

t=3.028 

t=3.803 

t=0.7528 

 

 

t=1.372 

t=1.023 

t=0.7033 

 

t=2.99 

 

 

 

n.s 

n.s 

n.s 

 

P < 0.05 

P < 0.05 

n.s 

 

 

n.s 

n.s 

n.s 

 

P < 0.05 

P < 0.05 

n.s 

Figure 69 Two-way ANOVA  

multiple 

comparisons 

Treatment 

PL mPFC Power 

Theta 

0-1 

16-17 

19-20 

Beta 

0-1 

16-17 

19-20 

Hgamma 

0-1 

16-17 

19-20 

Hfo 

0-1 

16-17 

19-20 

NAc core Power 

Theta 

0-1 

16-17 

19-20 

Beta 

0-1 

16-17 

19-20 

Hgamma 

0-1 

16-17 

 

 

F(5, 40)=0.6231 

 

t=0.7445 

t=1.527 

F(5, 40)=1.748 

t=0.3392 

 

t=1.50 

F(5, 40)=0.8414 

=1.727 

t=1.951 

 

F(5, 40)=4.620 

t=0.7128 

t=0.3276 

t=0.6535 

 

F(5, 45)=1.009 

=1.683 

t=0.5483 

t=1.783 

F(5, 45)=1.307 

 

 

t=1.331 

F(5, 45)=6.010 

t=0.5645 

t=0.6448 

 

 

 

n.s 

n.s 

n.s 

 

n.s 

n.s 

n.s 

 

n.s 

n.s 

n.s 

 

n.s 

n.s 

n.s 

 

 

n.s 

n.s 

n.s 

 

n.s 

n.s 

n.s 

 

n.s 

P < 0.05 
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19-20 

Hfo 

0-1 

16-17 

19-20 

 

Time 

Rimonabant treatment 

PL mPFC Power 

Theta 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

Beta 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

Hgamma 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

Hfo 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

NAc core Power 

Theta 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

Beta 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

Hgamma 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

Hfo 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

 

Time 

Vehicle treatment 

PL mPFC Power 

Theta 

0-1 vs 16-17 

0-1 vs 19-20 

 

F(5, 45)=3.909 

t=1.328 

t=1.603 

t=0.5494 

 

t=1.594 

t=2.494 

t=0.9015 

 

t=1.613 

t=0.3484 

t=2.135 

 

 

 

 

 

t=0.9125 

t=0.2837 

t=1.620 

 

t=0.2837 

t=0.1231 

t=0.7019 

 

t=1.443 

t=2.088 

t=0.4344 

 

t=2.449 

t=1.555 

t=0.09097 

 

 

t=1.154 

t=0.9830 

t=0.8983 

 

t=0.2632 

t=0.8057 

t=1.254 

 

t=3.690 

t=3.461 

t=1.491 

 

t=2.612 

t=1.812 

n.s 

 

n.s 

n.s 

n.s 

 

 

 

 

 

n.s 

n.s 

n.s 

 

n.s 

n.s 

n.s 

 

n.s 

n.s 

n.s 

 

P < 0.05 

n.s 

n.s 

 

 

n.s 

n.s 

n.s 

 

n.s 

n.s 

n.s 

 

P < 0.01 

P < 0.01 

n.s 

 

P < 0.05 

n.s 

n.s 

 

 

 

 

 

n.s 

n.s 
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16-17 vs 19-20 

Beta 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

Hgamma 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

Hfo 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

NAc core Power 

Theta 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

Beta 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

Hgamma 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

Hfo 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

t=0.1336 

 

 

 

 

 

t=1.082 

t=1.245 

t=0.2429 

 

t=0.7455 

t=1.440 

t=0.7222 

 

t=0.5522 

t=0.3973 

t=0.7711 

 

t=2.710 

t=3.014 

t=1.209 

 

 

t=0.5017 

t=0.03247 

t=0.6871 

 

t=1.371 

t=1.085 

t=0.7492.502 

 

n.s 

 

n.s 

n.s 

n.s 

 

n.s 

n.s 

n.s 

 

P < 0.05 

P < 0.05 

n.s 

 

 

n.s 

n.s 

n.s 

 

n.s 

n.s 

n.s 

 

P < 0.05 

P < 0.05 

n.s 

 

P < 0.05 

P < 0.05 

n.s 

 

Figure 70 Two-way ANOVA  

multiple 

comparisons 

Treatment 

PSI 

Delta 

0-1 

16-17 

19-20 

Theta 

0-1 

16-17 

19-20 

Beta 

0-1 

16-17 

19-20 

Lgamma 

0-1 

16-17 

19-20 

 

 

F(5, 40)=0.3995 

 

t=0.1288 

t=0.9284 

F(5, 40)=1.089 

t=0.3514 

 

t=0.8300 

F(5, 40)=2.239 

t=1.331 

t=1.285 

 

F(5, 40)=0.3475 

t=0.5318 

t=2.402 

t=0.3661 

 

 

 

n.s 

n.s 

n.s 

 

n.s 

n.s 

n.s 

 

n.s 

P < 0.05 

n.s 

 

n.s 

n.s 

n.s 
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Hgamma 

0-1 

16-17 

19-20 

Hfo 

0-1 

16-17 

19-20 

 

Time 

Rimonabant treatment 

PSI 

Delta 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

Theta 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

Beta 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

Lgamma 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

Hgamma 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

Hfo 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

 

Time 

Vehicle treatment 

PSI 

Delta 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

Theta 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

Beta 

F(5, 40)=0.3849 

 

t=0.08201 

t=0.2461 

F(5, 40)=1.469 

986 

 

t=0.5282 

t=0.03109 

t=1.050 

 

t=0.5946 

t=0.2119 

t=0.3952 

 

 

 

 

 

t=0.01398 

t=0.3527 

t=0.4050 

 

t=0.06222 

t=0.8300 

t=0.3299 

 

t=2.1240 

t=1.797 

t=1.343 

 

t=0.08201 

t=0.4480 

t=0.0878 

 

t=0.6692 

t=1.587 

t=0.6732 

 

t=0.3433 

t=1.670 

t=1.263 

 

 

 

 

 

t=0.5720 

t=1.417 

 

n.s 

n.s 

n.s 

 

n.s 

n.s 

n.s 

 

 

 

 

 

n.s 

n.s 

n.s 

 

n.s 

n.s 

n.s 

 

n.s 

n.s 

n.s 

 

n.s 

n.s 

n.s 

 

n.s 

n.s 

n.s 

 

n.s 

n.s 

n.s 

 

 

 

 

 

n.s 

n.s 

n.s 

 

n.s 

n.s 

n.s 
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0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

Lgamma 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

Hgamma 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

Hfo 

0-1 vs 16-17 

0-1 vs 19-20 

16-17 vs 19-20 

t=0.7431 

 

t=0.5049 

t=0.6329 

t=0.2067 

 

t=0.001387 

t=1.167 

t=2.312 

 

t=0.6126 

t=1.420 

t=0.4021 

=1.805 

t=2.345 

n.s 

n.s 

P < 0.05 

 

n.s 

n.s 

n.s 

 

n.s 

n.s 

n.s 

 

n.s 

n.s 

P < 0.05 

 

Figure 72 Paired t-test PAC 

Treatment 

NAc core – Delta/Hfo 

PL mPFC/NAc core – 

Delta/Hfo 

 

 

 

t=2.893 

t=2.711 

 

 

 

n.s 

n.s 

 

Figure 73A Two-way ANOVA  

multiple 

comparisons 

 

 

 

 

 

 

One-way ANOVA 

Repeated measures 

PL mPFC firing rate 

Treatment 

0-1 

16-17 

19-20 

 

Time 

Rimonabant treatment 

ENA 

 

 

 

A 

 

 

 

Vehicle treatment 

ENA 

 

 

 

A 

 

F(5, 40)=3.517 

 

t=0.2651 

t=2.319 

t=1.082 

 

 

 

F(1.179,4.716)= 

9.352 

F(4,8)=9.019 

 

F(1.039,3.118)= 

2.348 

F(3,6)=120.4 

 

 

F(1.060,4.241)= 

5.127 

F(4,8)=19,75 

 

F(1.198,4.791)= 

1.049 

F(4,8)=97.90 

 

 

n.s 

P < 0.05 

n.s 

 

 

 

P < 0.05 

 

P < 0.01 

 

n.s 

 

P < 0.0001 

 

 

n.s 

 

P < 0.001 

 

n.s 

 

P < 0.0001 
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Figure 73B Two-way ANOVA  

multiple 

comparisons 

 

 

 

 

 

 

One-way ANOVA 

Repeated measures 

NAc core firing rate 

Treatment 

0-1 

16-17 

19-20 

 

Time 

Rimonabant treatment 

ENA 

 

 

 

A 

 

 

 

Vehicle treatment 

ENA 

 

 

 

A 

F(5, 40)=4.377 

 

t=0.06639 

t=1.675 

t=0.8036 

 

 

 

F(1.003,4.012)= 

8.226 

F(4,8)=5.782 

 

F(1.442,5.767)= 

4.549 

F(4,8)=15.88 

 

 

F(1.205,4.820)= 

11.02 

F(4,8)=0.3952 

 

F(1.835,5.506)= 

1.686 

F(3,6)=5.521 

 

 

n.s 

n.s 

n.s 

 

 

 

P < 0.05 

 

P < 0.05 

 

n.s 

 

P < 0.001 

 

 

P < 0.05 

 

n.s 

 

n.s 

 

P < 0.05 
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Supplementary Table 5. 

Rimonabant reduces reinforcement levels and restores abnormal prelimbic - nucleus accumbens 

core neural dynamics during decision-making and reward expectation. 

Figure 

number 

Statistical 

analysis 

Factor name Statistic value P-value 

Figure 74 

left 

Mixed ANOVA 

repeated 

measures 

 

Mixed ANOVA 

multiple 

comparisons 

(Turkey’s) 

Reinforcement 

 

Treatment 

 

Sessions 

1 vs 2 

1 vs 3 

1 vs 4 

2 vs 3 

2 vs 4 

3 vs 4 

 

 

F(1.805,15.65)=70.06 

 

 

q=17.73 

q=1.593 

q=17.07 

q=15.60 

q=1.612 

q=9.670 

 

 

n.s 

 

 

P < 0.0001 

n.s 

P < 0.0001 

P < 0.0001 

n.s 

P < 0.01 

Figure 74 

right 

Paired t-test Treatment t=15.19 P < 0.0001 

Figure 75 

left 

Paired t-test Treatment 

ENA 

A 

 

t=13.70 

t=10.39 

 

P < 0.001 

P < 0.001 

Figure 75 

right 

Pearson 

correlation 

Reinforcement vs NAc core 

lgamma power 

 

All 

ENA 

A 

 

 

 

 

R=0.27 

R=0.12 

R=0.89 

 

 

 

n.s 

n.s 

P < 0.01 

Figure 76 

left 

Pearson 

correlation 

Reinforcement vs PL mPFC 

delta power 

 

All 

ENA 

A 

 

 

 

 

R=0.12 

R=0.09 

R=0.33 

 

 

 

n.s 

n.s 

n.s 

Figure 76 

right 

Pearson 

correlation 

Reinforcement vs NAc core 

delta power 

 

All 

ENA 

A 

 

 

 

 

R=0.05 

R=0.05 

R=0.13 

 

 

 

n.s 

n.s 

n.s 

Figure 77 Paired t-test Treatment 

PL mPFC hfo power 

NAc core hfo power 

 

 

t=1.964 

t=3.064 

 

n.s 

P < 0.05 
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Figure 78 Paired t-test Treatment 

Hgamma PSI 

Hfo PSI 

 

 

t=1.086 

t=3.809 

 

n.s 

n.s 

Figure 79 Paired t-test Treatment 

Delta PSI 

Theta PSI 

Beta PSI 

Lgamma PSI 

 

 

t=1.324 

t=1.740 

t=2.912 

t=0.8002 

 

n.s 

n.s 

n.s 

n.s 

Figure 80 Paired t-test Treatment 

PL mPFC hfo power 

NAc core hfo power 

 

 

t=1.358 

t=3.532 

 

n.s 

P < 0.05 

Figure 81 Paired t-test Treatment 

Lgamma PSI 

Hfo PSI 

 

 

t=0.8070 

t=2.106 

 

n.s 

n.s 

Figure 82 Paired t-test Treatment 

Delta PSI 

Theta PSI 

Beta PSI 

Hgamma PSI 

 

 

t=3.909 

t=1.658 

t=0.9231 

t=1.107 

 

n.s 

n.s 

n.s 

n.s 

Figure 83 Paired t-test Treatment 

Delta PSI 

ENA 

A 

Theta PSI 

ENA 

A 

Beta PSI 

ENA 

A 

Lgamma PSI 

ENA 

A 

Hgamma PSI 

ENA 

A 

Hfo PSI 

ENA 

A 

 

 

t=0.2459 

t=0.4884 

 

t=0.2949 

t=0.8934 

 

t=0.4894 

t=1.241 

 

t=0.7251 

t=0.2766 

 

t=1.807 

t=0.9506 

 

t=1.094 

t=0.7741 

 

 

 

n.s 

n.s 

 

n.s 

n.s 

 

n.s 

n.s 

 

n.s 

n.s 

 

n.s 

n.s 

 

n.s 

n.s 
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Categorization of extreme phenotypes of food addicted and non-

addicted mice for posterior electrophysiological analyses at the 

medium period 

 

Mice (n=28) started the experimental protocol with an FR1 schedule 

of reinforcement during two sessions and was followed by three 

sessions under FR5. After these five sessions were completed, 

animals underwent stereotaxic surgery to implant stereotrodes in the 

PL mPFC and the NAc core. Following recovery from surgery, a 

habituation period to the wire was performed, and animals that 

accomplished more than 3 reinforcers per session, obtained stability 

of 60% between sessions, and performed more than 75% of responses 

in the active lever accomplished the criteria to start the 

electrophysiological recordings of the medium-term operant training. 

Electrophysiological recordings of the medium-term operant training 

started with 15 sessions of FR5, and subsequently, the persistence of 

response, motivation and compulsivity were evaluated in the early 

(session 18-26) and medium (session 52-60) periods (Figure 37b; see 

Experimental design section of Chapter 2 in Methods, and Figure 86). 

Electrophysiological recordings lasted until the end of the medium 

period due to the signal quality and implant durability.  

As previously reported in the animal batch of Chapter 1, when the 

effort to obtain one single pellet was increased to FR5, reinforcement 

values decreased. Subsequently, surgeries were performed and after 

recovery and habituation period that lasted between 2 and 3 weeks, 
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the number of reinforcers obtained in the valid sessions maintained 

stable until the medium period (Figure 86). 

 

Figure 86. Acquisition of operant training maintained by chocolate-flavored 

pellets. Mean number of reinforcers during the acquisition training in FR5 schedule 

of reinforcement (n=28 at the beginning to n=19 at the end). Differences are 

reported as mean ±SEM. 

 

During the early period, ¼ of the animals reached two or three 

addiction-like criteria (25.00%) and were considered as vulnerable 

mice (n=5). At this early stage, the rest of animals that reached none 

or one addiction-like criterion (75.00%) were considered as resilient 

mice (n=15). The prevalence of resilience and vulnerability to food 

addiction was similar in the medium period. During the medium 

period, about ¼ of animals (26.32%) were considered as addicted 

mice (n=5) while the rest of animals (73.68%) were considered as 

non-addicted mice (n=14) (Figure 87). In addition, we observed that 

the prediction of the development of food addiction was of 25%, as 
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only one animal considered as vulnerable in the early period was 

categorized as addicted in the medium period.  

 

 

Figure 87. Distribution of animals with different scores for addiction-like behavior 

according to early and medium period. Animals were assigned to a criteria 

subgroup based on the number of criteria met for which they scored equal or above 

the 75th percentile. 

 

Considering the different phenotypic categorization performed for 

the two time periods of the medium-term operant training, in the early 

period (session 18-26), significant differences were observed in the 

motivation and compulsivity tests between resilient and vulnerable 

mice. Moreover, vulnerable mice tended to show increased 

persistence values, although the difference between both subgroups 

was not significant (U Mann-Whitney, P < 0.01, P < 0.001, Figure 

88A-C). By contrast, in the medium period (session 52-60), addicted 
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mice showed significantly higher persistence of response and 

increased motivation for reward obtention compared to non-addicted 

mice.  

 

Figure 88. Behavioral tests of the three addiction criteria in resilient and vulnerable 

mice at the early (A-C), and in non-addicted and addicted mice at the medium 

period (D-F). (A, D) Persistence of response. Total number of non‐reinforced 

active responses during three consecutive daily 10‐min of pellet free period. (B, E) 

Motivation. Breaking point achieved in 5 h of PR schedule. The breaking point 

refers to the maximal effort that an animal is willing to do to earn one pellet. (C, F) 

Compulsivity. Number of shocks that mice received in 50 min in the shock test in 

which each pellet delivery was associated with a footshock (0.18 mA). Differences 

are reported as mean ±SEM, U Mann-Whitney, *P < 0.05, **P < 0.01, ***P < 

0.001, ****P < 0.0001. 
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Additionally, addicted mice tended to show increased compulsivity 

values, although the difference between both phenotypes was not 

significant (U Mann-Whitney, P < 0.05, P < 0.0001, Figure 88D-F).  

In terms of phenotypic traits, in the early stage of the operant training 

(FR5 early period) vulnerable mice showed a significantly 

augmented reinforcement level, impulsivity and aversive associative 

learning compared to the resilient group (U Mann-Whitney, P < 0.05, 

Figure 89A-C). Notwithstanding, these differences between 

phenotypes were not maintained until the medium (Figure 89D-F) 

period, although a tendency was present showing higher values in 

addicted mice. 
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Figure 89. (A-F) Behavioral data of phenotypic traits in the FR5 sessions of early 

(A-C) and medium (D-F) periods represented by individual values with the mean 

and ±SEM. (A, D) Reinforcement levels quantified by counting the number of 

reinforcers consumed in 1h operant sessions. (B, E) Impulsivity. Number of non-

reinforced active lever-presses during five consecutive daily time out (15 s) after 

each pellet delivery. (C, F) Aversive associative learning that corresponds to the 

number of non-reinforced active responses in 50 min in the following session after 

the shock test with the same discriminative stimulus (grid floor) as shock test in 

which pressing the active lever had no consequences: no shock, no reward delivery 

and no cue light (U Mann-Whitney, *P < 0.05). 

 

To investigate the evolution of neurophysiological signatures 

underlying addictive-like behaviors across operant training sessions, 
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we selected mice at the tails of an inverted U-shape curve according 

to the quantitative individual scores obtained in the addiction-like 

criteria and phenotypic traits tests of the medium period (session 52-

60). The individual selection criteria are detailed in Chapter 1 and 

Methods. Extreme non-addicted (n=5) and addicted (n=5) mice were 

selected as candidates for the electrophysiological analysis of PL 

mPFC-NAc core circuitry. Considering the phenotypic 

categorization used, we compared addiction-like criteria and 

phenotypic traits at the medium period of the medium-term operant 

training, remarking the difference of the addictive-like behavior at 

the end of the training schedule (Figure 90 and Figure 91). Addicted 

mice showed a significantly increased persistence of response and 

motivation compared to their extreme non-addicted peers (Unpaired 

t-test, P < 0.05, P < 0.0001, Figure 90A-B). No differences were 

reported between both extreme phenotypes in the compulsivity test, 

although a remarked tendency was observed (Figure 90C). Moreover, 

addicted mice showed significantly higher reinforcement levels and 

impulsivity, which was measured by the inability to stop pressing the 

lever during the time-out period (15 s) after each pellet delivery 

(Unpaired t-test, P < 0.05, Figure 91A-B). By contrast, no differences 

were detected between extreme non-addicted and addicted mice in 

the aversive associative learning, although a tendency was present. 
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Figure 90. Behavioral tests of the three addiction criteria in addicted and extreme 

non-addicted at the medium period. (A) Persistence of response. Total number of 

non‐reinforced active responses during three consecutive daily 10‐min of pellet 

free period. (B) Motivation. Breaking point achieved in 5 h of PR schedule. The 

breaking point refers to the maximal effort that an animal is willing to do to earn 

one pellet. (C) Compulsivity. Number of shocks that mice received in 50 min in 

the shock test in which each pellet delivery was associated with a footshock (0.18 

mA). Differences are reported as mean ±SEM, Unpaired t-test, *P < 0.05, ****P < 

0.0001. 

Figure 91. Behavioral data of phenotypic traits in the medium period represented 

by individual values with the mean and ±SEM. (A) Reinforcement levels quantified 

by counting the number of reinforcers consumed in 1h operant sessions. (B) 

Impulsivity. Number of non-reinforced active lever-presses during five 

consecutive daily time out (15 s) after each pellet delivery. (C) Aversive associative 

learning that corresponds to the number of non-reinforced active responses in 50 

min in the following session after the shock test with the same discriminative 

stimulus (grid floor) as shock test in which pressing the active lever had no 

consequences: no shock, no reward delivery and no cue light (Unpaired t-test, *P 

< 0.05). 
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Disruption of prelimbic - nucleus accumbens core gamma circuit 

communication signals during decision-making are still not present 

at the medium period stage. 

 

In order to determine if neural circuitry disruptions were already 

present at the medium period, we next investigated the 

neurophysiological fingerprints of addicted and extreme non-

addicted phenotypes during decision-making in the latest recording 

sessions (session 55-58) performed of the medium period. We 

selected reward preceding epochs (5 lever presses + cue light and 

reward delivery) during the three FR5 sessions of the medium period. 

As in the result section of Chapter 1, these reward preceding epochs 

were more abundant in short time periods that lasted one to three 

seconds (Figure 92). In order to obtain a higher number of epochs for 

electrophysiological analyses, we selected reward preceding epochs 

that lasted one to four seconds for the electrophysiological analysis. 

 

Figure 92. Sum of reward preceding epochs per duration of seconds in A and ENA 

mice during FR5 sessions of the medium period. The dots dashed square indicates 

the duration of epochs selected for the analysis. 
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During decision-making epochs, the power in the PL mPFC and in 

the NAc core was similar between extreme non-addicted and 

addicted mice and no significant differences were found at any 

frequency (Figure 93 and Figure 94). These findings were similar to 

the ones obtained in Chapter 1. 

 

Figure 93. Power spectra of neural signals in the PL mPFC (left) and the NAc core 

(right) in extreme non-addicted and addicted mice during decision-making.  
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Figure 94. Power 

quantification of 

neural signaling in 

the PL mPFC (left) 

and the NAc core 

(right) in extreme 

non-addicted and 

addicted mice during 

decision-making. 
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Furthermore, as previously commented in Chapter 1, we observed 

that at the stage of the late period, extreme non-addicted mice 

displayed a NAc core to PL mPFC signaling at hgamma frequencies 

and a PL mPFC to NAC core communication at hfo. Indeed, the 

directionality of these signals was disrupted in addicted mice, 

showing a predominance of PL mPFC to NAc core hgamma 

signaling (PL mPFC to NAc core PSI, PL mPFC leads) and no clear 

directionality at higher frequencies (Figure 52 and 53). 

Notwithstanding, at the medium period stage, we did not observe 

differences in PL mPFC to NAc core circuit communication between 

extreme non-addicted and addicted mice (Figure 95). Thus, these 

results suggest that probably circuit communication during decision-

making is disrupted at the late period stages of the long-term operant 

training.  

 

Figure 95. PL mPFC-NAc core circuit communication (PSI) at hgamma and hfo 

frequencies during decision-making. 

 

Moreover, addicted mice showed normal circuit communication at 

lower frequencies in the medium period (Figure 96).  
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Figure 96. PL mPFC-NAc core circuit communication (PSI) at delta, theta, beta, 

and lgamma frequencies during decision-making. 

 

Further analyses during decision-making, reward expectation and 

rewarding periods at different time periods of the medium-term 

operant training will confirm the initial altered neurophysiological 

fingerprints in vulnerable mice and how these abnormalities are 

developed and expressed in the addicted phenotype. 
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Supplementary Table 6. 

 
Categorization of extreme phenotypes of food addicted and non-addicted mice for 

posterior electrophysiological analyses at the medium period 

Figure number Statistical analysis Factor name Statistic value P-value 

Figure 88A  U Mann-Whitney Early Period 

Persistence of response  

U=15.50 

 

n.s 

Figure 88B U Mann-Whitney Early Period 

Motivation 

U=5.500 

 

P < 0.01 

Figure 88C U Mann-Whitney Early Period 

Compulsivity 

U=0 P < 0.001 

Figure 88D U Mann-Whitney Medium Period 

Persistence of response 

U=13 P < 0.05 

Figure 88E U Mann-Whitney Medium Period 

Motivation 

U=0 P < 

0.0001 

Figure 88F U Mann-Whitney Medium Period 

Compulsivity 

U=15.50 n.s 

Figure 89A U Mann-Whitney Early Period 

Reinforcement 

U=10 P < 0.05 

Figure 89B U Mann-Whitney Early Period 

Impulsivity 

U=13 P < 0.05 

Figure 89C U Mann-Whitney Early Period 

Aversive learning 

U=14 P < 0.05 

Figure 89D U Mann-Whitney Medium Period 

Reinforcement 

U=14 n.s 

Figure 89E U Mann-Whitney Medium Period 

Impulsivity 

U=18 n.s 

Figure 89F U Mann-Whitney Medium Period 

Aversive learning 

U=19 n.s 

Figure 90A Unpaired t-test Medium period 

ENA vs A 

Persistence of response 

t=2.598 P < 0.05 

Figure 90B Unpaired t-test Medium Period 

ENA vs A 

Motivation 

t=11.83 P < 

0.0001 

Figure 90C Unpaired t-test Medium Period 

ENA vs A 

Compulsivity 

t=2.033 n.s 

Figure 91A Unpaired t-test Medium Period 

ENA vs A 

Reinforcement 

t=2.033 P < 0.05 

Figure 91B Unpaired t-test Medium Period 

ENA vs A 

Impulsivity 

t=2.033 P < 0.05 

Figure 91C Unpaired t-test Medium Period 

ENA vs A 

Aversive learning 

t=2.033 n.s 
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Supplementary Table 7. 

 
Disruption of prelimbic - nucleus accumbens core gamma circuit communication 

signals during decision-making are still not present at the medium period stage. 

Figure number Statistical analysis Factor name Statistic 

value 

P-value 

Figure 94  Unpaired t-test PL mPFC power 

Delta  

 

Theta 

 

Beta 

 

Lgamma 

 

Hgamma 

 

Hfo 

 

 

NAc core power 

Delta 

 

Theta 

 

Beta 

 

Lgamma 

 

Hgamma 

 

Hfo 

 

 

t=0.3134 

 

t=0.5384 

 

t=0.1937 

 

t=0.8260 

 

t=1.395 

 

t=1.651 

 

 

 

t=0.2201 

 

t=0.09246 

 

t=0.5984 

 

t=0.7013 

 

t=1.317 

 

t=1.847 

 

 

n.s 

 

n.s 

 

n.s 

 

n.s 

 

n.s 

 

n.s 

 

 

 

n.s 

 

n.s 

 

n.s 

 

n.s 

 

n.s 

 

n.s 

Figure 95 Unpaired t-test PSI 

Hgamma 

 

Hfo 

 

t=0.6495 

 

t=1.193 

 

n.s 

 

n.s 

Figure 96 Unpaired t-test PSI 

Delta 

 

Theta 

 

Beta 

 

Lgamma 

 

t=0.3294 

 

t=1.783 

 

t=0.1922 

 

t=1.736 

 

n.s 

 

n.s 

 

n.s 

 

n.s 
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Nowadays, the easy access to hypercaloric and palatable foods with 

elevated addictive properties in Western societies is a crucial 

contributing factor to compulsive eating behavior and the consequent 

development of food addiction and obesity, which are closely 

associated (Kirrilly M Pursey et al., 2014). In this thesis, we describe 

novel neurophysiological signatures underlying behaviors associated 

with food addiction within PL mPFC – NAc core circuits and the 

possible rescue by blocking the endocannabinoid system. Indeed, the 

neural network established between the PL mPFC and the NAc plays 

a key role in the inhibition of behavioral control (Koob, 2000; 

Volkow et al., 2013; Moore et al., 2017; Domingo-Rodriguez et al., 

2020), and this neural network is modulated by the endocannabinoid 

system (Mancino et al., 2015; Covey et al., 2017; Manzanares et al., 

2018). Therefore, the blockade of the endocannabinoid system by 

CB1 receptors antagonism might be a protective strategy to rescue 

food addictive-like behaviors. In order to do so, we used a mouse 

operant behavioral model (Mancino et al., 2015) combined with in 

vivo electrophysiological recordings. Understanding the 

neurophysiological fingerprints involved in addictive-like behaviors 

might be a significant advance in providing new information for 

personalized treatments for food addiction, obesity, and eating 

disorders. 

 

We promoted food addiction in mice using a behavioral paradigm 

with high translational face validity to human addiction (Mancino et 

al., 2015; Domingo-Rodriguez et al., 2020). Thus, we mimicked the 
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development of addiction after repeated seeking of palatable food in 

an operant training during 112 sessions. This mouse model allowed 

to distinguish different subpopulations of mice vulnerable (29.03%) 

or resistant (70.97%) to develop food addiction. The percentage of 

mice that developed food addiction in this operant model was slightly 

higher than the prevalence reported in humans (19.9%) using the 

YFAS food addiction diagnosis (Kirrilly M Pursey et al., 2014), and 

similar to animals addicted to cocaine (31.0%) (Deroche-Gamonet et 

al., 2004b). These slight differences in the prevalence of addiction 

might be due to the different behavioral responses promoted by 

natural rewards and drugs of abuse, as well as by the different species 

(humans, rats, and mice) and experimental conditions required to 

accomplish these distinct experiments.  

 

We found that addicted animals were characterized by increased food 

intake. Accordingly, previous investigations in our group observed 

differences in pellet intake between Glu-CB1-KO and WT mice, 

suggesting that mutant mice consumed a decreased number of 

reinforcers that may contribute to the protective phenotype to develop 

food addiction (Domingo-Rodriguez et al., 2020). Therefore, 

according to our previous results in the same genetic background 

(C57BL/6J), the increased number of reinforcers consumed by 

addicted mice might correspond to changes in the expression patterns 

of selective receptors, that may play crucial roles in the control of 

palatable food intake across the sessions of the long-term operant 

training. By contrast, recent studies using the same mouse strain and 
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experimental conditions did not observe significant differences in 

palatable pellet intake between non-addicted and addicted mice 

(García-Blanco et al., 2022). Thus, this different result suggests that 

epigenetic and environmental factors might have influenced in the 

expression of certain addictive phenotypic traits during the 

development of this multifactorial disorder. 

 

Food intake differences between non-addicted and addicted mice 

were not influenced by the body weight variable. Indeed, previous 

studies using the same animal model and chocolate-flavored pellets 

suggested that the body weight is not a predisposing factor in the 

development of the addictive-like behavior (Mancino et al., 2015; 

Domingo-Rodriguez et al., 2020; García-Blanco et al., 2022). 

Moreover, the fact of using isocaloric chocolate-flavored pellets in 

our experiments allowed us to study more precisely the development 

of food addiction, leaving aside other possible contributing factors 

that may be present in foods containing high amounts of fat, which 

are related in the development of obesity. Notwithstanding, this 

thesis focuses on the behavioral traits expressed by the development 

of food addiction, not in the development of obesity. 

 

Next, we studied the personality traits related to food addiction. Our 

findings revealed that addicted mice presented increased persistence, 

motivation, and impulsivity. These findings are supported by 

previous studies employing the same experimental approach with 

highly palatable pellets to develop food addiction in mice (Mancino 
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et al., 2015; Domingo-Rodriguez et al., 2020). Indeed, persistence of 

response, motivation, compulsivity and impulsivity were the main 

hallmarks and phenotypic traits of addiction that were augmented in 

addicted mice in these previous investigations. In our results, the 

major hallmark compulsivity was not significantly difference 

between both phenotypes, although a tendency was present. One 

possible reason could be the small number of animals in the present 

study and the distinct mouse strain employed in both studies: a batch 

of 31 C57BL/6J mice was used in this study, whereas animal batches 

were of 56 C57BL/6J mice (Domingo-Rodriguez et al., 2020) and 27 

CD1 mice (Mancino et al., 2015) in the previous studies. Therefore, 

the behavioral characterization performed in our cohort of animals 

has taken into account each specific endophenotype that may 

participate in this complex behavioral disease. 

 

Additionally, PCA analysis of the mouse behavioral responses 

revealed a predominant load of two main traits, motivation and 

impulsivity, contributing to addiction-like behaviors, in a first 

component (PC1) defining these extreme phenotypes. A major 

weight in the second component (PC2) corresponded to compulsivity 

and persistence. Thus, these behavioral factors may depend on 

distinct brain areas participating in rewarding processes, that may 

influence in the development of food addiction. Accordingly, recent 

studies performed in our laboratory using the same operant protocol 

reported similar results in the PCA: motivation and impulsivity were 

the main traits found in PC1, while persistence of response and 
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compulsivity were the main hallmarks of food addiction in PC2 

(García-Blanco et al., 2022). All these behavioral factors were 

equally associated to the identical principal components in our 

analysis, except persistence of response that was associated to the 

PC1, instead of PC2. This different result in the association of 

persistence of response to the principal components may suggest that 

this addiction-like criterion might depend on multiple distinct 

mechanisms and the participation of diverse variables. 

 

Previous studies performed over the last decade using modern circuit 

neuroscience tools offer abundant evidence supporting the notion that 

the NAc is a critical node of the circuitry that translates motivation 

into action. (Volkow et al., 2017; Klawonn and Malenka, 2018; 

Volkow et al., 2019). Indeed, recent investigations in rats using 

optogenetics revealed that the activation of MSNs expressing D2 

receptors in the NAc increased motivation, whereas the inhibition of 

these neurons induced the opposite effect (Soares-Cunha et al., 

2018). Moreover, evidence has also demonstrated that the NAc is a 

key component of the neural components regulating impulsivity 

(Basar et al., 2010). Previous studies in impulsive mice and humans 

suffering from impulsivity have revealed a prominent increase in 

NAc delta oscillations during anticipation of reward (Hemmings et 

al., 2018). Thus, these findings support our results of the PCA, 

suggesting that the main traits of motivation and impulsivity might 

be associated with neural regulation of the NAc. 

 



Discussion 

262 

 

Previous studies have demonstrated that compulsivity and 

persistence may depend on dysfunctions in inhibitory control 

regulated by the mPFC (Goldstein and Volkow, 2011; Luigjes et al., 

2019). Indeed, human studies have suggested that deficits in 

prefrontal cortical function and subsequent loss of inhibitory control 

could be crucial in promoting compulsive drug use (Jentsch and 

Taylor, 1999; Naqvi and Bechara, 2010; Goldstein and Volkow, 

2011). Moreover, a study using a rat model of compulsive drug-

seeking in which cocaine-seeking persists in a subgroup of rats 

despite negative consequences has demonstrated that prolonged 

cocaine self-administration diminishes ex vivo intrinsic excitability 

of deep-layer neurons in the PFC, which was significantly more 

noticeable in compulsive drug-seeking animals (Chen et al., 2013). 

Additionally, compensating for hypoactive PFC neurons with in vivo 

optogenetic PFC stimulation significantly prevented compulsive 

cocaine-seeking, whereas optogenetic PFC inhibition increased 

compulsive cocaine-seeking (Chen et al., 2013). Thus, our findings 

on the PCA are strongly supported by the previous studies reported 

on the differential behavioral roles of the NAc and the mPFC in 

addiction, suggesting that abnormal function of both brain areas may 

have contributed to the observed behavioral traits.  

 

Next, we aimed to study neurophysiological differences between 

addicted and extreme non-addicted mice in basal conditions, 

recording neural activity in their homecages immediately after FR5 

sessions. We found that local power and PL mPFC-to-NAc core 
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circuit communication between addicted and extreme non-addicted 

mice was similar. Notwithstanding, both groups exhibited a flow of 

information from the NAc core to the PL mPFC at theta and hgamma 

frequencies (NAc core to PL mPFC PSI, NAc core leads) and a PL 

mPFC to NAc core communication at lgamma frequencies (PL 

mPFC to NAc core PSI, PL mPFC leads) under basal conditions. 

Thus, circuit communication measures suggested that neural signals 

of addicted and extreme non-addicted mice in the PL mPFC and the 

NAc core coordinated at theta, lgamma and hgamma frequencies 

after FR5 sessions. Previous studies have demonstrated that theta and 

gamma (lgamma and hgamma) oscillations are involved in cognition, 

executive functions and memory, especially in the mPFC. Indeed, 

several investigations using a genetic mouse model of cognitive 

dysfunction (Zdhhc8+/-) revealed that theta-gamma coupling is 

increased when mice successfully performed a spatial working 

memory task, suggesting that the interaction between theta and 

gamma oscillations is associated with increased synchronization of 

neurons in the mPFC (Tamura et al., 2017, 2018). Moreover, 

previous studies focusing in circuit communication signaling have 

demonstrated that theta and gamma oscillations fluctuate between 

different brain areas and are enhanced in the mPFC when performing 

working memory and executive function tasks (Lohani et al., 2019; 

Alemany-González et al., 2020; Lintas et al., 2021). Thus, our 

findings demonstrating the communication between the PL mPFC 

and the NAc core after FR5 operant training sessions are supported 

by previous evidences on the specific role of theta, lgamma and 
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hgamma frequencies responsible for the communication between 

these two brain areas. 

  

Theta and gamma oscillations also seem to participate in addictive-

like behaviors. Previous studies focusing on impulsive behavior 

investigated LFPs in the mPFC and the NAc on a 5-choice serial 

reaction time task, and revealed that theta and gamma oscillatory 

activity increased during anticipation and waiting periods of reward 

(Donnelly et al., 2014). Furthermore, recent studies investigating 

power and connectivity measures between the basolateral amygdala 

and the NAc in an appetitive conditioning associated with food 

demonstrated that theta and gamma oscillations in each region 

diverged in the presence of food-associated cues (Hsu et al., 2020). 

These studies confirm that oscillatory activity at theta and gamma 

frequencies may fluctuate between brain areas that participate in 

rewarding mechanisms and addictive-like behaviors. Indeed, these 

oscillatory activity changes at theta and gamma frequencies may 

depend on the modulation of heterogeneous neural ensembles 

cooperating locally and between different brain areas. In that sense, 

the activation and/or inhibition of these neural ensembles might be 

triggered by reward-induced changes in glutamatergic, GABAergic 

and DA signaling.  

 

According to our results, the predominance of the NAc core signaling 

over the PL mPFC observed under basal conditions at theta and 

hgamma frequencies after FR5 sessions might represent the 
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prolonged activation of the NAc by the DA system triggered by the 

consumption of palatable reinforcers during operant food-seeking 

sessions. On the other hand, the generation of lgamma oscillations 

migrating from the PL mPFC to the NAc core might correspond to 

the enhancement of the mPFC activity produced by the proper 

performance of the acquired task. These results on lgamma 

oscillations are supported by previous studies demonstrating the 

participation of this specific frequency band during rewarding trials 

in a PR schedule of reinforcement (Hernández-González et al., 

2017). 

 

We next evaluated the different behavioral traits that characterize the 

maintenance of the addictive-like behavior at the end of the training 

schedule. As expected, addicted mice showed increased number of 

active leverpresses and reinforcements. As previously mentioned, 

reinforcement and motivation to pursue highly palatable pellets were 

the main scores variables of the PC1. In that context, in order to study 

the reinforcing value of the reward, we have focused in two main 

features that participate in reward-related behaviors: decision-

making and reward expectation. Indeed, altered decision-making and 

outweighed reward expectation have been linked with reinforcing 

processes of food consumption (O’Doherty et al., 2017; Verharen et 

al., 2020). For that purpose, we considered decision-making epochs 

as 1s time windows occurring the second prior to the first leverpress 

in reward preceding trials (5 lever presses + cue light and reward 

delivery). Moreover, reward expectation epochs were defined as the 
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second occurring immediately after the fifth leverpress, when the cue 

light turns on and reward is delivered.  

 

Our findings suggested that PL mPFC – NAc core circuit 

communication at high frequencies (hgamma and hfo) was disrupted 

in addicted mice during decision-making. We observed that addicted 

mice presented an altered PL mPFC to NAc core hfo signaling, 

compared to extreme non-addicted mice. Furthermore, the 

directionality of hgamma signaling in addicted mice (PL mPFC to 

NAc core) was opposite to hgamma signaling in extreme non-

addicted mice (NAc core to PL mPFC). Notably, the directionality of 

signals at hfo correlated with the number of reinforcers implying that 

neural dysfunctions at this specific frequency between the mPFC and 

the NAc favored addictive-like behaviors. Gamma and hfo are 

believed to reflect neuronal network coordination involved in 

attention, being these frequency bands recognized as potential 

biomarkers in cognitive disorders (Kucewicz et al., 2014; Mably and 

Colgin, 2018). Previous evidence have demonstrated that gamma and 

hfo in the PFC are altered in several cognitive disorders, including 

Alzheimer, Down syndrome and schizophrenia diseases, among 

others (Guggisberg et al., 2007; Amemiya and Redish, 2018; Tamura 

et al., 2018). Indeed, studies in animal models of intellectual 

disability (Ts65Dn and Ophn1-/y) revealed that mPFC and 

hippocampal gamma oscillations were reduced in these models, 

suggesting the presence of a network malfunction (Powell et al., 

2014; Alemany-González et al., 2020). Additionally, it is well known 
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that cognitive impairment lead by alterations in the PFC and the 

hippocampus are closely associated with poor decision-making 

(Domenech and Koechlin, 2015; Ho et al., 2021; Tavares and Tort, 

2022), which is also a characteristic of addiction (Koffarnus and 

Kaplan, 2018; Verdejo-Garcia and Chong, 2021). Thus, these 

previous results support our findings suggesting that alterations of 

gamma and hfo during decision-making may participate in the 

expression of behavioral anomalies linked to food addiction. 

 

Our findings revealing disrupted circuit communication between the 

PL mPFC and the NAc core at hfo during decision-making are 

strengthen by previous evidence, suggesting that coordination at hfo 

may be characteristic of nucleus accumbens microcircuits 

(Olszewski et al., 2013). These oscillations are present during 

different healthy brain states and increase within schizophrenia and 

other mental disorders when they likely spread from the NAc to 

several brain regions, including the mPFC (Hunt et al., 2009; Goda 

et al., 2015; Delgado-Sallent et al., 2021). Thus, our results highlight 

the importance of these oscillations in the mesocorticolimbic 

pathway, suggesting that hfo of addicted mice might be generated 

and consequently hijacked by the NAc during decision-making, 

leading to a predominance of neural signals controlled by the NAc 

that migrate to the mPFC. This disruption in the circuit 

communication of addicted mice triggered by an extensive 

heterogeneity of neural ensembles might represent the increased food 

intake shown by addicted mice. 
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Next, we investigated the differential neural substrates of reward 

expectation in addicted and extreme non-addicted mice. Addicted 

mice showed local desynchronization of gamma rhythms in the NAc 

core during the expectation of rewards, with a reduction of lgamma 

oscillations that correlated with reinforcement levels. Moreover, 

addicted mice presented a decreased theta-gamma coupling in the 

NAc core. The NAc plays a crucial role in reward prediction during 

reward-seeking behavior (Day et al., 2011), and changes in theta and 

gamma oscillations have been reported in the ventral striatum and  

PFC areas (Van Der Meer and Redish, 2009; Kalenscher et al., 2010; 

Gruber et al., 2013). Previous studies have revealed that these 

fluctuations in theta and gamma oscillatory activity are triggered by 

the local and interregional modulation of dopaminergic, 

glutamatergic and GABAergic signaling, among others (Furth et al., 

2013; Chen et al., 2014; Lally et al., 2014; Fuhrmann et al., 2015; 

Wang et al., 2020). Specifically, DA is the crucial neurotransmitter 

released in the NAc during the obtainment and consumption of 

rewards (drugs or food) (Volkow and Morales, 2015). Additionally, 

glutamate and GABA are also co-released from distinct sets of 

excitatory and inhibitory neurons in the PFC and VTA (Bouarab et 

al., 2019).Thus, our findings showing an altered gamma power and a 

disrupted theta-gamma coordination in the NAc of addicted mice 

during the expectancy of reward might be influenced by the 

activation of DA release in the NAc triggered by the rewarding 

process.  
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Previous studies in humans have demonstrated that addiction is 

associated with a decrease in DA release in response to drugs of 

abuse, suggesting that the altered release of DA might reflect 

disrupted neurophysiology of DA neurons within the reward system 

(Volkow et al., 2010). These DA neurons are also involved in the 

expectation of reward, and previous studies have demonstrated that 

DA neurons signals apparently are involved in the prediction of 

reward (Schultz et al., 1993, 1997; Schultz, 1998). This hypothesis 

about the involvement of DA neurons in reward prediction suggests 

that in situations requiring a repeated learning task, DA neurons are 

activated by primarily rewards during each learning phase. However,  

DA neurons cease in the responding to reward when the reward 

becomes fully predictable (Schultz et al., 1993). Therefore, the 

information related to rewards is a complex learning mechanism 

within the participation of DA neurons in the NAc and interconnected 

areas. Deficiencies in these circuits where the same DA neurons are 

involved may affect diverse behavioral aspects of the rewarding 

process, such as anticipatory responses, expectation, and reward 

intake. 

 

An interesting hypothesis to explain addiction is based on a chronic 

basal deficiency in brain reward (Volkow et al., 1999, 2002b; 

Comings and Blum, 2000; Morgan et al., 2002; Dalley et al., 2007), 

suggesting that the “reward deficiency syndrome” is a type of self-

medication, ultimately affecting DA signaling in the brain reward 
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circuitry of addicted individuals. The reduced DA transmission in the 

NAc of addicted users during rewarding periods causes the need of 

consuming a higher amount of rewards that imply a constant release 

of DA, and consequently will lead to a higher risk of presenting 

multiple addictive-like behaviors (Blum et al., 2018). All these 

hypotheses arguing a DA hypoactivation in the NAc of addicted 

subjects during rewarding periods are in agreement with our findings 

in the NAc core of addicted mice during expectation of reward. We 

suggest that the lgamma hypoactivation and theta-gamma coupling 

disruption observed in addicted mice may be supported by the 

“reward deficiency syndrome”, and the consequent alterations 

induced in the encoding of reward prediction. These deficient 

behaviors for reward satiation may partially be reflected in addicted 

mice that present a reduced gamma oscillatory activity in the NAc 

core during expectation of reward, and consequently need to press 

the lever multiple times to obtain a higher number of rewards and 

reach basal levels of dopamine in the NAc. 

 

We next investigated oscillatory activity in the PL mPFC and the 

NAc core during the different phase changes of the operant FR5 

sessions. For this purpose, neural activities were studied in both 

phenotypes together during the transition from the first rewarding 

period (active period 1) to the beginning of the non-rewarding period 

(pellet-free period), and in the transition from the end of the pellet-

free period to the beginning of the second rewarding period (active 

period 2). A cue light was turned on during rewarding periods when 
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the reward was delivered after five active lever presses. By contrast, 

during non-rewarding periods (pellet-free periods), no pellets were 

delivered, and this period was signaled by the illumination of the 

entire operant chamber.  

 

We found that during the different phase changes of the operant 

sessions, neural signaling in the PL mPFC-NAc core circuitry of both 

phenotypes was characterized by fluctuations in the power of 

hgamma and hfo in both, the PL mPFC and the NAc core. This 

finding suggests that oscillatory activities > 50 Hz (hgamma and hfo) 

in both areas contributed to the encoding of relevant behaviors 

closely associated with persistence, as oscillatory activity at these 

frequencies decreased during the pellet-free period, that is the period 

where active leverpresses are not reinforced and animals persist to 

obtain the reward. Furthermore, these oscillatory activities also 

contributed to the encoding of reward, as these brain rhythms 

increased at the beginning of the second active period, when mice 

detect the initiation of the rewarding period. Previous studies in 

rodents have also demonstrated that gamma fluctuations and changes 

in firing rates play a significant role during waiting periods where 

reward is not delivered (Roesch et al., 2012; McCracken and Grace, 

2013; Donnelly et al., 2014). Thus, the decrease of hgamma and hfo 

in both the PL mPFC and NAc core during the pellet-free period may 

correspond with the increased persistence to obtain a palatable pellet 

over time, as animals must wait a 10 minutes period to obtain a 

reinforcer. Once the second active period started, prominent 
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increases of hfo were detected, particularly in the PL mPFC. Indeed, 

several studies revealed that gamma and hfo of the striatum 

augmented in periods of reward delivery, suggesting that these 

oscillatory frequencies are involved in rewarding behaviors (Van Der 

Meer and Redish, 2009). Thus, these evidences support our findings 

that demonstrate the increase of hfo in the detection of entering again 

into the rewarding period, highlighting the importance of oscillatory 

activities > 50 Hz within mPFC – NAc circuits. 

 

To find valuable neurophysiological biomarkers that differentiate 

addictive-like behaviors from resilient phenotypes during the 

different phases of the FR5 sessions, we assessed PL mPFC to NAc 

core circuit communication in each of the phases previously 

evaluated. At the end of the first rewarding period, addicted mice also 

exhibited abnormal directionality of signals within this circuit. 

Indeed, we identified a predominance of lgamma and hgamma 

signaling that traveled from the NAc core to the PL mPFC, opposite 

to the PL mPFC to NAc core signaling observed in extreme non-

addicted mice. Remarkably, these reversed NAc to mPFC hgamma 

signals correlated strongly with increased food intake and lever 

presses in addicted mice. These findings are supported by previous 

literature suggesting that drugs of abuse or palatable foods hijack the 

mesocorticolimbic circuitry in addicted subjects (Moore et al., 2017, 

2018; Volkow et al., 2019). Indeed, extensive exposure of drugs or 

foods increase DA in the reward circuit, underlying their rewarding 

effects. In parallel, previous studies have revealed that the activation 
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of DA triggered by drugs of abuse also reduces top-down processes 

modulated by the mPFC (Goldstein and Volkow, 2011), suggesting 

that the inability to stop consuming drugs suffered by addicted 

patients may be due to a failure of behavioral inhibitory control 

(Goldstein and Volkow, 2002; Ceceli et al., 2022). Accordingly, our 

results demonstrated a predominance of NAc core signaling over the 

PL mPFC of addicted mice that was associated with the increased 

reinforcement levels at the end of the first rewarding period. We 

hypothesize that these altered communication signalings governed by 

the NAc in addicted mice during the persistent seeking to obtain 

rewards might be explained by a possible disruption of the mPFC, 

which is uncapable of controlling the inhibition of palatable pellets 

intake. 

 

Craving behaviors are measured by the persistence of reward seeking 

and depend on the modulation of multiple neurotransmissors acting 

at synaptic levels. Several studies have demonstrated that diverse 

neurotransmitters are modulated in the mesolimbic pathway by the 

endocannabinoid system (Covey et al., 2017; Manzanares et al., 

2018), which plays a crucial role in reinforcing and motivational 

properties of highly palatable foods (Maccioni et al., 2008; Mancino 

et al., 2015). CB1 receptors are the prominent subtype receptor in the 

CNS that have attracted much recent interest due to its potential 

therapeutically avenue in eating disorders and obesity (Mackie, 

2006).  Indeed, eCBs are critical modulators of reinforcing behaviors 

partially by their influence on dopaminergic projections to the NAc. 
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However, it has been suggested that DA neurons do not express CB1 

receptors. Thus, the actions of eCBs and exogenous cannabinoids at 

the level of the dopaminergic cell bodies in the VTA are indirect and 

likely inhibit the release of glutamate, GABA and other 

neurotransmitters (Cheer et al., 2000; Wilson and Nicoll, 2002; 

Julian et al., 2003; Mateo et al., 2017). These receptors are 

preferentially at the presynaptic level in different brain areas of the 

rewarding pathway, acting as a regulatory feedback mechanism to 

modulate synaptic transmission (D’Addario et al., 2014). In the 

mesocorticolimbic pathway, CB1 receptors are highly expressed in 

the striatum, whereas low expression levels of CB1 receptors are 

found in the VTA (Tsou et al., 1998; Koob, 2000; Wise, 2004). At 

the behavioral level, the reinforcement modulation processing by the 

CB1 receptors and eCBs has been extensively studied using diverse 

behavioral paradigms (Soria et al., 2005; Shoaib, 2008; Oleson et al., 

2021). However, the electrophysiological characterization of CB1 

antagonism in the PL mPFC and NAc core pathway on addictive 

behavior is still unknown. For that reason, we aimed to investigate 

the acute effects of CB1 antagonism on behavior and correlate these 

responses with the PL mPFC – NAc core neural dynamics of addicted 

and extreme non-addicted mice. 

 

To elicit a selective blockade of CB1 receptors, rimonabant (3 mg/kg) 

was acutely administered to mice freely moving in a homecage. In 

basal conditions, rimonabant progressively augmented delta 

oscillations in the PL mPFC and the NAc core and lgamma 
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oscillations in the NAc core, while not affecting general mobility in 

both groups of animals. Additionally, the enhanced delta power in 

the PL mPFC and the NAc core weakened delta-hfo coordination 

locally in the NAc core and at a circuit level, disrupting the coupling 

between the amplitude of NAc core hfo and the phase of PL mPFC 

delta. However, the blockade of CB1 receptors did not affect the 

circuit’s directionality of signals. All these neural alterations 

observed by rimonabant administration affected extreme non-

addicted and addicted mice together, and no differences were 

reported between both extreme subpopulations. These findings 

evidence the main effect of CB1 receptors on local neural activities 

during basal conditions with limited actions of the circuit’s 

communication.  

 

Several studies have previously focused on the electrophysiological 

fingerprints of CB1 modulation in the NAc, demonstrating changes 

in delta and gamma oscillations (Hernandez and Cheer, 2012; 

Ramlakhan et al., 2020; Jenkins et al., 2021). Gamma oscillations are 

believed to provide temporal structures that induce the alignment of 

spike trains within and between different brain areas, facilitating the 

encoding of diverse afferent projections into NAc spiking patterns 

(Kalenscher et al., 2010). Thus, the changes in neural coordination 

and activation patterns shown in this study might reveal the 

heterogeneity of neural ensembles participating locally in the mPFC 

and the NAc, and interregionally in the mPFC-to-NAc pathway, 

suggesting that antagonism of CB1 receptors might have influenced 
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neural encoding via alterations of glutamatergic and/or GABAergic 

signaling (Robbe et al., 2002). In that sense, the inhibition of CB1 

receptors might have arrested eCB-mediated reduction of 

glutamatergic release in the NAc core, revealing an enhanced 

excitatory synaptic transmission at gamma frequencies in the targeted 

MSNs in the NAc core. On the other hand, previous studies have 

identified that the increase of delta oscillations seems to be the 

consequence of the hyperpolarization of neurons due to the activation 

of CB1 receptors (Dasilva et al., 2014). Interestingly, our findings are 

supported by this evidence as we observe the opposite effects when 

blocking CB1 receptors. The increase of delta oscillations in the PL 

mPFC and NAc core revealed in mice treated with rimonabant might 

reflect the depolarization of glutamatergic neurons in the mPFC and 

afferent MSNs of the NAc led by the blockade of CB1 receptors. 

Notwithstanding, further experiments using other techniques, such as 

optogenetics or chemical approaches, would be necessary to identify 

neural specificity within and between areas. 

 

Furthermore, we studied the effects of rimonabant in the spiking 

activity of addicted and extreme non-addicted mice. Interestingly, 

addicted animals treated with vehicle exhibited increased spiking 

activity in the NAc core compared to their extreme non-addicted 

peers. Remarkably, we observed that rimonabant decreased spiking 

activity both in the PL mPFC and the NAc core, and the spiking 

activity increase previously detected in addicted mice was not 

observed when treated with rimonabant. These findings suggest that 
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the NAc core of addicted mice is highly activated during basal 

conditions. The blockade of CB1 receptors induced the correction of 

this altered firing activity, decreasing spiking activity levels in 

addicted mice to the normal firing activity levels of extreme non-

addicted mice. In the presence of rimonabant, glutamatergic 

projections from the mPFC to the NAc might have disarranged 

glutamatergic transmission at the synapse in the NAc. Moreover, 

several studies have identified specific subtypes of spiking 

interneurons in the NAc that play crucial roles in firing properties 

(Tepper et al., 2010). One of the fundamental electrophysiological 

features of specific types of fast-spiking interneurons is their 

maintained high action potential firing frequencies in the NAc. It has 

been discovered that some of these fast-spiking interneurons 

uniquely express CB1 receptor (Winters et al., 2012). This particular 

neuron type of fast-spiking interneurons expressing CB1 receptors 

extensively overlaps with fast-spiking interneurons expressing 

parvalbumin and may thus represent a different neural population in 

the NAc (Wright et al., 2017). Indeed, our results are sustained by 

these evidences as the inhibitory effect of CB1 receptor in this 

specific subtype of neurons may lead to a decrease in the spiking 

activity of the NAc. Yet again, these findings point to a main effect 

of rimonabant on NAc microcircuits during basal conditions.  

 

We then examined rimonabant's rescuing effects of neural activities 

associated with food addiction. As reported in previous studies 

(Maccioni et al., 2008; Mancino et al., 2015), the pharmacological 
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blockade of CB1 receptors had an impressive effect on the reversion 

of addictive-like behavior. Accordingly, our results revealed that 

rimonabant reduced the number of reinforcers obtained by addicted 

and extreme non-addicted animals in the operant paradigm. Together 

with the previous studies, these results suggest that CB1 receptor is a 

crucial component of the neural substrates mediating reinforcing 

properties of high palatable food. Moreover, we found that the 

decreased number of reinforcers consumed when treated with 

rimonabant correlated with the increase of NAc core lgamma power 

observed in the previous recordings performed in the homecage, 

suggesting that NAc core gamma oscillations might play a crucial 

role in controlling high palatable food intake. In that context, our 

previous analysis of the operant training recordings revealed that 

gamma oscillations in the PL mPFC to NAc core circuit were 

associated with reinforcement levels, suggesting an important role in 

food seeking behavior. Thus, the increase of lgamma oscillations in 

the NAc core observed in mice treated with rimonabant might reflect 

the depolarization of afferent MSNs of the NAc core led by the 

antagonism of CB1 receptors. Indeed, the modulatory activity in NAc 

afferent MSNs at lgamma frequencies induced by rimonabant may 

influence glutamatergic and GABAergic neurotransmission within 

the PL mPFC to NAc core pathway, affecting behavioral inhibitory 

control. Therefore, once again the association of this brain wave band 

with reinforcement levels when blocking CB1 receptors highlights 

the participation of the endocannabinoid system in food seeking 

behavior. 
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To gain a deeper insight into the pharmacological effect of 

rimonabant during decision-making and expectation of reward, we 

investigated power activity and circuit communication in these 

epochs, analyzing the same behavioral intervals than in the previous 

section. In terms of neural communication between the PL mPFC and 

the NAc core (PSI), our previous analysis identified that NAc core to 

PL mPFC hgamma and PL mPFC to NAc core hfo signals were 

involved in decision-making in extreme non-addicted mice and were 

altered in addicted mice. Interestingly, the blockade of CB1 receptors 

by rimonabant restored mPFC control of the circuit in addicted mice 

during decision-making. Moreover, the directionality of signals was 

reversed in rimonabant-treated addicted animals resembling those of 

extreme non-addicted animals.  

 

Several studies have focused on understanding the relationship 

between decision-making, gamma oscillations, and CB1 receptor 

modulation in prefrontal-hippocampal circuits (Kucewicz et al., 

2011), concluding that systemic CB1 receptor activation contributes 

to the dynamic coordination of limbic-cortical interactions that are 

related to network dysfunctions. In our findings, we observe a similar 

neural dynamics disfunction at hfo in the PL mPFC to NAc core 

pathway of addicted mice that is corrected by the blockade of CB1 

receptors with rimonabant. Hfo are generated in the NAc and migrate 

to different brain areas (Hunt et al., 2008, 2009). Thus, dysfunctions 

in the NAc core of addicted mice might influence the communication 

at these specific frequencies during decision-making.  
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We previously hypothesized that hfo of addicted mice might be 

hijacked by the NAc during altered decision-making. Under the 

presence of rimonabant, the blockade of CB1 receptors may induce 

the activation of presumably glutamatergic projections from the PL 

mPFC and the NAc core, restoring the functionality of the mPFC in 

addicted mice and consequently leading to the reversion of hfo 

communication in this circuit. Altogether, our findings highlight the 

correction of the addictive-like behavior with CB1 antagonism, 

suggesting that a part from gamma oscillations, hfo also play a crucial 

role in reinforcing behaviors towards palatable food, especially 

during decision-making. However, further experiments are needed to 

confirm the specific identification of these neural alterations and their 

correction by pharmacological treatment.  

 

We also studied the electrophysiological effect of CB1 antagonism 

during reward expectation periods. No significant changes of PL 

mPFC power were detected between addicted mice treated with 

vehicle and with rimonabant. However, we found that lgamma power 

in the NAc core was larger in addicted mice treated with rimonabant 

than in vehicle-treated mice during reward expectation epochs. We 

previously revealed that addicted mice presented a reduced NAc 

power at lgamma frequencies compared to extreme non-addicted 

mice during expectation of reward. Therefore, the increased lgamma 

NAc power induced by rimonabant in addicted mice showed a 

correcting effect that restored lgamma NAc power to normal power 
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levels. Indeed, these results are consistent with the previous augment 

of lgamma power observed in the NAc core of rimonabant treated 

animals during basal recordings. 

 

We previously suggested that the decreased lgamma NAc power 

observed in addicted mice during expectancy of reward may reflect 

disruptions of NAc DA neurons involved in rewarding processes. 

Thus, blockade of CB1 receptors and its consequent modification on 

presumably glutamatergic transmission within the mPFC to NAc 

projections may have participated in the indirect modulation of NAc 

DA release. Indeed, previous studies have studied the influence of 

CB1 receptors on NAc DA release by the regulation of VTA to NAc 

pathway (Lupica and Riegel, 2005), and by the involvement of other 

CB1- expressing projections innervating the NAc from different brain 

areas (Cheer et al., 2004). Additionally, other studies demonstrated 

that rimonabant reduced the increase of extracellular DA in the NAc 

triggered by high palatable food, confirming that the 

mesocorticolimbic dopaminergic system is involved, at least in part, 

in the effect of CB1 receptor antagonists on food intake (Melis et al., 

2007). Therefore, we suggest that the significant increase of lgamma 

power in the NAc core of addicted animals after rimonabant 

administration during the expectation of reward could underlie a 

possible modulation of DA in the NAc, triggered by the indirect 

participation of afferent projections expressing CB1 receptors. The 

fact that CB1 receptors are not expressed in DA MSNs and the crucial 

participation they have in the regulation of other neurotransmitters 
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hinds the obtainment of clear hypothesis. Further experiments 

studying the activation and/or inhibition of diverse projections 

innervating the NAc will be needed to clarify these findings. 

 

Additionally, theta-gamma coupling was again reduced in the NAc 

core of addicted animals during expectation of reward as previously 

described, however this response was not rescued by rimonabant. 

These findings suggest that coordination between theta and gamma 

frequencies during expectation of reward may depend on alternative 

neural pathways that are not influenced by the blockade of CB1 

receptors. In agreement, previous studies in humans evaluating the 

role of frontal theta rhythms during expectation of reward suggested 

that DA may be the main neurotransmitter mediating frontal theta 

oscillatory activity (Gruber et al., 2013). In that context, a possible 

modulation of DA MSNs innervating the NAc may reverse the 

decreased NAc theta-gamma coupling observed in addicted mice 

during reward expectation. 

 

The aim of our second objective was to identify the evolution of 

abnormal mPFC to NAc neural dynamics in the transition from 

vulnerable to addicted phenotype. For this purpose, mice performed 

a medium-term operant training to develop food addictive-like 

behavior during 60 sessions. These animals underwent stereotaxic 

surgery at the beginning of the training with the purpose of recording 

neural activity during all the sessions since the beginning to the 

medium period training. Animals were categorized in addicted and 
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non-addicted mice at the medium period stage in order to avoid 

implant falls and signal quality losses during our recordings. This 

technical limitation makes not possible the evolution of the neural 

dynamics at a late period of operant training. 

 

We identified that 26.32% of the animals accomplished 2 or 3 criteria 

in the medium training period and were therefore vulnerable to 

develop food addiction. The remaining animals (73.68%) 

accomplished 1 or none criterion and were considered as resilient 

mice. These percentages in the categorization of the animals were 

analogous to the percentage of vulnerable and resilient mice in 

Chapter 1 (29.03% and 70.97%, respectively), suggesting that the 

distribution of animals in the Gaussian curve was similar in both 

cohorts of animals.  

 

Furthermore, we observed that addicted mice that were categorized 

in the medium period presented a significantly higher persistence of 

response and motivation. Interestingly, addicted animals that were 

categorized in the late period in Chapter 1 also showed increased 

values in these two hallmarks of addiction. By contrast, compulsivity 

trait was not significantly higher in addicted mice, neither in the 

medium period categorization of Chapter 2, nor on late period 

categorization of Chapter 1. Considering the close similitudes in the 

expression of addcitive-like behaviors in both groups of addicted 

mice, we suggest that persistence of response and motivation towards 

highly palatable pellets may be expressed in the medium stages of the 
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food addiction cycle. Previous studies have reported that persistence 

may be developed by an habitual palatable food seeking (Mancino et 

al., 2015; Moore et al., 2017). In accordance, mice are exposed 

everyday to palatable pellets in daily sessions of 1h where they must 

seek the reward by pressing a lever. Thus, after 60 sessions of operant 

training, it is expected to observe individual differences in behavior 

during the pellet-free period when no pellets are available but 

addicted mice persist pressing the lever. Additionally, motivation is 

another behavioral hallmark of food addiction that has been 

expressed in addicted mice at the late period stages of the long-term 

operant training (Mancino et al., 2015; Domingo-Rodriguez et al., 

2020; García-Blanco et al., 2022). In agreement, our results highlight 

the expression of motivation in addicted mice at the medium period, 

suggesting that this major hallmark might be expressed at the same 

time periods than persistence. Recent findings in our group using 

similar operant training protocols in male CD1 mice have revealed 

that the prediction of developing food addiction during the late period 

considering the data obtained in the medium period was of 50%, 

suggesting that half of addicted mice categorized at the medium 

period will continue being addicted at the late period. Furthermore, 

this prediction was even higher in female CD1 mice that showed 80% 

of prediction in developing food addiction comparing early and late 

periods. 

 

In terms of phenotypic traits, we found that addicted mice that were 

classified in the medium period did not show significant differences 
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in reinforcement levels and impulsivity compared to their non-

addicted peers, although a tendency was present. In contrast, 

differences in the number of reinforcers and impulsivity were 

observed between addicted and non-addicted mice categorized at the 

late period of Chapter 1. This difference between the phenotypic 

traits of addicted mice of Chapter 1 and addicted mice of Chapter 2 

might also depend on the number of animals employed in each 

experiment, as only 19 mice reached the medium period in Chapter 

2. 

 

To study the electrophysiological fingerprints at the medium period, 

we selected mice at the curve ends according to the individual scores 

obtained in the addiction-like criteria and phenotypic traits evaluated 

in the medium period. Addicted mice presented a significantly 

increased persistence of response, motivation, and impulsivity 

compared to extreme non-addicted mice. Reinforcement levels were 

also higher in addicted mice compared with extreme non-addicted 

mice. Thus, when selecting extreme animals, behavioral results of 

Chapter 2 were similar to those obtained in Chapter 1. 

 

We next studied the neurophysiological fingerprints of addicted and 

extreme non-addicted phenotypes during decision-making in the 

medium period. We observed that no differences in local power and 

circuit communication signaling were revealed between addicted and 

extreme non-addicted mice during decision-making. Moreover, no 

clear directionability of signals at hgamma and hfo was detected in 
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both phenotypes during decision-making. Thus, these findings 

suggest that circuit communication during decision-making is not 

still altered at the medium period stage. By contrast, our previous 

findings of Chapter 1 revealed that addicted mice presented a 

disrupted circuit communication at hgamma and hfo during decision-

making in late period stages. Indeed, further analysis will confirm if 

the alterations in PL mPFC to NAc core communication detected in 

Chapter 1 are present at the medium period stages in reward 

expectation and rewarding periods. 

 

The transition of the neuroplastic changes occurring in the 

development of food addiction still remain elusive, although some 

studies have focused in understanding the transition from vulnerable 

to addiction using drugs of abuse. Several authors have studied the 

neuroadaptive changes related with the transition to addiction in self-

administration models of drug reinforcement and addictive-like 

behavior (Kalivas, 2005; Kasanetz et al., 2010), suggesting that long 

term depressions in prelimbic mPFC and NAc mediated by specific 

receptors was impaired in drug addicted rats (Kasanetz et al., 2010) 

at the late period stages of the addiction cycle. These synaptic 

alterations were not observed at the early stages of drug self-

administration, when addictive-like behaviors were not present 

(Kasanetz et al., 2013). Moreover, long term depression 

modifications occurred earlier in the NAc than in the PFC (Kasanetz 

et al., 2013), suggesting that synaptic plasticity changes may be 

sequential and progress over time in a NAc to PFC direction.  
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Altogether, our results in food addicted mice during decision-making 

and the previous reports about drug addiction and long-term 

depressions support the idea that anomalous synaptic plasticity and 

communication between the mPFC and NAc at hgamma and hfo 

frequencies may participate in the transition from vulnerable to food 

addiction phenotype. Indeed, further analysis of electrophysiological 

recordings during the operant sessions performed between the early 

and medium period will reveal the evolution of possible disruptions 

in neural communication between areas.  

 

In conclusion, the present doctoral thesis has identified new 

electrophysiological signatures of food addictive-like behaviors in 

two extreme subpopulations of mice. Accordingly, PL mPFC to NAc 

core signaling was disrupted at high frequencies during decision-

making in addicted animals. Moreover, addicted mice exhibited 

reduced low gamma oscillations and theta-gamma coupling in the 

NAc core during reward expectancy. Altered PL mPFC to NAc core 

connectivity and gamma synchrony in the NAc core was also 

associated with increased reinforcement levels, underlying the 

functional relevance of these abnormalities. These findings could 

open new therapeutic research possibilities for food addiction and 

other neurological disorders with alterations in food intake, such as 

obesity or eating disorders (Moore et al., 2018; Pursey et al., 2021). 

Thus, the induction of brain oscillations by neuronal stimulation at 

specific frequency ranges may restore neural circuits disrupted in 
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food addictive-like behaviors, leading to the improvement of these 

behaviors. Indeed, recent studies in Alzheimer’s disease have 

focused in improving cognitive traits by the enhancement of 

oscillatory stimulation (Chan et al., 2021). 

 

Moreover, our results highlight CB1 receptors as significant 

modulators of the top-down cortico-striatal pathways mediating 

control over food intake and its associated neurophysiological 

fingerprints. We found that neural disruptions presented in addicted 

mice during basal conditions, decision-making and reward 

expectation were reversed by blocking CB1 receptors with 

rimonabant. Specifically, increased spiking activity of addicted mice 

was reduced to extreme non-addicted firing rate levels during basal 

conditions. In FR5 session recordings, hfo circuit communication 

between the PL mPFC and the NAc core was corrected to normal 

levels during decision-making and reward expectation. Moreover, 

alterations in NAc gamma oscillatory activity of addicted mice were 

reversed during reward expectancy. In that sense, the generation of 

new pharmacological tools with high affinity to CB1 receptors in 

selective neurons could be another possible approach to battle 

addictive-like behaviors. Further research would be needed to design 

novel selective and safe candidate drugs acting at these levels. 

 

Finally, we have demonstrated that the expression of addiction traits 

during the transition from vulnerable to food addiction phenotypes is 

similar between the categorization of addicted mice at the medium 
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period and late period, suggesting that neural alterations in addictive-

like behavior may be present at the medium training period. 

However, we did not observe disruptions in neural communication 

within the PL mPFC to NAc pathway during decision-making at 

these period stage. Indeed, further analysis of decision-making, 

reward expectation, and rewarding periods are needed at different 

stages of the medium-term operant training to better understand 

neural alterations related to addictive-like behaviors. For this 

purpose, we will perform a complete characterization of the PL 

mPFC and NAc core neural signatures of extreme non-addicted and 

addicted mice at this medium period to evaluate if similar neural 

disruptions to those previously revealed in Chapter 1 could also be 

identified at this medium period. Next, we will characterize the same 

electrophysiological fingerprints of the selected animals at the early 

training period. Finally, we will study in these groups of animals the 

evolution of the neural alterations obtained at the medium period 

since the early period. These studies will allow to elucidate how 

neural activity in vulnerable mice is modified across FR5 sessions 

until the expression of the addiction phenotype at the medium 

training period. Additionally, these studies should be repeated in 

female mice considering possible gender differences.  

 

To conclude, this thesis provides new neurophysiological evidences 

which could help to identify novel strategies to address this 

pathology. 
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The present thesis allows to draw the following conclusions: 

 

1. PL mPFC and NAc core neural signals of addicted and extreme 

non-addicted mice coordinated at theta, lgamma and hgamma 

frequencies after FR5 sessions. 

 

2. PL mPFC – NAc core circuit communication at high frequencies 

(hgamma and hfo) is disrupted in addicted mice during decision-

making characterized by dysfunctional prefrontal output that may 

favor addictive-like behaviors. 

 

3. Local gamma rhythms in the NAc core of addicted mice are 

desynchronized during the expectation of rewards suggesting a 

key role in reward seeking behavior. 

 

4. Oscillatory activities >50 Hz in the PL mPFC and NAc core 

contributed to the encoding of relevant behaviors closely 

associated with persistence and reward. 

 

5. Addicted mice enhanced gamma NAc core to PL mPFC 

connectivity during rewarding periods highlighting their 

pathological nature. 

 

6. Blockade of CB1 receptors with rimonabant evidenced a main 

effect on local neural activities at delta, lgamma and hfo bands 

during basal conditions. 
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7. Addicted mice exhibited increased spiking activity in the NAc 

core compared to extreme non-addicted mice during basal 

conditions. 

 

8. The altered spiking activity in the NAc core of addicted mice 

during basal conditions was reversed after rimonabant 

administration. 

 

9. The blockade of CB1 receptors by rimonabant restored PL mPFC 

control of the hfo circuit in addicted mice during decision-

making. 

 

10. The blockade of CB1 receptors by rimonabant corrected NAc core 

control of the circuit during reward expectation in addicted mice 

normalizing gamma synchrony in the NAc. 

 

11. PL mPFC – NAc core circuit communication at high frequencies 

during decision-making is not still disrupted in addicted mice at 

the medium period stage. 

 

12. Further analysis during decision-making, reward expectation, and 

rewarding periods at different stages of the medium-term operant 

training will be performed to study the evolution of neural 

abnormalities in addicted mice. 
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13. Our findings provide neurophysiological evidence supporting the 

acceptance of the food addiction construct, which could open new 

diagnostic and/or therapeutic possibilities for this pathology and 

for other psychiatric disorders with alterations in food intake 

behavior. 
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