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ABSTRACT 

Early life experiences play a key role in brain function and behaviour. 

Adverse experiences during childhood are consequently a risk factor for 

the ulterior development of psychiatric diseases that may persist into 

adulhood. Maternal separation is a validated mouse model for maternal 

neglect, producing negative early life experiences that result in subsequent 

emotional alterations. In addition, social environmental enrichment has 

been proposed as a protective factor that may reduce the vulnerability of 

individuals to suffer psychiatric disorders. Therefore, the communal nest 

model confers resilience against despair-like behaviour in 

mice. Moreover, early-life stress enhances the vulnerability to develop 

substance use disorders, principally during adolescence since the brain is 

under a maturation process. Hence, depressive states are associated with 

drug use disorders and abuse vulnerability since depressive patients could 

consume drugs to alleviate their symptoms. 

The general objective of this thesis was to investigate the short and long-

term consequences of the exposure to a procedure of early life neglect and 

social enrichment on emotional alterations and drug abuse. Therefore, 

behavioural studies and neurochemical parameters were assessed to 

elucidate our main hypothesis. 

Our results demonstrated that maternal separation is an appropriate model 

for studying the implication of depression in the vulnerability of substance 

use since this model induces mood alterations in adolescence that persist 

into adulthood as well as neurochemical alterations including 

neuroinflammation and the unbalanced of tryptophan-kynurenine 

metabolism pathways. However, under our experimental conditions, we 

cannot confirm the protective role of communal nest due to the 

behavioural alterations found in these mice, probably because this 
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breeding condition involves energetic cost and increases the competition 

for food in pups. 

Regarding the cocaine effects, mice exposed to the maternal separation 

showed attenuated rewarding properties of cocaine and decreased 

behavioural sensitization, whereas no changes were found in self-

administration of cocaine. The evaluation of neuroplasticity in the striatal 

dopaminergic pathways revealed decreased protein expression levels of 

D2 receptors and increased of the transcriptional factor Nurr1, suggesting 

a hypofunctionality of the dopaminergic system accordingly with the 

anhedonia-like behaviour observed in mice exposed to maternal 

separation.  

In conclusion, our results lead us to propose that detrimental early life 

events such as maternal neglect reproduces most of the behavioural and 

neurochemical alterations associated with emotional disorders in mice. In 

addition, maternal separation could be considered to be useful to study the 

comorbidity between depression and substance use disorder since induces 

alterations in emotional and drug addictive behaviours.  
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RESUMEN 

Las experiencias tempranas tienen un papel importante en el desarrollo 

cerebral, pudiendo afectar al control de la respuesta emocional. En 

particular, los eventos adversos durante la infancia representan factores de 

riesgo para el posterior desarrollo de enfermedades psiquiátricas en 

individuos vulnerables. En este sentido, la separación maternal es un 

modelo validado en roedores para simular la situación de abandono 

materno, produciendo una situación de estrés crónico en la edad temprana 

que conlleva alteraciones emocionales a largo plazo. Asimismo, el modelo 

de enriquecimiento de ambiente social se ha propuesto como una situación 

protectora que podría reducir la vulnerabilidad para sufrir desórdenes 

psiquiátricos. De hecho, el modelo de nido comunal confiere resistencia a 

la conducta de desesperanza en el ratón. Además, el estrés crónico en las 

épocas tempranas de la vida aumenta la vulnerabilidad a desarrollar 

trastornos por uso de sustancias, principalmente durante la adolescencia, 

cuando el cerebro se encuentra en un proceso de maduración. Por 

consiguiente, los estados depresivos están asociados con una mayor 

vulnerabilidad para el uso de drogas puesto que los pacientes depresivos 

podrían consumir drogas para aliviar sus síntomas. 

El objetivo general de esta tesis ha sido estudiar las consecuencias a corto 

y largo plazo de la exposición temprana a un estrés crónico versus un 

enriquecimiento de ambiente social sobre la respuesta emocional y el 

consumo de cocaína. Para abordar nuestra hipótesis principal hemos 

desarrollado estudios comportamentales y neuroquímicos. 

Nuestros resultados demuestran que la separación maternal es un modelo 

apropiado para el estudio de la participación de la depresión en la 

vulnerabilidad al uso de sustancias, ya que este modelo produce 

alteraciones emocionales durante la adolescencia que se mantienen en la 
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etapa adulta, así como cambios neuroquímicos que incluyen 

neuroinflamación y un desequilibrio en la ruta metabólica del triptófano y 

la kinurenina. Sin embargo, no podemos confirmar el papel protector del 

nido en comuna debido a las alteraciones comportamentales encontradas 

en nuestras condiciones experimentales, probablemente a causa de que 

este modelo de cría conlleva costes energéticos y aumenta la competición 

por comida entre las crías. 

Respecto a los efectos de la cocaína, los ratones expuestos a la separación 

maternal mostraron una respuesta atenuada a los efectos reforzantes de la 

cocaína en el modelo de preferencia de lugar, así como una disminución 

en la sensibilización conductual, mientras que no se observaron cambios 

en la autoadministración de cocaína. Además, el estudio de la 

neuroplasticidad de la vía dopaminérgica en el estriado mostró una 

disminución en la expresión proteica del receptor D2, así como un 

aumento en la expresión del factor dopaminérgico Nurr1, sugiriendo una 

hipo-funcionalidad del sistema dopaminérgico de acuerdo con el 

comportamiento anhedónico observado en los ratones expuestos a la 

separación maternal. 

En conclusión, nuestros resultados demuestran que las experiencias 

adversas durante la etapa temprana de la vida, como la separación 

maternal, reproducen la mayoría de las alteraciones comportamentales y 

neuroquímicas relacionadas con depresión en el ratón. Asimismo, la 

separación maternal puede considerarse como un modelo conveniente 

para el estudio de la comorbilidad psiquiátrica entre depresión y el 

trastorno por uso de drogas, ya que reproduce alteraciones a nivel 

emocional y en el comportamiento motivacional de los animales.  

 

  



 

XXI 
 

INDEX 

AGRADECIMIENTOS XIII 

     

ABSTRACT XVII 

     

RESUMEN  XIX 

     

INDEX   XXI 

     

ABBREVIATIONS XXVII 

     

INTRODUCTION 1 

Emotional disorders: Depression  3 

 1. Epidemiology 3 

 2. Pathophysiology of depression 4 

  2.1. Monoaminergic hypothesis of depression 5 

   2.1.1. Serotonin 6 

   2.1.2. Noradrenaline 7 

  2.2. Other neurotransmitters alterations 8 

  2.3. Hypothalamic-Pituitary-Adrenal axis and depression 9 

  2.4. Neuronal plasticity in the pathophysiology of 

depression 

12 

  2.5. Reward circuit and dopaminergic system during 

depression 

14 

  2.6. Inflammatory reactions and oxidative stress in the 

pathophysiology of depression 

15 

 3. Vulnerability factors influencing the development of 

depression 

19 

  3.1. Genetic factors involved in depression  20 

  3.2. Epigenetic factors participating in depression 22 

  3.3. Sex and gender factors associated to depression 23 

  3.4. Environmental factors influencing depression 26 

Early life experiences on the control of mood 28 



 

XXII 

 

 1. Brain development 28 

  1.1. Brain development in the prenatal period 28 

  1.2. Brain development in the postnatal period 30 

  1.3. Brain development in the adolescence 33 

 2. Protective and detrimental factors influencing emotional 

reactions during childhood 

35 

  2.1. Protective factors during childhood 35 

   2.1.1. Positive early experiences: Human evidences 35 

   2.1.2. Positive early experiences: Experimental 

studies  

36 

  2.2. Detrimental factors during childhood 38 

   2.2.1. Adverse early life experiences: Human 

evidences 

38 

   2.2.2. Adverse early life experiences: Experimental 

animal studies  

41 

 3. Implications of early-life detrimental experiences on the 

development of depression 

43 

Drug of abuse and substances use disorders  47 

 1. Dopaminergic system in drug abuse 50 

  1.1. Metabolism of dopamine 53 

  1.2. Receptors of dopamine 54 

  1.3. Drug-induced adaptive changes in the dopaminergic 

system 

54 

 2. Cocaine as a drug of abuse: history of it recreational use, 

epidemiology, and mechanism of action 

56 

  2.1. Brief history of recreational use of cocaine 56 

  2.2. Epidemiology  57 

  2.3. Mechanism of action  58 

  2.4. Pharmacological effects   59 

 3. Cocaine abuse and depressive disorders 63 

     

OBJETIVES 67 

     

METHODOLOGY 71 

 1. Animals  73 



 

XXIII 
 

 2. Rearing conditions  73 

 3. Maternal care 75 

 4. Behavioural procedures 75 

  4.1. Spontaneous Locomotor Activity 77 

  4.2. Elevated plus maze 77 

  4.3. Tail suspension test  78 

  4.4. Saccharin test 79 

  4.5. Electrical nociceptive threshold 80 

  4.6. Passive avoidance test 81 

 5. Studies conducted to evaluate inflammatory reactions in 

mice exposed to different rearing conditions  

83 

  5.1. Evaluation of peripheral inflammatory response. 

Interleukine-6 determination 

83 

  5.2. Evaluation of neuroinflammatory responses. 

Astrocytes and microglia 

83 

  5.3. Image analysis to evaluate immunohistochemical 

immunofluorescence studies 

84 

 6. Tryptophan-kynurenine pathway analysis 85 

  6.1. Chemicals and reagents  85 

  6.2. Quantification of metabolites by Liquid 

Chromatography-Mass Spectrometry (LC-MS/MS) 

85 

 7. Studies to evaluate rewarding and addictive effects induced 

by cocaine 

87 

  7.1. Drug and injection procedure 87 

  7.2. Conditioned Place Preference Paradigm 88 

   7.2.1. Procedure 88 

   7.2.2. Preparation of tissue extract 90 

   7.2.3. Dopaminergic system evaluation: 

Electrophoresis and Western Blotting 

90 

   7.2.4. Estimation of DA and its metabolite DOPAC 91 

  7.3 Cocaine-induced locomotor sensitization procedure 92 

  7.4 Operant cocaine self-administration  94 

   7.4.1. Surgery for the i.v. catheter implantation 94 

   7.4.2. Apparatus for self-administration 

experiments 

95 



 

XXIV 

 

   7.4.3. Drug self-administration procedure  95 

 8. Statistical analysis 96 

     

RESULTS  99 

 1. Spontaneous maternal care evaluation 101 

 2. Effects of rearing conditions on body weight 105 

 3. Effects of rearing conditions on the emotional behaviour 106 

  3.1. Effects of rearing conditions on locomotor activity  106 

  3.2. Effect of rearing conditions on anxiety-like 

behaviour in the elevated plus maze  

108 

  3.3. Effect of rearing conditions on despair behaviour in 

the tail suspension test  

110 

  3.4. Effect of rearing conditions on anhedonia evaluated 

with the saccharin test 

112 

  3.5. Nociceptive threshold 115 

  3.6. Effect of rearing conditions on emotional memory 

evaluated in the passive avoidance paradigm  

116 

 4. Effect of rearing conditions on inflammatory reactions 118 

  4.1. Peripheral inflammatory response. Serum level of 

the cytokine IL-6 

118 

  4.2. Neuroinflammatory reactions in discrete brain areas 118 

   4.2.1. Microglia activation. Iba1 immunostaining 118 

   4.2.2. Astrocytes. GFAP inmunostaining 121 

 5. Rearing conditions produces alterations in the tryptophan-

kynurenine metabolic pathway 

122 

 6. Influence of maternal separation on rewarding and 

addictive properties of cocaine  

127 

  6.1. Evaluation of rewarding properties of cocaine in the 

conditioned place preference paradigm 

127 

  6.2. Expression levels of DAT and D2R proteins and DA 

turnover in the NAc  

128 

  6.3. Expression levels of Nurr1 and Pitx3 proteins in the 

VTA 

131 

  6.4. Cocaine-induced locomotor sensitization 132 

  6.5. Reinforcing effects of cocaine in the self-

administration paradigm 

136 



 

XXV 
 

     

DISCUSSION 139 

 1. The evaluation of early experiences using animal models 142 

 2. Early life experiences on emotional behaviour, 

inflammatory response and tryptophan-kynurenine pathway.  

143 

 3. Maternal separation influences cocaine-addictive behaviour 

through the modulation of the dopaminergic system. 

158 

     

CONCLUSIONS 167 

     

REFERENCES 171 

     

ANNEX  223 

     

 Article 1 225 

  Maternal separation induces neuroinflammation and 

long-lasting emotional aterations in mice 

 

   Gracia-Rubio I,  Moscoso-Castro M , Pozo OJ, 

Marcos J, Nadal R, Valverde O 

 

   Prog Neuropsychopharmacol Biol Psychiatry. 2015 

65:104-17 

 

     

 Article 2 241 

  Maternal separation alters cocaine addiction behaviour 

through dopaminergic system.  

 

   Gracia-Rubio I, Martinez-Laorden E, Moscoso-

Castro M, Milanés MV, Laorden MV, Valverde O 

 

   Unsent  

     

 Article 3 283 

  Ethanol binge drinking enhances cocaine-induced 

sensitization and reinforcement in adolescent mice 

 

   Esteve-Arenys A, Gracia-Rubio I, Cantacorps L, 

Pozo O J, Marcos J, Rodríguez-Árias M, Miñarro J, 

Valverde O 

 



 

XXVI 

 

   Submitted Addict Biolg.  

 Article 4 287 

  Genetic blockade of adenosine A2A receptors induces 

cognitive impairments and anatomical changes related to 

psychotic symptoms in mice.  

 

   Moscoso-Castro M, Gracia-Rubio I, Ciruela F, 

Valverde O 

 

   Submitted Eur Neuropsychopharmacol  

 Article 5 291 

  Targeting Tryptophan and Tyrosine Metabolism by 

Liquid Chromatography Tandem Mass Spectrometry. 

 

   Marcos J,  Renau N, Valverde O, Aznar-Laín G, 

Gracia-Rubio I, Gonzalez-Sepulveda M , Pérez-

Jurado LA, Ventura R, Segura J,  Pozo OJ 

 

   Journal of Chromatography A Doi: 

10.1016/j.chroma.2016.01.023 

 

 Article 6 295 

  Modulation of cAMP-specific PDE without emetogenic 

activity: new sulfide-like PDE7 inhibitors. 

 

   García AM, Brea J, Morales-García JA, Perez DI, 

González A, Alonso-Gil S, Gracia-Rubio I, Ros-

Simó C, Conde S, Cadavid MI, Loza MI, Perez-

Castillo A, Valverde O, Martinez A, Gil C. 

 

   J Med Chem. 2014 57(20):8590-607  

 

 

 

 

 

 

 

 



 

XXVII 
 

ABBREVIATIONS 

3-MT 3-methoxytryamine  

5-HT Serotonin  

5-HTA1 Serotonin 1A receptor 

5HTTP Serotonin transporter 

AADC Aromatic L-amino acid decarboxylase  

ACTH Adrenocorticotropic hormone  

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

APOE Apolipotrein E 

ATP Adenosine-5-triphosphate 

BDNF Brain-derived neurotrophic factor 

CA1 Cornu ammonis 1  

CA3 Cornu ammonis 3 

cAMP Cyclic adenosine monophosphate  

CN Communal nest 

CNS Central nervous system 

COMT Catechol-O-methyltransferase 

CPP Conditioned place preference  

CRF Corticotropin-releasing factor  

D1R D1 dopamine receptor 

D2R D2 dopamine receptor 

DA Dopamine 

DAT Dopamine transporter  

DG Dentate gyrus 

DMS-5 
Diagnostic and Statistical Manual of Mental Disorders fifth 

edition 

DOPAC Dihydroxyphenylacetic acid  

DβH Dopamine β-hydroxilase  

EDTA Ethylenediaminetetraacetic acid  

EPM Elevated pluz maze 

GABA Gamma-aminobutyric acid  

GADPH Glyceraldehyde 3-phosphate dehydrogenase  

GFAP Glial fibrillary acid protein  

GNB3 
Guanine nucleotide binding protein (G protein), beta 

polypeptide 3 

GW Gestation week 



 

XXVIII 

 

GWAS Genome wide association studies 

HC Hippocampus 

High-LG High-licking and grooming  

HPLC High-performance liquid chromatography  

HRP Horseradish peroxidase  

HVA Homovanillic acid  

i.p. Intraperitoneal 

i.v. Intravenous 

Iba1 Ionized calcium-binding adapter molecule 1 

IL-1β Interleukin-1β 

IL-6 Interleukin-6 

KO Knockout  

KYN Kynurenine 

LC-

MS/MS 
Liquid chromatography-tandem mass spectrometry 

Low-LG Low-licking and grooming  

LTD Long-term depression 

LTP Long-term potentiation 

MAO Monoamine oxidase 

MSEW Maternal separation with early weaning 

MTHFR Methylenetetrahydrofolate reductase  

NAc Nucleus accumbens 

NA Noradrenaline 

NF-kB Nuclear factor-kB 

NMDA N-metil-D-aspartato  

Nr3C1 
Nuclear Receptor Subfamily 3, Group C, Member 1 

(Glucocorticoid Receptor) 

Nurr1 Nuclear receptor-related factor 1 

PB Phosphate buffer  

PBS Phosphate buffer saline  

PD Postnatal day 

PFC Prefrontal cortex 

Pitx3 Paired-like homeodomain 3 

PNMT Phenylethanolamine N-methyltransferase  

PTSD Posttraumatic stress disorder 

Rac1 Ras-related C3 botulinum toxin substrate 1 



 

XXIX 
 

ROS Reactive oxygen species 

s.c. Subcutaneous 

SDS Sodium dodecyl sulfate  

SN Standard nesting 

SRM Selected reaction monitoring 

SYN1  Synapsin 1 

TH Tyrosine hydroxylase  

THC Tetrahidrocannabinol 

TNF-α Tumour necrosis factor-α  

TRP Tryptophan 

TST Tail suspension test 

VMAT2 Vesicular monoamine transporter 2 

VTA Ventral tegmental area 

WHO World Health Organization 

 

 

 

  



 

XXX 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

        INTRODUCTION 

 

 



 

 

 

 

 

 

 

 

 
 

 

  



Introduction 

3 
 

Emotional disorders: Depression  

1. Epidemiology  

Emotional disorders, including depression, are the most prevalent 

psychiatric disorders worldwide contributing to the global burden of 

disease (Murray and Lopez 2013). Nowadays, the World Health 

Organization (WHO) estimates in 350 million the people affected by 

depression and predicts that depressive disorders will be the greatest 

contributor to the global burden of disease by 2030 (WHO, 2015). 

Moreover, the WHO has ranked depression as the leading cause of 

disability worldwide (Mathers et al. 2005; Stuart and Baune 2014) and it 

is the most costly brain disorder in Europe (Gabilondo et al. 2010). 

Regarding socio-demographic data, epidemiological studies found that the 

risk of suffering depression is double in woman than in men (Weissman et 

al. 1996; Kudielka and Kirschbaum 2005; Sherin and Nemeroff 2011).  

In Spain, depression affects 4-5% of the population, rising to 10% when 

considered also the no diagnosed patients. The risk of suffering an episode 

along lifespan is two times higher in women than men (16.5% vs. 8.9%). 

Furthermore, the prevalence of depression is increasing in Spain and in 

Europe. This raise in the prevalence may be due to the increasing medium 

age of the population, the stress level in our society as well as the 

consumption of substance of abuse (Mental Health Strategy of the 

National Health System, 2009-2013 Ministry of Health). 

In addition, only 50% of people suffering depression receive treatment 

and more than a quarter of depressive treated patients fail to achieve 

remission despite trying multiple treatments (Al-Harbi 2012; Felger and 

Lotrich 2013). The treatment-resistance induces a decline in physical 

health in these patients increasing the health care utilization (Al-Harbi 
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2012). Moreover, an important percentage of patients relapse (Raedler 

2011; Al-Harbi 2012), highlighting the need for more effective therapies. 

2. Pathophysiology of depression 

Depression, as stated above, is one of the most predominant psychiatric 

diseases (Murray and Lopez 2013), which manifests with symptoms at 

psychological, behavioural and physiological levels (Chopra et al. 2011; 

American Psychiatric Association 2013). This disorder is clinically 

characterized by deep deregulation of mood and affective behaviours and 

cognitive impairments, sleep and appetite alterations, fatigue, sexual 

dysfunction, and many other disturbances which include metabolic, 

endocrine or inflammatory alterations (Krishnan and Nestler 2008; 

Villanueva 2013). Therefore, the presentation of symptoms in depressive 

patients exhibits great variability and often involves opposite symptoms. 

Indeed, the Diagnostic and Statistical Manual of Mental Disorders fifth 

edition (DMS-5) includes symptoms for depression such as agitation or 

psychomotor retardation, insomnia or hypersomnia and significant weight 

loss or gain. DMS-5 also includes depressive mood, loss of interest or 

pleasure, loss of energy or fatigue, worthlessness or indecisiveness and 

thoughts of death, suicidal ideation or suicide attempt. The diagnostic 

criteria of depression involves meeting five (or more) of the above 

mentioned symptoms during 2 weeks, including depressive mood and 

diminished interest or pleasure (American Psychiatric Association 2013). 

Consequently, depression is a multifactorial disorder and several 

hypotheses have been described trying to explain the mechanisms 

involved in the neurobiology of this disorder. However, the 

pathophysiology of depression is still unclear and it seems that a link 

between the different hypotheses may exist. Therefore, the main 

hypotheses associated with the pathophysiology of depression include the 
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monoaminergic theory which involves serotonin (5-HT), noradrenaline 

(NA) and dopamine (DA) neurotransmitters, although there are other 

neurotransmitters implicated such as glutamate and nitric oxide. 

Moreover, neuroplasticity mechanisms and reward system alterations are 

also involved in depression as well as the activation of the inflammatory 

response involving the immune system and oxidative stress mechanisms. 

2.1. Monoaminergic hypothesis of depression 

This theory was the earliest to appear, and is currently accepted (Coppen 

1969; López-Muñoz and Alamo 2009; Artigas 2013). This hypothesis 

proposes that depression is caused by an imbalance in the monoaminergic 

neurotransmission including 5-HT, NA and DA systems (Palazidou 2012). 

The basis of this theory was focused in clinical and experimental data 

showing that reserpine, an antihypertensive drug, produced a depletion of 

presynaptic stores of 5-HT, NA and DA and induced depression-like 

behaviour (Prins et al. 2011). In contrast, euphoria and hyperactive 

behaviours were detected in patients being treated with ipronazid, a 

compound used for the treatment of tuberculosis, which increased brain 

concentrations of 5-HT and NA by inhibiting the monoamine oxidase 

enzyme (MAO) (López-Muñoz and Alamo 2009).  

5-HT cell bodies are located mainly in the raphe nuclei, NA neurons are 

contained in the locus coeruleus and DA neurons are located in the ventral 

tegmental area (VTA) (Guiard et al. 2008). These neurons are 

anatomically and functionally interconnected and send reciprocal 

interactions and projections to the limbic system and cortex (Guiard et al. 

2008). Therefore, the monoaminergic system is involved in many 

behavioural symptoms including mood, vigilance, motivation, fatigue, and 

psychomotor retardation or agitation (Chopra et al. 2011). In addition, 

antidepressant pharmacological therapies are based in modulating the 
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monoaminergic system. The inhibition of the MAO prevents the 

monoamine´s degradation. Tricyclic antidepressants block not only 5-HT 

and NA reuptake but also other neurotransmitters receptors inducing high 

adverse side effects. Hence, selective reuptake inhibitors have been 

developed to increase 5-HT or 5-HT and NA (Nutt 2008). Nevertheless, 

the mechanism of action of antidepressants is not fully understood 

because depressive patients need several weeks of treatment to the 

achievement of therapeutic response (Kronenberg et al. 2014). For this 

reason, new hypotheses have been developed in order to explore 

alternative pathophysiological mechanisms involved in the neurobiology 

of depression. The components of this system will be detailed next, except 

for the involvement of DA that will be explained in section 2.5. Reward 

circuit and dopaminergic system during depression. 

2.1.1. Serotonin 

5-HT is an indolamine which has been directly associated with depression 

since its implication in mood control (López-Muñoz and Alamo 2009; 

Artigas 2013). 5-HT is synthesized from tryptophan (TRP) by the action 

of the enzyme 5-hydroxytryptophan and the level of 5-HT synthesis varies 

with the TRP availability (Schaechter and Wurtman 1990). Serotonergic 

neurons project from the raphe nuclei to the cerebral cortex, 

hypothalamus, thalamus, basal ganglia, septum and hippocampus (HC) 

(Hamon et al. 1990). The serotonergic pathway is involved in the 

regulation of sleep, appetite, body temperature, metabolism, and libido 

(Hamon et al. 1990). Several studies demonstrated that acute TRP 

depletion induced decrease in mood in remitted drug-free depressive 

patients and in healthy controls with a family history of depression (Ruhé 

et al. 2007). Post-mortem and preclinical studies, using positron emission 

tomography, examined the 5-HT receptors 1A, 2A, 1B and found a 
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serotonergic dysfunction in depression (Köhler et al. 2015). Moreover, the 

serotonin 1A receptor (5-HTA1) seems to play an important role in 

depression and anxiety disorders (Köhler et al. 2015). Interestingly, stress 

can modulate the serotonergic pathway. In this sense, acute stress 

increases the release of 5-HT (Lanfumey et al. 2008), whereas chronic 

stress induces a decrease in the 5-HT activity and a depletion of 5-HT 

stores (McKittrick et al. 2000). In section 2.6. Inflammatory reactions and 

oxidative stress in the pathophysiology of depression, the metabolism of 

5-HT from tryptophan will be described. 

2.1.2. Noradrenaline 

NA is implicated in the control of arousal, attention and stress responses 

(Weinshenker and Holmes 2015). L-tyrosine is the precursor of NA and 

DA and its availability influences the rates of these neurotransmitters, 

with functional consequences (Fernstrom and Fernstrom 2007) (See Fig. 

6, section 1.1. Metabolism of dopamine). Noradrenergic neurons are 

located in the locus coeruleus and project to different brain areas 

including the hypothalamus, basal ganglia, limbic system, and cerebral 

cortex (Samuels and Szabadi 2008). Noradrenergic system has been 

associated with sleep, memory, learning and emotions (Pasquini et al. 

2014). Various studies showed that acute L-tyrosine depletion induced 

mood changes in depressive patients (Delgado and Moreno 2000; Ruhé et 

al. 2007). Moreover, numerous alterations in the noradrenergic system 

have been shown in depressive patients and in postmortem brains when 

compared with healthy controls (Delgado and Moreno 2000; Moret and 

Briley 2011) including decreased concentrations of NA and its metabolite 

(3-methoxy-4-hydroxyphenylglycol) in the cerebrospinal fluid (Roy et al. 

1986; Gudmundsson et al. 2007).  
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2.2. Other neurotransmitters involved in the control of 

mood 

Additional neurotransmitter systems, apart from the monoaminergic 

system, have been studied to elucidate their implication in the 

pathophysiology of emotional disorders including glutamate (Mathews et 

al. 2012) or nitric oxide (Dhir and Kulkarni 2011).  

In this sense, glutamate is the major excitatory neurotransmitter and is 

extensively dispersed in the brain (Mathews et al. 2012). Growing 

evidence shows that glutamate plays an important role in regulating 

neuroplasticity, learning and memory (Malenka and Nicoll 1999). 

Essential glutamatergic system regulation is needed in order to prevent 

excitotoxicity (Mathews et al. 2012), which is involved in several nervous 

system disorders such as Alzheimer´s disease (Francis 2003). Several 

evidences from imaging and post-mortem studies as well as experimental 

studies indicate the involvement of the glutamatergic system in the 

pathophysiology of emotional disorders including depression (Mathews et 

al. 2012; González-Sepúlveda et al. 2015). Moreover, chronic stress 

induces excessive glutamatergic neurotransmission inducing dendritic 

retraction and loss of spines in brain regions associated with depression 

such as prefrontal cortex (PFC), HC and amygdala (Gorman and Docherty 

2010). 

In addition, nitric oxide is a neurotransmitter involved in different 

physiological mechanisms. Concretely, in the brain, nitric oxide has been 

implicated in neurogenesis, synaptic plasticity, modulating sexual and 

aggressive behaviours as well as learning and perception of pain 

(Esplugues 2002). The precursor of nitric oxide is L-arginine, and it is 

produced by the action of the enzyme nitric oxide synthase (Knowles and 

Moncada 1994). In the brain, this enzyme is localized in the HC, dorsal 
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raphe, and locus coeruleus (McLeod et al. 2001). There are several 

evidences that have shown a role of nitric oxide in depression (Dhir and 

Kulkarni 2011). Suzuki and colleges (Suzuki et al. 2001) found that the 

levels of nitric oxide were altered in most depressive patients. Pre-clinical 

studies have suggested that the decrease or the block of the synthesis of 

nitric oxide in the brain have antidepressant-like effects (Dhir and 

Kulkarni 2011). Moreover inhibitors of nitric oxide synthase increased the 

extracellular levels of 5-HT and DA in the rat HC (Dhir and Kulkarni 

2011).  

2.3. Hypothalamic-Pituitary-Adrenal axis and 

depression 

The hypothalamic-pituitary-adrenal axis (HPA) axis is considered the 

main physiological system in the control of stress. It is activated by a wide 

range of psychological experiences and physiological perturbations 

(Armario 2010). Hence, physical or psychological signals of stress are 

finally integrated in cortical areas of the brain (McEwen 2007; Belmaker 

and Agam 2008) and appropriated inputs are transmitted to the 

paraventricular nucleus of the hypothalamus inducing the release of 

corticotropin-releasing factor (CRF). CRF stimulates the anterior pituitary 

producing the release of adrenocorticotropic hormone (ACTH) to the 

bloodstream. ACTH acts in the adrenal glands activating the secretion of 

glucocorticoids; cortisol in humans and corticosterone in experimental 

animals (Herman et al. 2003; Belmaker and Agam 2008). The release of 

glucocorticoids induces a series of metabolic effects proposed to reduce 

the detrimental effects of stress and maintain homeostasis (Belmaker and 

Agam 2008) by negative feedback to the hypothalamus and the anterior 

pituitary. This mechanism of control produces a decrease in CRF and 

ACTH and consequently, reduces blood levels of glucocorticoids 

(Herman et al. 2003) (Fig. 1).  
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The amygdala exerts excitatory control over the hypothalamus to 

stimulate the HPA axis, which, via increased cortisol levels, acts in a 

positive feedback manner to further stimulate the amygdala (Villanueva 

2013). On the contrary, the HC exerts inhibitory control over the HPA 

axis through the glucocorticoid receptors. This negative feedback 

mechanism is critical for controlling the activity of the HPA axis 

(Jacobson and Sapolsky 1991; Swaab et al. 2005). The PFC is also 

involved in the negative feedback over the HPA axis improving the 

control of this axis (Herman et al. 2005). 

Figure 1. Schematic representation of hipothalamic-pituitary-adrenal axis 

Several clinical and basic studies postulate that half of depressive patients 

present a maladaptive response to stress (Schneiderman et al. 2005; 

Kanter et al. 2008) due to dysfunctions of the HPA axis (Krishnan and 

Nestler 2010; Villanueva 2013). Concretely, depression is associated with 
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hyperactivity of the HPA axis as a consequence of impaired negative 

feedback mechanism (Kern et al. 2012). Hence, HPA axis is continuously 

activated and high levels of glucocorticoids are secreted (Chrousos and 

Kino 2007). Depressive patients show impaired glucocorticoid-receptor-

mediated negative feedback (Brown et al. 2004), adrenal 

hyperresponsiveness to circulating ACTH (Parker et al. 2003) and 

hypersecretion of CRF (Nemeroff and Owens 2002). Indeed, some assays 

to evaluate HPA dysfunction such as the dexamethasone suppression test 

and the dexamethasone/corticotropin-releasing test have been helpful in 

the diagnosis of depression and to prognosticate the response to 

antidepressant treatment. Therefore, the administration of dexamethasone, 

a potent synthetic glucocorticoid, suppresses ACTH secretion by 

inhibiting the negative feedback at the hypothalamic and anterior pituitary 

level (Rush et al. 1996; Villanueva 2013). Consequently, about half of the 

most severely depressive patients show a deregulated cortisol-suppression 

response in the dexamethasone test (Carroll et al. 2007; Belmaker and 

Agam 2008). In addition, the administration of glucocorticoids to 

experimental animals induced depression-like behaviour (Johnson et al. 

2006). Indeed, the excess of glucocorticoids may reduce the neurogenesis 

in the HC (See section 2.4. Neuronal plasticity in the pathophysiology of 

depression) and produce atrophic changes in hippocampal subregions due 

to neurotoxic factors (McEwen 2007). These modifications could 

contribute to the hippocampal volume reduction seen in depression 

(Nestler et al. 2002) and to the hippocampal-dependent-memory 

impairments in animals and humans or verbal declarative memory 

alterations in depressive patients (de Quervain et al. 2000; Willner et al. 

2013). Interestingly, this hyperactivation of the HPA axis may also 

damage the amygdala and the PFC as well as the HC, whose volumes are 

decreased in chronic stress situations and depression (Nestler et al. 2002). 



Introduction 

12 

 

2.4. Neuronal plasticity in the pathophysiology of 

depression 

Neuronal plasticity refers to the ability of the central nervous system 

(CNS) to perceive, respond and adapt to environmental (external and 

internal) stimuli (Cattaneo et al. 2015). This mechanism involves neuronal 

remodeling, formation of novel synapses and birth of new neurons 

(Calabrese et al. 2014; Cattaneo et al. 2015). Neural plasticity 

impairments are associated with psychiatric disorders as depression, 

autism or drug addiction (Calabrese et al. 2014; Cattaneo et al. 2015; 

Wang et al. 2015) and involve neurotrophic factors such as the brain-

derived neurotrophic factor (BDNF) and neurogenesis. 

Neurotrophic factors play an important role in supporting neuronal 

survival and modulate the critical steps of network formation during brain 

development (Calabrese et al. 2014). In addition, neurotrophic factors are 

crucial intermediaries of neural plasticity also in adulthood, controlling 

axonal and dendritic growth and remodeling, membrane receptor 

trafficking, neurotransmitter release as well as synapse formation and 

function (Lu et al. 2005a). 

BDNF is critical for neuronal plasticity (Belmaker and Agam 2008), 

enhances neurogenesis (Wang et al. 2015) and is also involved in memory 

processes. Moreover, various studies have confirmed that, in depressive 

patients, the expression of BDNF is reduced in brain areas, such as the HC 

and the PFC (Tsankova et al. 2006; Pittenger and Duman 2008; Cattaneo 

et al. 2015). Preclinical studies have demonstrated the relation between 

stress and BDNF, since chronic exposure to different stress paradigms in 

animal models such as chronic mild stress, social defeat or maternal 

separation induces a reduction of this neurotrophic factor (Tsankova et al. 

2006; Pittenger and Duman 2008; Aso et al. 2008; Aso et al. 2009; 
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Martini et al. 2014; Cattaneo et al. 2015). Several experimental studies 

have exposed that antidepressant drugs can modulate not only BDNF 

expression but also other neurotrophic factors (Berton and Nestler 2006; 

Castrén and Rantamäki 2010). This hypothesis is in agreement with 

clinical data showing that BDNF serum levels, which are reduced in 

depressive subjects, can be normalized only in patients that exhibited 

responses to the pharmacological intervention (Yoshida et al. 2012; 

Molendijk et al. 2014). Nevertheless, other factors such as members of the 

insulin-like growth factor, fibroblast growth factor and vascular 

endothelial growth factor families are also associated with depression 

(Castrén et al. 2007). These growth factors appear to be involved in adult 

hippocampal neurogenesis, atrophic changes, and synaptic plasticity of 

hippocampal neurons (Pittenger and Duman 2008; Krishnan and Nestler 

2010). However, some studies show contradictory data. Therefore, pre-

clinical experiments have found that increasing BDNF function in the 

nucleus accumbens (NAc) and amygdala has disruptive effects on 

measures of anhedonia, anxiety, and social interaction (Krishnan and 

Nestler 2008; Krishnan and Nestler 2010). 

In addition to neurotrophic factors, neurogenesis is also involved in the 

pathophysiology of depression (Krishnan and Nestler 2010; Kern et al. 

2012). Neurogenesis has been defined as the process in which newborn 

neurons are generated from progenitors to functionally integrate in the 

neuronal network (Ming and Song 2005; Aimone et al. 2014). At 

adulthood, neurogenesis mainly occurs in two regions: in the sub-

ventricular zone, and then neurons migrate into the olfactory bulb to 

convert in interneurons and also in the sub-granular zone of the dentate 

gyrus (DG) of the HC, where new granule neurons are continually 

generated (Calabrese et al. 2014). Neurogenesis in the HC could be 

involved in enhancing neural plasticity. This mechanism seems to be 
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critical for spatial learning, pattern discrimination, contextual memory and 

mood regulation, behaviours which are altered in depression (Clelland et 

al. 2009; Cattaneo et al. 2015). In addition, stress can produce detrimental 

changes in hippocampal neurogenesis (Belmaker and Agam 2008) due to 

an excess of glucocorticoids (McEwen 2007). Various preclinical studies 

have demonstrated that most antidepressants and environmental 

interventions with antidepressant-like effects stimulate adult hippocampal 

neurogenesis (Sahay and Hen 2007).  

2.5. Reward circuit and dopaminergic system during 

depression 

The DA system is associated with the rewarding effects of natural 

stimulus like food, sex and social interaction, but also drugs of abuse 

(Koob and Le Moal 2001; Nestler and Carlezon 2006). This circuit 

projects from the VTA to limbic nucleus such as NAc and amygdala, as 

well as the PFC and the HC (Russo and Nestler 2013). This circuit will be 

described in detail in section 1. Dopaminergic system in drug abuse, 

regarding its crucial role in the neurobiology of addictive phenomenon, in 

particular related to cocaine addictive effects.  

In addition, different studies have described the role of rewarding circuits 

in the pathophysiology of depression since this disorder is associated with 

anhedonia and lack of motivation for plesurable activities as described in 

the DMS-5 (American Psychiatric Association 2013). Therefore it has 

been proposed that the DA system contributes to the pathophysiology of 

depression (Nestler et al. 2002). A defective DA system in the NAc might 

be associated with a dysfunctional response to normal rewards. Moreover, 

a dysfunction of DA in the PFC is related to loss of mental energy, loss of 

drive, and fatigue (Nutt 2008). 
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Some reports have shown that stress, in animal models of depression, 

strongly triggers the DA system (Nestler and Carlezon 2006). It has been 

proposed that the activation of the VTA by stress represents a positive 

coping mechanism by increasing an individual’s motivation and drive to 

manage actively with the threat (Everitt and Wolf 2002; Krishnan and 

Nestler 2010). Nevertheless, it has been suggested that chronic exposure 

to stress induces neuroadaptations in the VTA-NAc pathway contributing 

to other behavioural alterations related to depression (Russo and Nestler 

2013). In addition, several studies have exposed that treatment with 

antidepressant may modify dopaminergic activity in the VTA, and that 

changes in dopaminergic transmission pathway can modulate depression-

like behaviour in animal models (Russo and Nestler 2013). Other studies 

in rodents demonstrated a link between DA system and BDNF, since this 

factor controls the expression of D3 receptor gene (Sokoloff et al. 2002). 

These results suggest the neurotrophic hypothesis of depression implicates 

also the reward circuit (Dailly et al. 2004). Furthermore, symptoms of 

psychomotor retardation are probably regulated by dysfunctional 

dopaminergic transmission in depressive patients (Flint et al. 1993; Prins 

et al. 2011). 

2.6. Inflammatory reactions and oxidative stress in the 

pathophysiology of depression 

Clinical and experimental data suggest that the pathophysiology of several 

neuropsychiatric disorders involves the activation of the immune system 

in response to inflammatory agents. Experimental studies show that the 

administration of pro-inflammatory cytokines such as interleukin-1β (IL-

1β) and tumour necrosis factor-α (TNF-α), elicits sickness behaviour and 

depressive symptoms such as decreased in general activity, reduced food 

intake, social withdrawal, and cognitive alterations in rodents (Dantzer et 

al. 2008). Similarly, in clinical studies, the administration of inflammatory 
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agents in healthy humans (Reichenberg et al. 2001; Brydon et al. 2008) 

produces clear symptoms related to depression (including fatigue, 

anhedonia, anorexia, poor sleep, and others). In addition, other clinical 

studies report in depressive patients increased plasma and cerebrospinal 

fluid levels of pro-inflammatory cytokines as interleukin-6 (IL-6), IL-1β 

and TNF-α (Miller et al. 2009; Dantzer et al. 2011; Anderson et al. 2014), 

as well as acute phase proteins, chemokines, adhesion molecules, and 

inflammatory mediators (Miller et al. 2009). Moreover, depressive 

patients with antidepressant resistance display higher plasma levels of 

several pro-inflammatory cytokines and c-reactive protein when compared 

with treatment-responder patients (Chopra et al. 2011; Cattaneo et al. 

2015). In summary, cytokines have been demonstrated to access the CNS 

and act in brain areas associated with the pathophysiology of depression 

(Miller et al. 2009). Nevertheless, it is not well understood if the 

activation of inflammatory pathways in the CNS during depression occurs 

first at the periphery or if stress or other insult cause inflammatory 

activation in the brain (Dantzer et al. 2008; Miller et al. 2009). Recent 

reviews report that the releasing of these pro-inflammatory mediators has 

been produced by the pathophysiological effects of stress (Myint et al. 

2007; Miller et al. 2009) inducing the activation of the immune response 

not only in the periphery but also in the CNS (Miller et al. 2009; Réus et 

al. 2015a). The immune response in the CNS is controlled by microglia 

and astrocytes (McNally et al. 2008). However, preclinical studies have 

shown that under chronic stress, microglia can become a source of pro-

inflammatory cytokines (Dantzer et al. 2011; Réus et al. 2015a) 

contributing to the development of depression.  

As mentioned above, the production of pro-inflammatory cytokines 

contributes to the pathophysiology of depression by altering 

neuroendocrine, synaptic plasticity and neurotransmitter function (Chopra 
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et al. 2011). In this sense, pro-inflammatory cytokines are involved in the 

deregulation of the HPA axis producing glucocorticoids resistance and 

increasing the baseline activity of the axis (Maes et al. 1993; Anderson et 

al. 2014) and they promote abnormalities in neural plasticity, including a 

decrease of the neurotrophic support and impaired neurogenesis in brain 

areas relevant in behaviour and cognition (Miller et al. 2009). In addition, 

as explained in Gracia-Rubio et al. 2015, clinical and preclinical studies 

suggest that pro-inflammatory cytokines alter TRP metabolism within the 

brain, modifying the activity of 5-HT neurotransmitter system (Miller et 

al. 2009; Christmas et al. 2011). Consequently, the metabolic TRP route 

becomes deregulated during depression, increasing kynurenine (KYN) 

synthesis and enhancing the alternative TRP metabolic pathway by 

activating indoleamine 2,3-dioxygenase (Christmas et al. 2011) (see Fig. 

2), reducing the availability of TRP to be metabolized in 5-HT. 

Interestingly, metabolites of the TRP-KYN pathway may regulate the 

brain homeostasis as well as modulate other different neurotransmitter 

systems including glutamate and DA (Miller et al. 2009; Myint 2012). In 

fact, kynurenic acid, an intermediate metabolic product of the TRP-KYN 

pathway behaves as a N-methyl-D-aspartate (NMDA) antagonist, 

displaying neuroprotective actions in the brain and inhibiting the release 

of the excitatory neurotransmitter glutamate as well as the release of DA 

in discrete brain areas (Borland and Michael 2004; Sas et al. 2007; Klein 

et al. 2013). On the other hand, quinolinic acid, one of the pathway’s final 

products, seems to act as an NMDA agonist, promoting glutamate release 

and contributing to excitotoxicity and oxidative stress in the brain (Müller 

and Schwarz 2007; McNally et al. 2008). Similarly, 3-hydroxykynurenine 

also displays neurotoxic effects by promoting the formation of reactive 

oxygen species (ROS) and causing neuronal apoptosis (Okuda et al. 1998; 

Stone 2001). The importance of the alteration in the balance between 

kynurenic acid and quinolenic acid (neuroprotective vs. neurotoxic) in the 
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brain of depressive patients, has been suggested to be related to the 

pathophysiology of depression (Myint and Kim 2003; Chopra et al. 2011). 

Furthermore, the imbalance of this metabolic TRP route induces a 

detrimental 5-HT synthesis that has been directly associated to the 

development of depressive symptoms in humans and in experimental 

animal models (Laugeray et al. 2010; Gabbay et al. 2010; Steiner et al. 

2011). 

 

Figure 2. Schematic representation of the tryptophan-kynurenine metabolic 

pathway (adapted from Christmas et al. 2011). 

In addition, oxidative stress is also involved in the pathophysiology of 

depression. Oxygen reactivity contributes in the transference of high-

energy electrons, and hence participates in the generation of adenosine-5-

triphosphate (ATP) through oxidative phosphorylation (Burton and 

Jauniaux 2011). Furthermore, ROS act as second messengers in 
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intracellular signaling cascades in order to maintain cells´ homeostasis 

(Dröge 2002). Oxidative stress appears when the generation of ROS 

exceeds the antioxidant mechanisms (Burton and Jauniaux 2011) and it 

has been implicated in the pathogenesis of several by causing neuronal 

damage (Chopra et al. 2011). ROS induce lipid peroxidation, protein 

carbonylation and DNA damage (Leonard and Maes 2012) and decrease 

the efficacy of glutathione peroxidase, catalase and superoxide dismutase, 

that are involved in antioxidant mechanisms (Bilici et al. 2001; Chopra et 

al. 2011). As mentioned above, depression compromises the activation of 

the immune system by increasing the release of pro-inflammatory 

cytokines that induces ROS (Miller et al. 2009) as well as psychological 

stress which may increase lipid peroxidation (Bilici et al. 2001). 

Moreover, human studies have found that several markers of oxidative 

stress are increased in depressive patients vs. controls (Maes et al. 2009; 

Anderson et al. 2014). 

3. Vulnerability factors influencing the development of 

depression 

Depression is thought to comprise a heterogeneous group of diseases 

caused by genetic, epigenetic and environmental factors (Nestler 2014). 

Moreover, experimental (Palanza et al. 2001; Renoir et al. 2011) and 

clinical (Kessler 2003; Altemus 2006) data show that sex or gender 

factors are involved in the vulnerability of depression since the risk of 

suffering depression is twofold higher in woman than in men (Weissman 

et al. 1996; Kudielka and Kirschbaum 2005; Sherin and Nemeroff 2011).  
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3.1. Genetic factors involved in depression  

Genetic factors are involved in the development of depression, as 

presented by twin, family and adoption studies (Lohoff 2010; Smoller 

2015). Actually, twin studies have indicated that depression is associated 

with genetic factors, with a heritability of around 40% (Kendler et al. 

2005; Smoller 2015) and family studies have shown about two to 

threefold increase in lifetime risk of developing depression among first-

degree relatives (Lohoff 2010). However, adoption studies, which provide 

an alternative line to separate genetic and environmental factors, have 

found controversial results (Lohoff 2010). Several studies have suggested 

a twofold increase risk of developing depression in the biological relatives 

(Cadoret et al. 1985), whereas other studies have found no difference in 

the rate of mood disorders (von Knorring 1983). In addition, family and 

twin studies have evaluated subtypes of depression that may induce higher 

familial risk (Smoller 2015). Particularly, higher familial recurrence risk 

and heritability have been related to earlier-onset and repeated episodes of 

depression (Kendler et al. 2005; Smoller 2015) in addition to increased 

depression severity (Klein et al. 2002; Smoller 2015), although these 

results have not been observed in all studies developed. 

Therefore, other studies have been developed to elucidate the involvement 

of genetic factors in depression such as linkage and gene candidate 

studies. In this term, linkage studies are based in evaluating chromosomal 

fragments that might present vulnerability genes that are inherited with an 

illness with higher probability than expected by chance in families. 

Although some linkage studies in depression have proposed various 

regions in the genome that might show risk alleles, the results obtained 

have been discrepant, consequently, no established universal genetic risk 

factor or causative gene for depression has been recognized. These results 
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highlight that depression is a complex disorder with a complicated mode 

of inheritance, in which several genes with small effects are involved, and 

identifying genetic factors is complicated by an important gene–

environment component. For further information about linkage studies´ 

results see review (Lohoff 2010). 

In addition, several studies were focused in evaluating candidate genes in 

neurotransmitter, neuropeptide, and neuroendocrine systems associated 

with antidepressant targets or implanted in animal models (Smoller 2015). 

Almost 200 genes have been tested by several groups. However, the 

results are incongruent between them (Flint and Kendler 2014; Smoller 

2015). Flint and Kendler (2014) analyzed by meta-analysis the candidate 

genes searching articles until 2013 and summarized the results obtained 

for 26 genes. It is important to note that in this study only seven genes 

yield a significant (p<0.05) result. These results comprised genes involved 

in the serotonergic system including its transporter 5HTTP/SLC6A4 

(López-León et al. 2008; Clarke et al. 2010), and one of its receptors 

HTR1A (López-León et al. 2008; Kishi et al. 2012). In the dopaminergic 

system is also involved its transporter DAT/SLC6A3 and the dopamine 4 

receptor (López-León et al. 2008). Moreover, there are genes associated 

with metabolic pathways such as APOE (López-León et al. 2008), GNB3 

(López-León et al. 2008) and MTHFR (Lewis et al. 2006; López-León et 

al. 2008). The disadvantage of this kind of studies is that genes evaluated 

are first pre-selected; therefore the involvement of other genes may be 

overlooked.  

Finally, to improve the candidate gene studies, a new method called 

Genome Wide association studies (GWAS) was developed (Hindorff et al. 

2009). GWAS are able to genotype 500,000 to 1 million single nucleotide 

polymorphisms across the genome in cases and healthy controls. GWAS 
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projects have the benefit that no genes are preselected, therefore this 

technique could show new pathways implicated in emotional disorders 

that were not previously considered (Pearson and Manolio 2008; Lohoff 

2010). In the review of Flint and Kendler (2014), the nine published 

GWAS were summarized for depression although no robust results were 

found. However, Kohli and colleagues (Kohli et al. 2011) found a 

genome-wide significant association on chromosome 12 associated to 

neuron-specific neutral amino acid transporter (SLC6A15). Nonetheless, 

and as a result of technical complications, lack of evidence may 

sometimes be the result of troubles in detecting an effect (Lein et al. 

2007). Moreover, GWAS data can be used to further constrain the likely 

genetic architecture of depression, by using marker results that do not 

reach genome-wide significance. This is important because it might be 

that the genetic architecture of depression consists primarily of rare but 

relatively large effect loci (Flint and Kendler 2014). 

3.2. Epigenetic factors participating in depression 

Depression results from a complex interplay of vulnerability genes and 

environmental factors that act cumulatively throughout the individual’s 

lifetime. Among these environmental factors, stressful life experiences, 

particularly early in life, have been proposed to induce a critical effect on 

brain development, causing permanent changes that may confer 

vulnerability for mental health outcomes along lifespan (Lopizzo et al. 

2015), although stress can also produce negative alterations during 

adulthood. Therefore, exposure to detrimental environmental situations 

produces stable changes in gene expression, neural circuit function, and 

finally behaviour. Increasing evidence indicates that these sustained 

abnormalities are maintained by epigenetic modifications in specific brain 

regions associated with depression that consist in altering chromatin 

structure without modification of DNA sequence (Nestler 2014; Nestler et 



Introduction 

23 
 

al. 2015). Hence, epigenetic mechanisms control the spacing of 

nucleosomes and the degree of condensation determining gene activity 

(Nestler et al. 2015). The most important biochemical processes that 

control epigenetic mechanisms include modification of histones such as 

acetylation, ubiquitination or methylation as well as DNA methylation 

(Nestler et al. 2015). DNA methylation induces more stable epigenetic 

changes than histone modification which are considered, in general, 

reversible (Cedar and Bergman 2009). Nestler and colleagues (Nestler et 

al. 2015) summarize the principal studies developed to study epigenetic 

mechanisms in depression, most of which have been assessed in animal 

models exposed to stress such as social defeat, maternal stress or maternal 

separation, although some of them are performed in depressive patients. In 

this review the epigenetic mechanisms induced by antidepressant 

treatments were also included. Within the epigenetic alterations found in 

the limbic system, there are genes related to neurotrophic factors such as 

BDNF (Tsankova et al. 2006), involved in the HPA axis including Nr3C1 

(McGowan et al. 2011); related to glutamatergic transmission as for 

example Gad1 (Zhang et al. 2010); associated with dendritic spines as 

Rac1 (Golden et al. 2013) or implicated in the release of neurotransmitters 

including SYN1 (Cruceanu et al. 2013), among other genes. It is 

important to note that some of these epigenetic alterations can be reversed 

by antidepressant treatment suggesting a new field of knowledge to 

develop new therapies (Nestler 2014). 

3.3. Sex and gender factors associated to depression 

The prevalence of depression is twofold higher in women than men 

(Weissman et al. 1996; Kudielka and Kirschbaum 2005; Sherin and 

Nemeroff 2011). These differences have been found across many nations, 

cultures, and ethnicities evaluated (Weissman et al. 1996). Clinical studies 
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have shown that depressive disorders are infrequent during childhood and 

show no gender differences (Angold and Rutter 2008). However, 

prevalence seems to rise in late adolescence and early adulthood, 

particularly in females (Klein et al. 2002). Puberty may thus be related to 

the emergence of sex differences (Cohen et al. 1993), because of the 

involvement of biological alterations and social transitions (Fombonne 

2001). Therefore, by late adolescence, the depression ratio between girls 

and boys is 2:1, respectively, and this gender ratio is maintained 

throughout adulthood (Nolen-Hoeksema 2001). Nevertheless, at ages 

older than 65 years, both men and women show a decline in depression 

rates, and the prevalence becomes similar (Albert 2015). Some studies 

support higher rates of first-onset depression in females rather than a great 

number or longer duration, of episodes (Kessler et al. 1993); whereas 

others studies show female preponderance in recurrent chronic depression 

(Piccinelli and Wilkinson 2000).  

In order to explain the reasons behind gender differences, biological, 

psychosocial and sociocultural factors must be considered. Regarding 

biological factors, various studies reported no genetic influence in gender 

differences (McGuffin et al. 1996; Piccinelli and Wilkinson 2000). 

However, more recent findings indicate that the heritability of depression 

is higher in women than in men (Kendler et al. 2005; Kendler and Gardner 

2014). In addition, changes in reproductive hormones in utero including 

estradiol and progesterone, during puberty, the estrous cycle, pregnancy, 

and menopause modify brain structure and function, and these hormones 

are suggested to be involved in the increased prevalence of affective 

disorders in women. In the luteal phase of the menstrual cycle, HPA axis 

responsiveness increases and glucocorticoid feedback sensitivity 

decreases, destabilizing these homeostatic systems in vulnerable women 

(Altemus 2006). Moreover, animal studies show a significant difference 
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between sexes in depression-like behaviour paradigms indicating a higher 

sensitivity in females when compared with males (Palanza et al. 2001; 

Renoir et al. 2011). In addition, a reduction in behavioural levels of 

anxiety during proestrous phase has been shown, when levels of ovarian 

steroids hormones are higher (Butcher et al. 1974; Martini et al. 2014). 

Consequently, sex differences in emotional disorders and hormonal 

modulation of them are expected to provide an important window into the 

pathophysiology of anxiety and depression (Altemus 2006). However, the 

mechanisms are not fully understood; therefore, specific treatments to 

women have not been yet developed (Albert 2015). Concerning 

psychosocial factors, several recent studies have shown that women are 

more likely than men to develop depression in response to interpersonal 

stressors (Nolen-Hoeksema et al. 1999) since women have stronger 

affiliated feelings than male; subsequently they need greater social 

support for their psychological health (Piccinelli and Wilkinson 2000). 

Moreover, during adolescence and adulthood women appear to be more 

likely than men to respond to stress and distress with rumination, focusing 

inward on feelings of distress and personal worries rather than taking 

action to remove their distress, whereas men tend to distract themselves 

from their mood by engaging in physical or instrumental activities 

(Piccinelli and Wilkinson 2000). Several experimental studies have shown 

that people who ruminate in response to stress have an increase risk to 

develop depressive symptoms (Nolen-Hoeksema et al. 1999). In relation 

to sociocultural features, women face a number of strains that could 

contribute to their higher rates of depression (Nolen-Hoeksema et al. 

1999). Women often have full-time paid jobs and also do nearly all the 

child care, housework, and care for sick and elderly family members. This 

role causes a general distress, inducing depressive symptoms (Nolen-

Hoeksema 2001). Finally, women are more likely to report physical and 
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psychological symptoms and to seek medical help (Piccinelli and 

Wilkinson 2000). 

3.4. Environmental factors influencing depression 

As mentioned before, a variety of stressful life events may increase risk 

for developing depression (Kessler 1997; Smoller 2015) including poverty 

(Hackman et al. 2010), negative family relationships (Kolb and Gibb 

2011), early life stress (Widom et al. 2007; Bhatia and Bhatia 2007), and 

traumatic events (Krishnan and Nestler 2008). There appears to be a 

complex relationship among stressful situations, our mind and body’s 

reaction to stress, and the onset of clinical depression (Krishnan and 

Nestler 2008). It has been described that these stressful life situations 

induce alterations in neurobiological factors, explained above, such as 

alteration of HPA axis (Krishnan and Nestler 2010) or release of pro-

inflammatory cytokines (Miller et al. 2009), as well as epigenetic changes 

(Nestler 2014; Nestler et al. 2015). In addition, there are other factors that 

confer vulnerability to depression such as comorbidity with other 

psychiatric disorders, including substance use disorders (Cheetham et al. 

2010) or other medical illness including cardiovascular diseases, 

respiratory disorders, cancer or several neurological conditions 

(Parkinson´s disease or stroke) (Katon 2003). Indeed, early life stress such 

as child abuse or neglect occurring during vulnerable stages of 

development is one of the major means whereby the environment 

influences the development of depression (Saveanu and Nemeroff 2012). 

Furthermore, there is increasing evidence that suggests an elevated 

comorbidity between depression and drug addiction, mainly in people 

who suffered negative experiences during childhood (Dube et al. 2003; 

Gerra et al. 2009). This thesis will focus on early life stress (See Early life 

experiences section) and substance use disorders (See Drugs of abuse and 
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substance use disorders section); therefore they will be described in detail 

in the following sections.  
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Early life experiences on the control of mood 

1. Brain development 

Brain development will be detailed in order to understand the involvement 

of early life experiences on behavioural modulation. 

In humans, brain development begins in the 3rd gestation week (GW) and 

continues into early adulthood, probably along the lifespan (Stiles and 

Jernigan 2010). This process can be divided in different stages; the 

prenatal period that is genetically determined and can be modulated by 

maternal environment. The postnatal period, in which the interaction of 

genetic information with a wide set of environmental exposures and 

experiences determines the brain development process in this stage (Tau 

and Peterson 2010; Kolb and Gibb 2011) and the adolescent stage in 

which brain areas related to emotional control are under maturation 

process (Crews et al. 2007; Giedd 2008).  

1.1. Brain development during prenatal period 

The neuro-morphogenesis process in humans begins, as explained before, 

at GW3 with a range of processes called gastrulation (Stiles 2008; Stiles 

and Jernigan 2010). Then, the neural tube is formed, a process called 

neurulation, and around GW4 to GW12, the rostral portion of the neural 

tube begins to expand forming the three primary brain vesicles. The most 

anterior of these embryonic brain vesicles is called the “prosencephalon” 

which is the precursor of the forebrain. The middle vesicle is the 

“mesencephalon” which is the predecessor of midbrain structures, and the 

most posterior is the “rhombencephalon” which will become the 

hindbrain. By the end of the embryonic period these 3 vesicles will 

subdivide in 5, making up the secondary brain vesicles. The 
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prosencephalon divides into the “telencephalon” and the “diencephalon”, 

that subsequent will become, in posterior stages, the cerebral cortex and 

subcortical structures and the thalamus and hypothalamus, respectively. 

The rhombencephalon divides into the “metencephalon” and the 

“myelencephalon” which will form the brainstem and the cerebellum (Fig. 

3) (Stiles 2008; Tau and Peterson 2010).  

 

 

 

 

 

 

 

 

Figure 3. Brain development. From the neural tube to the brain structures which 

form the child and adult brain (Jane Reece et al. 2011). 

After these first weeks of gestation around GW9, begins a new stage 

characterized by high proliferation of new neurons (Stiles and Jernigan 

2010). Furthermore, the principal glial cells, astrocytes and 

oligodendrocytes, are originated in the ventricular zone (Stiles 2008). 

These cells play an important role in neural development because of their 

implication in synapse formation (Clarke and Barres 2013). Microglia is 

also considered as a kind of glial cell, which is originated from circulating 

precursors in the blood from the bone-narrow (Jiang and Nardelli 2015). 
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The role of these cells is especially focused on apoptosis (Jiang and 

Nardelli 2015) and pruning processes (Schafer et al. 2012).  

Neuron proliferation is counterbalanced by the programmed cell death of 

neurons through a mechanism called apoptosis (Cowan et al. 1984; Stiles 

and Jernigan 2010). Although neural apoptosis is carried out mainly 

during the prenatal period, this process also extends until the postnatal 

period (Stiles and Jernigan 2010). One important function of apoptosis in 

brain development is regulating the establishment of effective and 

functional neural circuits (Buss et al. 2006). 

When neurons get to their final destination, they start to differentiate into 

a particular cell type following a process which is influenced by genes and 

environmental factors. In addition, they need to become integrated into 

neural networks. This mechanism involves growing dendrites and 

extending axons that allow them to communicate with other neurons 

(Stiles and Jernigan 2010; Kolb and Gibb 2011). Neurotransmitters are 

involved in chemical synapses and are also implicated in cell 

proliferation, migration, and differentiation (Stiles 2008). However, the 

expression patterns for neurotransmitters and their receptors change across 

brain development (Stiles 2008) and mature patterns of neurotransmitters 

expression are not perceived until adolescence (de Graaf-Peters and 

Hadders-Algra 2006; Stiles 2008). 

1.2. Brain development in the postnatal period 

The postnatal period starts at birth and continues mainly through the 

second decade (Webb et al. 2001), although brain changes occur during 

lifespan (Stiles and Jernigan 2010). 
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In the postnatal period also occurs another wave of neurogenesis in the 

cerebellar cortex, the olfactory bulb, and the DG of the HC (Hatten 1999; 

Watson et al. 2006). At adolescence, the neurogenesis in the DG starts to 

decrease, but a small amount continues throughout life (Johnson 2001; 

Watson et al. 2006). Postnatal neurogenesis in the DG may be guided by 

hormones, neurotransmitters, growth factors, stress, and environmental 

cues; moreover these factors could influence learning and memory in 

adults (Watson et al. 2006).  

During this early postnatal period, there is also a huge increase in the 

growth of axonal and dendritic arborization that involves an excessive 

synaptogenesis (Goldman-Rakic 1987). Several studies propose that this 

overproduction may also be the mechanism by which the brain is made 

ready to receive specific input from the environment (Goldman-Rakic 

1987) and it is also thought to maximize the information-carrying capacity 

of the immature brain (Andersen 2003). Moreover, synapses that make 

functional connections receive a larger amount of coordinated activity and 

are stabilized by neurotrophic factors, but the rest of synapses may be 

eliminated (Tau and Peterson 2010).  

The process reducing the density of synapses is called pruning 

(Huttenlocher and Dabholkar 1997). This mechanism selects the most 

useful neurons, synapses, and dendrites to optimize the brain functioning, 

involving the fine-tuning of neuronal circuitry and synapse strengthening 

in the nervous system (Jiang and Nardelli 2015). Consequently, pruning 

contributes to more efficient processing of cognition (Andersen 2003) and 

it is influenced by environmental factors (Jiang and Nardelli 2015).  

Myelination also starts at the prenatal period and keeps on throughout 

childhood and adolescence (Stiles 2008). Hence, white matter increases 

across most brain regions through childhood, adolescence and adulthood 
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(Tau and Peterson 2010), although the rate of increase is greatest during 

childhood (Paus et al. 2001; Matsuzawa et al. 2001). Nevertheless, several 

studies showed that the majority of cortical regions (grey matter) follow a 

trajectory of early thickening during early childhood (Shaw et al. 2006; 

Raznahan et al. 2011), succeeded by a period of decline that begins at late 

childhood or early adolescence, related to pruning mechanisms (Shaw et 

al. 2006; Raznahan et al. 2011). 

As stated above, in the postnatal period the changes that occur in brain 

structure and function involve not only genetic elements, but also 

environmental factors and behavioural responses that stimulate the 

immature brain to develop the neural circuits (Greenough et al. 1987; 

Kandel and Squire 2000). Thefore, neural circuits development could 

follow two bases: experience-expectant systems and experience-

dependant systems. In an experience-expectant system, including 

language or visual skills, development is based on the expectation that 

suitable environments will supply the information that the brain needs to 

select the appropriate subset of synaptic connections. Otherwise, in an 

experience-dependent system, development is unique to each person and 

most likely involves the active formation of new synaptic connections 

throughout the lifespan, for example vocabulary (Webb et al. 2001). 

Moreover, synapses formed from “expecting” experiences are developed 

in early postnatal period and are found diffusely within the brain. 

However, synapses formed during later brain development and adulthood, 

follow the experience-dependant process and they are localized in areas 

related to processing specific experiences (Greenough et al. 1987; Kolb 

and Gibb 2011). In addition, glucocorticoids are required for normal brain 

development because they are implicated in terminal maturation, growth 

of axons and dendrites and cell survival (Meyer 1983; O’ Mahony et al. 

2015).  
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Taking into account the above-mentioned statements, it has been proposed 

that infancy is a critical period of development, in which rapidly growing 

structures are more sensitive to damage (Huttenlocher et al. 1984; 

Trajkovska et al. 2009). Therefore, during this period, detrimental 

alterations could induce structural and functional impairments in the 

development of the cerebral cortex (Taylor and Alden 1997; Webb et al. 

2001) that may persist until adulthood (Gross and Hen 2004).  

1.3. Brain development in the adolescent period 

During adolescence, the development of the brain continues with 

modifications at cellular, molecular and anatomical level (Giedd 2008). 

Consequently, brain regions involved in cognitive and emotional skills 

including the PFC, HC, amygdala, NAc, VTA and hypothalamus 

experience important modifications (Crews et al. 2007). Interestingly, 

these changes are produced mainly in the PFC and HC (Powell 2006). 

These brain areas are important as the PFC controls executive functions 

including cognitive flexibility, memory processes, self-regulation and 

evaluation of risk and reward (Crews et al. 2007). Whereas, the HC is 

involved in learning and memory processes (Morris et al. 1982) and the 

amygdala is associated with the regulation of emotional behaviour 

(LeDoux 1993). Hence, modifications in these brain regions are related to 

achievement of adult cognitive and emotional skills (Crews et al. 2007).  

Furthermore, magnetic resonance imaging studies have shown that during 

adolescence starts a decrease of the grey matter (Giedd 2004; Shaw et al. 

2006; Powell 2006; Raznahan et al. 2011), probably this mechanism is 

due to a competitive process guided by environmental experiences in 

which the most frequently used synapsis are reinforced and the 

occasionally used synapsis are eliminated by synaptic pruning (Fig. 4) 

(Giedd 2004; Powell 2006).  
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Figure 4. Magnetic resonance images show that gray matter decreases as the 

brain matures. Red specifies more gray matter and blue, less gray matter (from 

Powell, 2006). 

In addition, several studies state that the peak of neural activity in 

subcortical regions during adolescence may motivate the increased risk 

taking and novelty seeking behaviours (Casey et al. 2008). Indeed, 

experimental studies showed that some rodent neural systems are under 

maturation during adolescence (Spear 2000). In particular, the maturation 

of DA neurons in the VTA that project to the PFC and NAc seems to be 

one of the most critical neural system relevant for processing salient 

events, including responses to the psychostimulants (Everitt and Wolf 

2002; Burke and Miczek 2014). Therefore, in section 3. Implications of 

early-life detrimental experiences on the development of depression will 

be described the relevance of adolescence as a vulnerability period to 

develop psychiatric disorders. 
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2. Protective and detrimental factors influencing 

emotional reactions during childhood 

In this thesis project, we have focused on childhood as it is an important 

period in which environmental experiences play an important role in 

shaping brain and behaviour (Branchi and Alleva 2006; Lupien et al. 

2009; D’Andrea et al. 2010). Moreover, we are interested in psychosocial 

aspects, including those factors that alter the normal brain development 

related to early life stress; but also in factors that improve the capacities of 

children, protective factors. Understanding the causal relationship 

between early experiences with brain development requires from 

experimental models; therefore, in this part, we will also refer to 

experimental models in order to comprehend better some features of these 

factors that influence the brain development.  

2.1. Protective factors during childhood 

2.1.1. Positive early experiences: Human evidences 

Human studies suggest that exceptional maternal care during postnatal 

period is related to resilience to psychiatric disorders (Gourion et al. 2008; 

Korosi 2009). Indeed, clinical programmes try to increase parenting 

practise in poor and high-risk families in order to improve behavioural 

and cognitive capacities in children (Hackman et al. 2010). Furthermore, 

parental aptitude to regulate the emotional state in infants is important to 

help children to develop strategies for self-regulation (Murray and Cooper 

1997b; Tsivos et al. 2015). Intellectual stimulation at home is also 

important due to the correct development of cognitive skills (Hackman et 

al. 2010). This stimulation process includes availability of books, 

computers, trips and parental communication, among others (Hackman et 

al. 2010) and may explain the decrease in cognitive abilities found in 
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children with low socio-economic status (Hackman et al. 2010). 

Interestingly, a warm affection relationship during infancy is related to 

optimal development and social abilities, including more advanced 

emotional understanding, higher cognitive and language skills, and less 

dependence on adults (Belsky and Fearon 2002). Furthermore, 

developmental theories have stated that peer interaction fosters are 

involved in different competencies of adult behaviour than those induced 

by the interplaying with the mother (Branchi and Cirulli 2014). Certainly, 

throughout facing different types of peer interactions, children acquire 

knowledge of self-versus others and several social interaction skills such 

as understanding of the others and role-taking interactions (Branchi and 

Cirulli 2014). 

2.1.2. Positive early experiences: Experimental studies  

The study of natural variations in maternal care in rodents has contributed 

for evaluating the influence of mother-infant interactions within their 

normal environment (Hackman et al. 2010). Various studies have 

observed that licking/grooming of pups, a form of tactile stimulation, is 

significantly different between dams during the postnatal period 

(Kundakovic and Champagne 2014). Therefore, the adult offspring of 

dams that exhibit high licking and grooming (High-LG) show reduced 

behavioural and endocrine responses to stress when compared with the 

offspring of dams that exhibit low licking and grooming (Low-LG) (Liu et 

al. 1997; Zhang et al. 2010). Concretely, the offspring of dams that exhibit 

High-LG display increased glucocorticoid receptors expression in the HC, 

reduced hypothalamic CRF levels and more modest HPA responses to 

stress compared with the offspring of dams that exhibit Low-LG (Liu et 

al. 1997; Zhang and Meaney 2010; Hackman et al. 2010). Moreover, this 

offspring show increased synaptic density (Liu et al. 2000; Champagne et 

al. 2008) and a higher capacity for synaptic plasticity in the HC and PFC 
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(Bredy et al. 2004). Hence these animals show improved learning and 

memory skills associated with these brain areas (Liu et al. 2000; Bredy et 

al. 2004; Champagne et al. 2008). Interestingly, cross-fostering studies, in 

which pups born to High-LG mothers are fostered at birth to Low-LG 

(and vice versa), indicate a clear relationship between maternal care and 

the postnatal development of individual differences in behavioural and 

HPA response to stress (Liu et al. 1997; Zhang and Meaney 2010). 

Therefore, the rearing mother determines the phenotype of the offspring 

(Zhang and Meaney 2010). The results of these studies indicate that the 

behaviour of the mother can “program” stable changes in gene expression 

that are the basis for differences between individuals in behavioural and 

neuroendocrine responses to stress in adulthood (Zhang and Meaney 

2010). These changes in gene expression are associated with epigenetic 

mechanisms, and several studies have focused in evaluating the enrolment 

of maternal behaviour on the epigenetic changes induced in the stress 

response including the HPA axis and the brain areas implicated in its 

regulation (Liu et al. 1997; Zhang and Meaney 2010).  

Moreover, several studies have been interested in simulating this 

enhanced tactile experience induced by mothers High-LG, therefore in 

these experiments infant rodents are given tactile stimulation with a brush 

several times a day during the postnatal period (Kolb and Gibb 2011; Bale 

2015). Adult offspring display not only increased skilled motor 

performance and spatial learning but also changes in synaptic plasticity 

(Kolb and Gibb 2010; Bale 2015).  

Other alternatively way to intensify sensory and motor capacities is to 

house animals in complex environments where they can interact with a 

changing sensory and social environment and to increase motor activity 

(Nithianantharajah and Hannan 2006; Ros-Simó and Valverde 2012). 
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These studies have shown a variety of neural changes, including increases 

in brain size, cortical thickness, neuron size, dendritic branching, spine 

density, synapses per neuron, glial numbers and complexity, and vascular 

(Greenough et al. 1987; Kolb and Gibb 2011). 

Continuing with this idea, the communal nest (CN) model (Branchi et al. 

2006a) provides social enrichment by approximating the natural 

ecological conditions of mice (Branchi and Alleva 2006). This model 

consists in a single nest where three mothers keep their pups together and 

share care-giving behaviour from birth to weaning (Branchi et al. 2006b). 

The CN provides a highly stimulating environment, allowing the 

developing pups to interact with its biological and two additional mothers, 

as well as with a higher number of peers (Hayes 2000). Offspring reared 

in the CN show enhanced neuronal plasticity including increased level of 

BDNF and survival of neurons in the HC (Branchi et al. 2006b). 

2.2. Detrimental factors during childhood 

2.2.1. Adverse early life experiences: Human evidences 

Adverse early life conditions in infancy have been associated with brain 

development alterations (Kaufman et al. 2000) increasing vulnerability to 

develop a psychiatric disorder throughout life (Lupien et al. 2009; Korosi 

2009) such as depression (Widom et al. 2007; Bhatia and Bhatia 2007) or 

substance use disorder (Dube et al. 2003; Gerra et al. 2009) and inducing 

cognitive impairments (Korosi 2009). 

Parent-child relationship is critical during the brain development (Kolb 

and Gibb 2011) and differences in early maternal-infant interactions can 

induce long-term brain developmental effects that will persist into 

adulthood (Myers et al. 1989; Kolb and Gibb 2011) including parental lost 
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during childhood (Weller et al. 1991). Maternal-infant relationships can 

be disrupted by poverty, substance use by the mother or maternal 

depression, situations where, although the mother figure is still present, 

her behaviour is aberrant inducing chronic stress in her children (Korosi 

2009).  

Children and adolescents from low socio-economic status display higher 

rates of depression, anxiety, attention and conduct disorders (Duncan et al. 

1994; Hackman et al. 2010). Moreover, malnutrition or famine related to 

poverty, natural disaster or war, not only decrease brain size in infancy 

and produce several adverse effects on neural circuit development but also 

are associated with elevated risk for psychiatric disorders (Tau and 

Peterson 2010). These children are exposed to a decrease parental 

involvement due to greater irritability, depressive, and anxious feelings 

(Hackman et al. 2010). Parental stress induces discordant discipline, less 

sensitivity to the needs of the child, reduced verbal communication and 

insecure attachment to the primary caregiver (Hackman et al. 2010). 

Several clinical studies suggest that depression in parents may be 

associated with the development of cognitive and emotional alterations 

and is related to later psychopathology and atypical development in the 

offspring (Murray and Cooper 1997a; Tsivos et al. 2015). Parental ability 

to regulate infant´s emotional state plays a key role in helping children to 

develop strategies for self-regulation (Murray and Cooper 1997a; Tsivos 

et al. 2015). Therefore, the failure of caregivers to respond adequately to 

their children needs increases fear and confusion (Solomon and George 

1999; Carpenter and Stacks 2009) and can induce prolonged levels of 

cortisol on children (Tsivos et al. 2015). Prolonged levels of cortisol in 

early infancy modify the HPA axis involved in how infants cope with 

stress later in live inducing alterations in the PFC and the limbic system 

(Tsivos et al. 2015), where many glucocorticoids receptors are located. 
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Moreover, the limbic system is involved in the regulation of emotion and 

behaviour, attention and inhibitory control, fear and stress reactions, 

memory, and learning (Steimer 2002; Carpenter and Stacks 2009). 

Consequently, chronic elevated levels of these hormones can induce 

negative consequences on emotional regulation, cognitive skills, and brain 

development (Lupien et al. 2009; Carpenter and Stacks 2009). In addition, 

infants and young children suffering chronic stress or traumas may have 

higher levels of cortisol, adrenaline and NA (Carpenter and Stacks 2009) 

thus engaging in equal consequences. Furthermore, social environment is 

also important in the context that abnormalities in play behaviour may 

influence PFC development and later adult behaviour (i.e. children who 

are hospitalized for extended periods of time (Kolb et al. 2014)). 

Various clinical studies have stated that activation of inflammatory 

response seems to be a hallmark of early life stress since childhood abuse 

has been related to increased C-protein reactivity in peripheral blood 

(Danese et al. 2007; Miller et al. 2009) and, as stated above, this 

inflammatory response produces the release of cytokines in the CNS that 

is associated with microglia activation (Miller et al. 2009). Furthermore, 

in adolescents with histories of childhood difficulties increases in IL-6 

production previous to onset of depression have been revealed (Miller and 

Cole 2012; Felger and Lotrich 2013), showing a relationship between 

chronic stress during childhood, inflammation and depression.  

Zeanah and colleagues (Zeanah et al. 2003) carried out a study to assess 

the implication of early life experiences during childhood by evaluating 

children raised in institutional settings. Therefore, 3 groups were involved 

in the study: an institutionalized group involving children who had lived 

all their life in an institutional setting in Romania; a foster care group, 

children who were institutionalized at birth and then placed in foster care; 
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and a never institutionalized group. Children raised in institutional settings 

in Romania had a lack of experiences that stimulate healthy growth 

inducing impairments in brain development. These children displayed 

patterns of physical and cognitive growth that were delayed, and they had 

different brain activity as well as emotional deficits when compared to 

children who had never been institutionalized (Korosi 2009). Moreover, 

the effect of timing of experience was also important in preventing and 

decreasing these effects; therefore, children who were placed in foster 

care before they were 2 years old showed patterns of brain activity that 

were more similar to never-institutionalized children than those placed in 

foster care after they turned 2 (Marshall et al. 2008). Taken together, these 

findings suggest that childhood adversity delays brain development and 

influences the development of psychiatric disorders (O’ Mahony et al. 

2015). 

2.2.2. Adverse early life experiences: Experimental 

animal studies  

In rodents, different models have been assessed to clarify the implications 

of early life adversity. In this term, maternal separation is commonly used 

to modify maternal-offspring interactions, and depending on the 

frequency, the duration, the age at which separation occurs and the quality 

of maternal care provided to the pups upon being returned to the nest, the 

consequences will be different (Enthoven et al. 2008; George et al. 2010). 

Frequently, the protocols of maternal separation last around 2 or 3 weeks 

after birth and depending on the duration of the maternal separation can be 

divided in short separation, also called handling (3-15 min), long 

separation (3-8 h) or deprivation (24 h). Early handling has been 

suggested as an animal model of resilience to stress and stress-related 

psychopathology (Levine 1957; Meaney et al. 1988), whereas long 

maternal separation or maternal deprivation induces detrimental 
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consequences (van Oers et al. 1997). In addition, a new model called 

maternal separation with early weaning (MSEW) (George et al. 2010) has 

been developed in order to reduce any potential compensatory maternal 

care after maternal separation. In general, maternal separation induces 

behavioural alterations including increased anxiety (van Oers et al. 1997; 

Huot et al. 2001; Martini and Valverde 2011), despair-like behaviour 

(George et al. 2010; Martini and Valverde 2011) and anhedonia-like 

behaviour (Huot et al. 2001). Cognitive impairments are also induced by 

this model, including hippocampal-dependant processes (Carlyle et al. 

2012; Xue et al. 2013) and emotional memory (Nishi et al. 2013). 

Moreover, maternal separation produces neurochemical alterations such as 

an imbalance in the regulation of HPA axis (Millstein and Holmes 2007; 

Nishi et al. 2013), decreased neurogenesis (Aisa et al. 2009; Lajud et al. 

2012) or BDNF levels in the HC (Aisa et al. 2009; Martini and Valverde 

2011). Reduced levels of 5-HT1A receptors are also found in maternal 

separated mice (Leventopoulos et al. 2009; Bravo et al. 2014), as well as 

higher pro-inflammatory cytokines levels in serum (Réus et al. 2015a) that 

are associated with increased neuroinflammatory responses (Roque et al. 

2015). In order to evaluate institutionalized children experience in animal 

models, complete maternal deprivation has been performed in rodents. In 

this model, pups are reared in the absence of maternal contact; therefore 

pups show social learning impairments, decreased attention, and higher 

impulsivity (Kundakovic and Champagne 2014). Moreover, pups have 

decrease neurotrophic factors inducing impaired neural development and 

reduced plasticity (Kundakovic and Champagne 2014). Similar to the case 

of attachment in humans, detrimental changes of mother–infant 

interactions may be a common mechanism in various models of early life 

adversities (Rice et al. 2008; Brummelte and Galea 2010; Fuentes et al. 

2014; Kundakovic and Champagne 2014). These alterations of maternal 

care can be induced by removal of bedding material from the home-cage 
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(Rice et al. 2008; Fuentes et al. 2014) or by maternal glucocorticoid 

administration in order to simulate maternal depression (Brummelte and 

Galea 2010), both models induce reduced nurturing and increased abusive 

maternal behaviour (Kundakovic and Champagne 2014). Removing of 

bedding induces elevated plasma glucocorticoids and increased adrenal 

weigh. These stressed mice also show dendritic atrophy of pyramidal cells 

in the HC and a disruption of long-term potentiation in cornu ammonis 1 

(CA1) and cornu ammonis 3 (CA3) associated with impaired 

hippocampal-dependent memory (Brunson et al. 2005). In addition, 

maternal glucocorticoid administration produces not only behavioural 

alterations including increased despair-like behaviour but also 

neurobiological changes such as decreased cell proliferation in the HC and 

increased corticosterone plasma levels (Brummelte and Galea 2010). 

However, there are other animal models of early life adversity such as 

early weaning, which induces behavioural and neurochemical 

consequences in the offspring (Kikusui and Mori 2009; Kikusui et al. 

2009) as for example elevated anxiety and aggressiveness and decreased 

neurogenesis and BDNF level in the HC. 

3. Implications of early-life detrimental experiences on 

the development of depression 

Early-life stress, defined as maltreatment or trauma in the form of 

emotional, physical or sexual abuse; emotional or physical neglect 

(Chaney et al. 2014), predisposes individuals to develop several 

psychiatric disorders including depression, bipolar disorder, generalized 

anxiety disorder, panic disorder, phobias, post-traumatic stress disorder 

(PTSD) (Kessler 1997; Heim and Nemeroff 2001), and substance use 

disorder (Dube et al. 2003; Gerra et al. 2009). Indeed, child maltreatment 

may be perceived as a factor which induces neurodevelopment disruption 

and, depending in which period occurs can produce serious neurological 
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alterations that increase the vulnerability to develop certain types of 

psychopathology mentioned above (Heim et al. 2008; Juruena 2014). 

Therefore, a large body of neurobiological and neuroendocrine studies has 

explained that early life stress alters brain development since interfering in 

critical waves of neurogenesis, synaptic overproduction, and pruning of 

synapses and receptors (Pechtel and Pizzagalli 2011) induces detrimental 

regional effects on brain structure associated with psychiatric disorders 

(Chaney et al. 2014).  

Growing evidence shows that stress in the early phases of childhood can 

cause persistent changes in the ability of the HPA axis to respond to stress 

in adulthood increasing the vulnerability to develop depression. These 

alterations seem to be associated with changes in the capacity of 

glucocorticoids to exert negative feedback on the secretion of HPA 

hormones through binding to glucocorticoid receptors (Heim et al. 2008; 

Juruena 2014) and with increased CRH activity that promotes the release 

of glucocorticoids (Heim et al. 2008). However, recent investigations have 

proposed that child maltreatment can alter the HPA axis by increasing 

(Heim et al. 2008; Juruena 2014) or decreasing (Clarke 1993) its activity, 

depending on age of maltreatment, parental responsiveness, subsequent 

exposure to stressors, type of maltreatment, and type of psychopathology 

or behavioural disturbance (Juruena 2014).  

In addition, several studies have shown a reduction of hippocampal and 

PFC volume in depressive patients with a history of childhood 

maltreatment (van Harmelen et al. 2010; Chaney et al. 2014). These 

morphometric changes may be due to elevated levels of glucocorticoids 

which damage both brain regions as they are rich in glucocorticoid 

receptors (Pechtel and Pizzagalli 2011). Certainly, these alterations are 

related to cognitive impairments (Gould et al. 2012), consequently deficits 
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in executive functioning are displayed at adulthood by children who 

suffered early life stress (Pechtel and Pizzagalli 2011). Other brain areas 

involved in the mesolimbic system, such as dorsal striatum (Chaney et al. 

2014), anterior cingulate cortex (Pechtel and Pizzagalli 2011; Chaney et 

al. 2014) and amygdala (Kim and Whalen 2009; Pechtel and Pizzagalli 

2011) undergo changes produced by early life stress inducing alterations 

in emotional regulation (Kim and Whalen 2009; Pechtel and Pizzagalli 

2011) and reward system (Pechtel and Pizzagalli 2011). Notably, 

decreased levels of NA were observed in children who were neglected in 

infancy, as well as sensitization of 5-HT1A receptors (Heim and 

Nemeroff 2001), suggesting disturbances on monoaminergic 

neurotransmission.  

Furthermore, depressive patients who suffered early life stress display 

higher inflammatory responses when re-exposed to an acute psychological 

stress at adulthood (Pace et al. 2006; Lopizzo et al. 2015). In these terms, 

Miller and Chen (2007) (Miller and Chen 2007) have proposed that when 

stress takes place while immune system is highly plastic, inflammatory 

cells including macrophages, microglia and dendritic cells, develop a 

hypersensitivity that leads to a chronic pro-inflammatory state. This 

mechanism works as a result of an activation of pro-inflammatory 

transcription factors such as nuclear factor- kB (NF-kB) and down-

regulation of anti-inflammatory transcription factors such as 

glucocorticoid receptors. However, the process by which early life stress 

induce the release of pro-inflammatory cytokines is not fully understood 

(Cattaneo et al. 2015). 

Preclinical studies have previously shown that early life stress, can alter 

brain development by producing changes in neurotransmitters, 

neuroendocrine hormones and neurotrophins (Kaufman et al. 2000) as 

well as by modifying synaptic production and pruning (Teicher et al. 
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2003). Consequently, these experiences induce morphological changes of 

brain structure similar to those found in humans including HC, anterior 

cingulate cortex and PFC (Chaney et al. 2014) causing cognitive (Carlyle 

et al. 2012; Xue et al. 2013) and emotional alterations (Nishi et al. 2013), 

which are related to impairments on HPA axis regulation (Plotsky and 

Meaney 1993; Nishi et al. 2013). Therefore, early life stress induces a 

great impact on subcortical (Andersen 2003) and mesolimbic DA systems, 

altering their development (Andersen and Teicher 2009). Particularly, 

exposure to stress enhances DA content and decreases 5-HT turnover in 

the NAc and causes neural adaptations in the VTA (Andersen and Teicher 

2009). Moreover, disturbances in the inflammatory response due to 

activation of the immune system have been also described in animal 

models of early life stress (Réus et al. 2015a). 

Taking this into account, this thesis project will be focused in the 

consequences of early life stress on adolescence since it is a period of life 

with significant psychological and physiological vulnerabilities that 

increase the risk of developing psychiatric disorders such as anxiety or 

depression (Dahl 2004; Eiland and Romeo 2013). These characteristics 

are related not only to the synaptic remodelling of limbic and frontal brain 

regions (Crews et al. 2007), but also to hormonal alterations (Witt 2007). 

Furthermore, the late development of the PFC circuits which are 

associated with executive functions including inhibitory control and 

sustained attention may guide the tendency of adolescents to impulsivity 

and to ignore the negative consequences of their behaviour (Casey et al. 

2008). Moreover, in order to elucidate the long-term consequences of 

early life experiences, the implication of these early experiences will be 

evaluated at adulthood.  
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Drugs of abuse and substance use disorders  

As explained before, negative early life experiences represent a 

vulnerability factor to develop psychiatric disorders including substance 

use disorders (Dube et al. 2003; Gerra et al. 2009). Indeed, adolescents 

suffering mood disorders exhibit two to four times more likelihood to 

develop drug abuse disorders and addiction compared to adolescents 

without mood disorders (Riggs 1998). Growing evidence suggests that 

stress-induced alterations in reward processing may contribute to a higher 

vulnerability to addictive behaviour (Marinelli and Piazza 2002; Koob 

2008). Moreover, depressive patients may take drugs of abuse to alleviate 

negative affective symptoms (Khantzian EJ 1985; Weiss et al. 2009). 

Although cocaine is the second illegal consumed drug in our country 

(WDR-UNODC, 2015), increasing evidence in humans shows that 

depressive states, which are involved in detrimental early experiences, are 

likely determinants of cocaine use and abuse vulnerability (Cheetham et 

al. 2010; Rappeneau et al. 2015). Therefore, this thesis will focus in the 

influence of early life neglect on the reinforcing and addictive effects of 

cocaine. 

In an initial phase, people take drugs because of its hedonic properties as a 

result of the activation of the mesocorticolimbic dopaminergic pathway, 

also known as reward circuit system (Fig. 5). Others contextual factors 

could influence the positive effects of drug intake for instance the fact of 

belonging to social groups (peer pressure) with the eventual subsequent 

transfer of motivation to taking the drug for its reinforcing effects (Koob 

and Volkow 2010). The reward circuitry system is originated in the VTA 

which provides dopaminergic innervation to the NAc, one of the most 

relevant substrates for reward, and also to the amygdala and the PFC 

(Koob and Volkow 2010) inducing the positive rewarding and reinforcing 

effects of positive stimulus and directing our behaviour to repeat the 
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activity inducing reward (Kauer and Malenka 2007; Koob and Volkow 

2010). This system is also evolved to promote activities that are essential 

to the survival for humans as well as other mammals (Sterling 2012). 

Moreover, natural rewards including food, sex or interpersonal 

relationships activate this system, although drugs of abuse promote this 

activation with higher intensity than natural rewards (Wolf 2002). 

Consequently, the overactivation of the reward system by drugs of abuse 

induces neuroadaptations that alter the normal function of this system 

modifying the natural rewarding properties in drug abusers (Koob and Le 

Moal 2008a). Several evidences suggest the importance of other 

neurotransmitter in the rewarding effects of drugs such as glutamate, 

which modulates the reactivity of DA cells and dopamine release in the 

NAc (Kalivas and Volkow 2005) (Fig. 5).  

 

 

 

 

 

 

 

 

Figure 5. Mesocorticolimbic DA system (modified from Kauer and Malenka, 

2007).  

Drug addiction can be described as a disorder that progresses form initial 

motivated behaviour to a compulsive disorder. In this progressive 

pathological process, the impulsivity reactions are relevant for the 

development of initial drug use phases and are associated with positive 

reinforcement (American Psychiatric Association 2013). In contrast, in 

progressive phases drug taking alleviates a negative emotional state (Koob 
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2009a) and is related to compulsivity with loss of control in drug 

consumption (Koob and Volkow 2010). Consequently, the transition from 

controlled to compulsive drug taking has been associated with a shift in 

the involvement of striatal subregions (NAc), implicated in the rewarding 

response to drugs, to the dorsal striatum that is associated with habit 

formation (Everitt and Robbins 2015). Chronic drug exposure induces 

behavioural, physiological and neuroplastic changes associated with 

neuroadaptations in the neurocircuits implicated in the acute reinforcing 

effects of drugs of abuse, consequently the absence of the drug 

(withdrawal) induces decreased activity of the mesocorticolimbic DA 

system and the serotonergic neurotransmission (Koob and Volkow 2010). 

These modifications during withdrawal cause decreased motivation for 

non-drug-related stimuli and increased sensitivity to the abuse drug (Melis 

et al. 2005). In humans, psychostimulant withdrawal is related to fatigue, 

decreased mood, and psychomotor retardation, whereas in animals is 

associated with decreased motivation to work for natural rewards and 

decreased locomotor activity (Pulvirenti and Koob 1993; Barr et al. 1999). 

In addition, the HPA axis and the brain stress/aversive system mediated 

by CRF are activated during withdrawal inducing elevated ACTH, 

corticoids, and amygdala CRF (Koob 2008; Koob and Volkow 2010). 

Acute withdrawal also produces an aversive or anxiety-like state in which 

CRF, noradrenergic system and the opioid peptide dynorphin are 

implicated. Evidence suggests that dynorphin is increased in the NAc in 

response to dopaminergic activation and that overactivation of the 

dynorphin system can decrease dopaminergic function, promoting the 

anxiety state (Koob 2008). The combination of decreases in 

mesocorticolimbic DA system and increases the brain stress/aversive 

system provides a negative reinforcement that induces compulsive drug 

seeking (Wise and Koob 2014). 
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1. Dopaminergic system in drug abuse 

As introduced above, within the systems involved in drug abuse and 

addiction, this thesis will focus in the dopaminergic system because of its 

relevance in the drug and natural rewarding properties. In addition, the 

physiological role of DA in the brain involves, mood behaviour, memory, 

attention, learning motivation, reward, motor control and endocrine 

activity, and alterations in this system have been implicated in a number 

of brain disorders such as mood disorders, substance use disorder, 

schizophrenia, Parkinson’s disease, attention deficit disorder and 

psychosis (Alcaro et al. 2007). 

This system contains mainly two groups of neurons, those medially 

located in the VTA and those laterally situated in the substantia nigra. The 

last group mostly projects to the dorsolateral striatum (Graybiel 2000) and 

is involved principally in motor-related capacities, including locomotor 

activity and coordination (Robbins and Everitt 1996; Di Chiara 1999). 

Therefore degeneration of this pathway is associated with Parkinson´s 

disease (Kravitz et al. 2010). In addition, mesocorticolimbic DA pathway 

is originated in the VTA a dopamine-rich nucleus located in the ventral 

midbrain. These dopaminergic axons project and primarily terminate in 

NAc, in the ventral striatum, but also extend into the amygdala, bed 

nucleus of stria terminalis, lateral septal area, lateral hypothalamus, and 

PFC and this system is responsible for motivated behaviour and reward 

(Volkow and Li 2004; Nestler 2005a). Therefore, as mentioned above, 

projections from the VTA release DA throughout the circuit in response to 

a motivationally relevant event such as natural reward or drugs of abuse 

(Robinson and Berridge 1993). Hence, the release of DA by addictive 

drugs facilitates learning of drug taking behaviours that play an important 

role in progressively shaping drug use into drug seeking behaviours that 



Introduction 

51 
 

are difficult to control (Di Chiara 1999; Kelley 2004). However, DA 

transmission does not fully account for the acute reinforcing effects of all 

drugs of abuse. Other neurotransmitter/neuromodulator systems including 

glutamate, γ-aminobutyric acid (GABA), opioid peptides, cannabinoids, 

and 5-HT are also involved in the rewarding effects of addictive drugs and 

dopaminergic system modulation (Koob and Le Moal 2008b). In these 

terms, the PFC sends glutamatergic projections to the NAc whereas the 

NAc sends GABAergic projections to the ventral pallidum, VTA and 

substantia migra. Moreover, the ventral pallidum and the VTA send 

GABAergic efferents to the dorsomedial thalamus which sends 

glutamatergic projections to the medial PFC (Pierce and Kumaresan 

2006). The cholinergic and serotonergic system are also involved in the 

modulation of the reward system (Kalivas and McFarland 2003). In 

addition, 5-HT system has been implicated in the acute reinforcing effects 

of psychostimulant drugs (Nestler 2005b; You et al. 2015). Similarly, the 

opioid system is involved in the rewarding properties of morphine 

(Matthes et al. 1996) but also in the addictive effects of most of the drugs 

of abuse, such as nicotine (Berrendero et al. 2002), cannabinoids 

(Ghozland et al. 2002), alcohol (Roberts et al. 2000), and cocaine (Becker 

et al. 2002). Furthermore, several studies have proposed the cannabionoid 

system as a general modulator of drugs of abuse addiction through a 

mechanism involving CB1 (Maldonado and Rodríguez de Fonseca 2002; 

Valverde et al. 2005) and CB2 cannabinoid receptors (Navarrete et al. 

2013).  

It is important to note that differentiation and anatomical localization of 

midbrain DA neurons are dependent on the intracellular expression of a 

wide number of transcription factors, including Nurr1, Pitx3, Lmx1b, and 

Engrailed 1 and 2 (Lin and Rosenthal 2003; Simeone 2005; Leo et al. 

2007; Katunar et al. 2009), although the most extensively studied 
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transcription factors are Nurr1 and Pitx3 (Leo et al. 2007). Nurr1 (nuclear 

receptor-related factor 1) is a nuclear receptor of the steroid/thyroid 

hormone receptor superfamily essential for the differentiation of mid brain 

dopamine neurons (Jankovic et al. 2005). This transcription factor 

activates the transcription of tyrosine hydroxylase (TH), the rate limiting 

enzyme in the synthesis of DA, DA transporter (DAT) and the vesicular 

monoamine transporter 2 (VMAT2) (Jankovic et al. 2005; Reddy et al. 

2011). Nurr1 is expressed under basal physiological conditions in 

dopaminergic neurons of the VTA and substantia nigra (Xiao et al. 1996; 

Bäckman et al. 1999) and evidence suggests that Nurr1 expression is 

regulated by DA signalling, principally through D2 dopamine receptor 

(D2R). Consequently, D2R knockout (KO) mice have shown increased 

Nurr1 expression in midbrain DA neurons (Tseng et al. 2000). However, 

the role of Nurr1 in the mature midbrain is less clear, although several 

studies suggest that its expression may be necessary for the correct 

neurotransmission and maintenance of adult DA neurons (Jankovic et al. 

2005; Reddy et al. 2011). The gene encoding Pitx3 (Paired-like 

homeodomain 3) contains a bicoid-related homedomain and is expressed 

practically completely in midbrain DA cells (Smidt et al. 1997; Kim et al. 

2007). It also activates the transcription genes directly involved in the 

differentiation of DA neurons (Hwang et al. 2009; Reddy et al. 2011). 

Nurr1 and Pitx3 seem to control different features of midbrain DA 

neurons differentiation and survival. In this term, Pitx3 might play an 

important role in development and/or maintenance of substantia nigra DA 

neurons, whereas Nurr1 is involved in general midbrain DA 

neurotransmission (Chung et al. 2005; Simeone 2005). 
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1.1. Metabolism of dopamine 

DA is synthesized in dopaminergic neurons from the precursor amino acid 

L-tyrosine. The enzyme TH converts L-tyrosine in L-DOPA, which is in 

turn decarboxylated into DA by the enzyme aromatic L-amino acid 

decarboxylase (AADC). Dopamine is packed and stored in cytosolic 

vesicles (VMAT2) and released into the synaptic cleft by fusion of the 

vesicle with the cellular membrane. In the synaptic cleft DA is eliminated 

by reuptake via DAT and further catabolized by intracellular MAO to 

dihydroxyphenylacetic acid (DOPAC), or via extracellular degradation by 

catechol-O-methyltransferase (COMT) to 3-methoxytryamine (3-MT) 

which in turn is metabolized to homovanillic acid (HVA) by MAO. 

Moreover, DA is the precursor of NA by the action of the enzyme 

dopamine β-hydroxilase (DβH) and phenylethanolamine N-

methyltransferase (PNMT) converts NA in adrenaline (Meiser et al. 2013) 

(Fig. 6). 

 

 

 

 

 

 

 

Figure 6. Metabolism of dopamine (Adapted from Sharples et al. 2014). 
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1.2. Receptors of dopamine 

DA receptors are G-protein coupled and mediate slow synaptic 

transmission through intracellular changes of second messengers. These 

actions are mediated by the interaction of neurotransmitter with five 

different receptor subtypes. The DA receptor subtypes are divided into 

two subclasses: the D1-type and D2-type receptors. The D1-type receptors, 

D1 and D5, are primarily couple to Gαs and induce the production of 

cyclic adenosine monophosphate (cAMP). The D2-type receptors (D2, D3 

and D4) are Gαi/o couple and inhibit the production of cAMP (Jaber et al. 

1996). In the CNS, the various receptor subtypes display specific 

anatomical distributions, with D1-like receptors being mainly post-

synaptic, whereas D2-like receptors are both pre- and post-synaptic (Jaber 

et al. 1996). Moreover, the D2-like receptors in the presynaptic act as 

autoreceptors, and are important for negative feedback control of 

dopaminergic activity (Stoof and Kebabian 1984; Cameron and Williams 

1993). In addition, D1 dopamine receptor (D1R) and D2R are the most 

abundant subtypes in the CNS, and appear to be expressed in brain 

regions which receive dopaminergic inputs (Jaber et al. 1996). Both are 

large placed in dorsal striatum, olfactory tubercle and NAc, and in lower 

areas such as HC, neocortex, hypothalamus and thalamus (Civelli et al. 

1993; Missale et al. 1998). 

1.3. Drug-induced adaptive changes in the 

dopaminergic system 

Several studies have demonstrated that chronic exposure to different types 

of drugs induces adaptive changes in different components of 

dopaminergic system.  
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One of the most relevant changes is the down regulation of D2R in 

discrete brain areas (Thanos et al. 2001; Nader et al. 2006). In rodents, 

low levels of D2R in striatum are related to impulsivity and predict 

escalating and compulsive administration of cocaine (Everitt et al. 2008). 

In addition, human studies have shown reductions in D2R availability in 

ventral and dorsal striatum for most of the drugs in addict patients 

(Volkow and Baler 2014). Indeed, individuals with reduced D2R levels in 

the striatum seem to present a high vulnerability to develop drug addiction 

(Volkow et al. 2002). Moreover, this reduction in drug abusers has been 

associated with decreased activity in the PFC, including anterior cingulate 

and orbitofrontal cortical regions. The anterior cingulate and orbitofrontal 

cortex are necessary for self-control and for processing salience 

attribution, and their disruption is associated with a propensity for 

impulsive and compulsive behaviours (Volkow and Fowler 2000). In 

addition to down regulation of D2R, cocaine-addictive individuals have a 

decrease in DA release inducing a lower dopaminergic activation for 

natural reward, therefore cocaine may help them compensate this deficits, 

increasing the vulnerability to consume (Volkow et al. 1999). 

Regarding D1R, the consequences of repeated drug exposure on D1R 

have not been consistent. Several studies have exposed that chronic 

cocaine enhanced D1R signaling (Pascoli et al. 2012), whereas others 

experiments have shown decreased D1R excitability (Kim et al. 2011). 

These discrepancies may be related to the experimental conditions, since 

each study evaluated the D1R signaling at different timings after cocaine 

administration.  

Interestingly, previous studies using animal models and human cocaine 

dependent users have reported that DAT expression activity is increased, 

decreased, or showed no changes after repeat cocaine administration (Cass 

et al. 1993; Izenwasser 2004). 
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Finally, chronic cocaine produces long-term adaptations in different 

transcriptional factors associated to dopaminergic signaling. Therefore, 

cocaine abusers display decreased Nurr1 expression in DA neurons. Nurr1 

plays a role in regulating the transcription of DAT and DAT gene 

expression is decreased in the DA neurons of cocaine abusers (Bannon et 

al. 2002), suggesting that Nurr1 is involved in controlling human DAT 

gene expression and adaptation to repeated exposure to cocaine (Jankovic 

et al. 2005). Similarly, rats chronically treated with cocaine showed a 

down-regulation of the expression of Nurr1 mRNA and protein in the 

ventral midbrain, as well as in Pitx3 transcription and protein levels (Leo 

et al. 2007). 

2. Cocaine as a drug of abuse: history of its 

recreational use, epidemiology, and mechanism of 

action 

2.1. Brief history of recreational use of cocaine 

Cocaine is a natural substance obtained from the coca plant, Erithroxylon 

Coca, and natives from South America have used coca plant for centuries 

to allay fatigue, sustain performance, and treat a large variety of diseases 

by chewing and sucking the leaves (Haddad 1978). Coca was introduced 

in Europe by the explorers and then by the botanists (Mortimer 1901; 

Gerstein and Harwood 1992). In 1855, Albert Niemann isolated the main 

alkaloid of the plant and called it “cocaine”. The availability of the 

purified form of the drug cocaine led to research on its effects, and it was 

also recommended for a range of illnesses (Stolberg 2011). During the late 

19th century, several medical doctors started to consume cocaine and to 

prescribe it to their patients, and realized of its harmful effects; Sigmund 

Freud wrote an essay about cocaine´s effects (Freud 1984). However, 

several pharmaceutical companies started to sell different preparations 
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with cocaine that people could buy in chemists without medical 

prescription, as well as beverages including Coca-cola. In 1909, Coca-cola 

Company eliminated cocaine of its preparation and substituted it by 

caffeine (Stolberg 2011). Finally, in North America, Cocaine was 

classified as an illicit drug in 1914 (Harrison Narcotics Tax Act, 1974) 

whereas in Spain, cocaine was considered illegal in 1944 (Herrero 

Álvarez S 2001).  

Nowadays, cocaine is the second most consumed illicit drug after 

cannabis (WDR-UNODC, 2015). 

2.2. Epidemiology  

Cocaine is used by around 17 million people worldwide meaning nearby 

0.4 percent of the global population between 15 to 64 years old (WDR-

UNODC, 2015). In the European Union around 1.9% among the 15-34 

years old population has recognized to have consumed cocaine in the last 

year. Indeed, the United kingdom (4.2 %) and Spain (3.3%) are the 

countries with highest cocaine consumption prevalence (Mounteney et al. 

2015), fortunately the prevalence around the world has declined slightly 

over the past decade (WDR-UNODC, 2015). 

In Spain, the medium age of beginning cocaine´s chronic use is around 21 

years old, and the prevalence in men is 3.5 times higher than in women 

(Ministry of Health, Press release, 2015). Moreover, cocaine is the illegal 

drug most often associated with visits to hospital emergency departments 

in Spain. Therefore, in 2009 the 51.1% of the illicit drug-related cases in 

emergency departments at hospital had a direct relationship to cocaine 

(Mena et al. 2013). In addition, cocaine is the illicit drug responsible for 

most drug-deaths in Spain (González Llona et al. 2015).  
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Cocaine is the second illicit drug most consumed after cannabis (WDR-

UNODC, 2015). Furthermore, alcohol, which is the most consumed drug 

during adolescence (WHO, 2014), is frequently consumed together with 

other drugs of abuse, particularly psychostimulants like cocaine 

(Winstock et al. 2001; Barrett et al. 2006). 

As stated above, Spain is one of countries in which more cocaine is 

consumed causing serious health pubic problems (Mena et al. 2013; 

González Llona et al. 2015). Therefore, cocaine studies are one of our 

research priorities in our group. 

2.3. Mechanism of action  

Cocaine directly increases the mesocorticolimbic dopaminergic signal by 

blocking the presynaptic DAT (Ritz et al. 1987) (Fig. 7). In particular, 

dopaminergic projections from the VTA to the NAc are the most strongly 

identified with drug-related reinforcement, although other brain areas are 

also involved such as amygdala and PFC (Volkow et al. 1999; Koob and 

Volkow 2010; Dong and Nestler 2014). Functional neuroimaging studies 

have further long-established the importance of the mesolimbic pathway 

and DA release to the cocaine-induced reward (Koob and Volkow 2010). 

In addition, cocaine also inhibits the reuptake of 5-HT and NA by binding 

to their transporters, although the level of inhibition is lower than that of 

the DA system (Ritz et al. 1987). 
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Figure 7. Cocaine blocks the presynaptic dopamine transporter (DAT) 

(Image from National Institute of Drug Abuse of United Stateds of America). 

2.4. Pharmacological effects  

Cocaine pharmacological effects depend on its mechanism of action as 

well as the dose and route of administration. Hence, intravenous or 

smoked it produces marked intense pleasurable sensation characterized as 

a ‘rush’, that is thought to be a powerful motivation for the abuse of these 

drugs, whereas intranasal administration of cocaine also produces 

euphoric and stimulant effects that last approximately 30 min (Belin et al. 

2009). Luo and colleagues have been proposed that stimulation of D1R 

and D2R only occurs when drugs achieve fast peak concentrations, 

whereas as the concentration of DA starts to decrease, D2R are 

predominantly stimulated (Luo et al. 2011). This may also explain why 

routes of administration that achieve faster and higher drug levels in the 

brain, such as mentioned above, are more rewarding and addictive than 

routes of administration that result in slow brain uptake, like oral 

administration (Volkow and Morales 2015). In addition, cocaine has high 

abuse potential and can induce addiction, although only 15-20% of users 

become addicted to this drug, clinical observations show that controlled 

use often shifts to more compulsive use (Anthony et al., 1994), mainly 
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when the access to the drug is easier or when the route of administration is 

faster (Everitt et al. 2008).  

Long-term cocaine consumption triggers various forms of synaptic 

plasticity that can result in strengthening or weakening of synaptic 

connectivity in various brain reward regions (Grueter et al. 2012). 

Cocaine-induced neuroplasticity involves the same molecular mechanisms 

implicated in long-term potentiation (LTP) and long-term depression 

(LTD) that underlie learning and memory (De Roo et al. 2008) affecting 

particular neurotransmitter system including monoamines and 

glutamatergic signalling. These synaptic modifications induce a long-

lasting molecular memory for the drug’s rewarding and conditioning 

effects that will modify subsequent behaviours (Hyman et al. 2006). In 

these terms, DA regulates excitatory synaptic plasticity both by increasing 

and decreasing synaptic strength through LTP and LTD, respectively. 

Synaptic strength is controlled by the insertion or removal of glutamate 

receptors: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA) or NMDA and by changes in the subunit composition of AMPA 

receptors. Particularly, the insertion of high-calcium permeable AMPA 

receptor (GluR2 subunit) increases AMPA receptor conductance (Liu and 

Cull-Candy 2000; Guire et al. 2008) and contributes to the drug-induced 

increases in AMPA/NMDA ratio associated with LTP in models of 

addiction (Conrad et al. 2008). Therefore, several experimental studies 

have demonstrated that in the VTA after one dose of cocaine some AMPA 

receptor subunits are exchanged for high-calcium permeable subunits 

(GluR2) increasing the ratio AMPA/NMDA. After a week of a passive 

injection or months after self-administration, the baseline composition is 

restored (Ungless et al. 2001; Lüscher and Malenka 2011) showing the 

differences between non-contingent and contingent drug-administration. 

Furthermore, cocaine also causes neuroplastic adaptations in the NAc, 
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inducing a reduction in the AMPA/NMDA. These alterations are 

implicated in habit learning and in the automatic cocaine consumption 

triggered by repeated cocaine exposures (Everitt et al. 2008; Lavaur et al. 

2009). PFC is also modified by cocaine-induced neuroplasticity and is 

associated with cue-induced drug craving and drug-seeking behaviour 

(Nestler 2005b; Lüscher and Malenka 2011). Moreover, chronic cocaine 

self-administration can induce long-lasting neuroplastic modifications that 

are maintained during months (Chen et al. 2008). 

Furthermore, chronic use of cocaine produces tolerance to its rewarding 

effects and results in the need to consume higher doses to produce the 

same feelings of euphoria contributing to develop addictive behavior 

facilitating to the spiralling distress/addiction cycle propose by Koob and 

Le Moal (Koob and Le Moal 2001). Therefore, as cocaine use and 

duration increases, the positive reinforcing effects are decreased resulting 

in dysphoria states (Fischman et al. 1985). Presumably, the DA increases 

triggered by cocaine activate D2R auto-receptors inhibiting DA cell firing 

and DA release (Bello et al. 2011), that may explain why the intensity of 

the cocaine ‘‘high’’ is reduced with subsequent administrations, whereas 

the motivation to continue to take the drug persists (Volkow and Morales 

2015).  

Consequently, although cocaine does not induce physical dependence, 

when the drug is prevented after chronic use, results in a deregulation of 

dopaminergic systems that contributes to anhedonia, increased 

impulsivity, and relapse after withdrawal (Robinson and Berridge 1993). 

Therefore, cocaine withdrawal modulates DA neuronal activity in the 

VTA by modifying the burst firing pattern inducing a hypodopaminergic 

state (Hatzigiakoumis et al. 2011). In fact, early stages of cocaine 

withdrawal may reduce bursting activity of VTA DA cells and these 
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alterations may be associated with a decrease in the sensitivity of D2R 

induced by chronic cocaine exposure (Shi et al. 2008; Hatzigiakoumis et 

al. 2011). Chronic cocaine dependence also induces a distress state 

marked by HPA axis deregulation and enhanced sensitivity to negative 

emotion (Sinha et al. 2003; Fox et al. 2009). CRF, noradrenergic system 

and the opioid peptide dynorphin are also implicated in the dysphoric state 

induce by chronic cocaine use and manifested during withdrawal (Wise 

and Koob 2014). Moreover, individuals chronically exposed to cocaine 

present long-lasting memory deficits that are characterized by poor 

immediate and retardant verbal recall and recognition and also a selective 

reduction in working memory (Fox et al. 2009). Animal studies 

demonstrated that these deficits were not only related to increased levels 

of glucocorticoids, but also to the effects of cocaine on cell proliferation 

and neurogenesis in adult rat hippocampal DG (Sudai et al. 2011). 

In addition, several animal models have been developed in order to 

elucidate the neurobiology of addiction, as well as the rewarding and 

reinforcement properties of drugs of abuse. Therefore, much of the recent 

advance in understanding the neurobiology of addiction has derived from 

the study of animal models of addiction, although no animal model of 

addiction completely emulates the human disorder (Koob and Volkow 

2010). The most validated models are the conditioned place preference 

(CPP) that allows to evaluate the rewarding properties of drugs of abuse 

(Valverde et al. 1996; Roux et al. 2001; Prus et al. 2009), the locomotor 

sensitization which evaluates the capacity of increasing the locomotor 

activity after repeated administration of the drugs of abuse (Robinson and 

Berridge 1993; Robinson and Berridge 2001) and the self-administration 

procedure which evaluates the reinforcement properties of the drugs of 

abuse (Thomsen and Caine 2005). These models will be detailed in 

section 7 of Methodology Section. 
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3. Cocaine abuse and depressive disorders 

Evidences from epidemiological, clinical and preclinical studies have 

shown a robust association between emotional disorders and drug 

addiction (Cheetham et al. 2010). Individuals with emotional disorders 

including depression or PTSD have higher vulnerability to develop drug 

abuse (Merikangas et al. 1999). Similarly, emotional disorders have been 

observed in those individuals suffering drug abuse (Volkow 2004; Polter 

and Kauer 2014). Results from representative population survey of United 

States of America have indicated that 30–50 % of individuals with 

psychotic illnesses (Regier et al. 1990; Kendler et al. 1996) or emotional 

disorders (Grant et al. 2005; Hasin et al. 2005) have a comorbid alcohol 

use disorder or non-alcohol drug use disorder. Moreover, a recent study 

has shown that 10.9 % of depressive illness patients were also registered 

with a comorbid substance use disorder (Nesvåg et al. 2015). 

This comorbidity is accompanied by greater functional disability, longer 

illness duration, less social competence, and higher service utilization 

(Lalanne et al. 2014). In addition, the fundamental mechanisms of 

comorbidity between emotional disorders and substance use disorder are 

not fully understood (Volkow 2004). One hypothesis to explain the high 

prevalence of the co-occurrence of these two disorders may be the 

overlapping environmental, genetic and neurobiological factor (Volkow 

2004). Moreover, drugs of abuse are used in an effort to self-medicate 

during depression in order to relieve the feelings of sadness and anhedonia 

or to alleviate the side-effects of antidepressants (Khantzian EJ 1985; 

Weiss et al. 2009). However, the exposure to chronic drugs of abuse 

might induce neurobiological changes that increase the risk of depression 

(Volkow 2004).  
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Comorbidity between depression and drugs of abuse is well established 

for psychostimulant drugs, such as cocaine. Therefore, depressive patients 

show considerably higher rates of lifetime cocaine use, whereas cocaine 

abusers display greater lifetime prevalence of depression (Conway et al. 

2006; Rappeneau et al. 2015). 

The risk to development an emotional or anxiety disorder after stress is 

positively associated with the risk for substance use disorders (Sinha 

2008) suggesting that there are common substrates for vulnerability to 

addictive and affective disorders (Polter and Kauer 2014). Acute stress is 

related to episodes of depression and to relapse in drug abuse, whereas 

chronic stress is a common element in the environmental variables of 

depression and drugs of abuse (Schneiderman et al. 2005; Kanter et al. 

2008; Sinha 2008). In fact, clinical and experimental studies have shown 

that both acute and chronic stressors affect the dopaminergic system and 

reward mechanisms and can induce anhedonia (Cabib and Puglisi-Allegra 

2012; Pizzagalli 2014). Moreover, the dopaminergic system mediates the 

reward and reinforcing effects of drugs of abuse (Koob and Volkow 

2010). Recently, the kappa opioid receptor has been proposed as a 

modulator of the DA system associated with mood regulation and reward 

and reinforcement properties of the drugs of abuse (For review see 

Lalanne et al. 2014).  

In humans, there is considerable evidence from prospective and 

longitudinal studies to support the effects of stress during childhood or 

adolescence on drug use initiation, escalation and addiction (Sullivan et al. 

2006; Somaini et al. 2011). Furthermore, beginning substance use during 

adolescence reduces the transition from drug use to addiction (Clark et al. 

1998). Therefore, negative childhood events such as loss of a parent, 

physical violence and abuse, neglect or isolation and social status have 
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been related to an elevated risk of exposure to drugs during adolescence 

(Dube et al. 2003; Gerra et al. 2009). Considering this evidence, Teicher 

and co-workers found that young adults who had been maltreated as 

children displayed alterations in the connectivity of different cortical 

regions that may increase their risk for substance use. The differences 

could compromise basic social perceptual skills, ability to maintain a 

healthy balance between introversion and extroversion, and ability to self-

regulate their emotions and behavior (Teicher et al. 2014). 

In addition, neurobiological alterations induced by chronic exposure to 

stress during childhood, involving different neurotransmitters function and 

HPA axis function may increase substance use susceptibility later during 

the adolescence in humans (Oswald et al. 2005; Duval et al. 2006). 

Enhanced DA release in the NAc has been stated in early stress exposure 

(Kalivas and Duffy 1995), chronic stress and increased levels of 

glucocorticoids. Nevertheless, chronic exposure to glucocorticoids inhibits 

both DA synthesis and turnover, hence suggesting that deregulation of the 

HPA axis can alter dopaminergic function (Pacak et al. 2002). 

Furthermore, several studies show that the alterations of HPA axis 

function and stress system play an important role in the evolution from 

casual use of substances to the incapacity to stop the chronic use (Sinha 

2008). Mainly, these neurobiological alterations have been related to 

childhood history of adverse experiences and low perception of parental 

care among both cocaine and heroin users (Sinha 2008).  

Taking this into account, evidence from animal studies supports the notion 

that acute or chronic exposure to stress increases initiation and escalation 

of drug abuse (Sinha 2008). Therefore, models such as social defeat, 

social isolation, electrical foot-shock, and maternal separation enhance 

self-administration of cocaine as well as its rewarding properties and 
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locomotor sensitization at adulthood (Burke and Miczek 2014). Only few 

studies have evaluate the effects of stress in rodents on addictive 

behaviour during adolescence (Doremus-Fitzwater and Spear 2010; 

Rodríguez-Arias et al. 2015), therefore further investigation is needed in 

this area of research. However, it is worth mentioning that the behavioural 

and neurobiological consequences of chronic stress models depend on the 

frequency, duration and lifespan period in which stress takes place and 

therefore so will the consequences obtained by different approximations.  
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Considering the theoretical frame that we have exposed in the 

Introduction Section, the overall objective of this thesis was to evaluate 

the short and long-term consequences of a validated model of early life 

neglect and social enrichment respectively on emotional alterations and 

drug abuse during adolescence and adulthood. Behavioural studies and 

neurochemical parameters were evaluated for achieving our main 

objectives 

The specific objectives were the following: 

 

A) To evaluate the short and long-term consequences of validated models 

of early life neglect and social enrichment on emotional alterations and 

neurochemical changes related to them. 

 

1) To establish the validated models of early life neglect, maternal 

separation with early weaning (George et al., 2010), and social 

enrichment, communal nest (Branchi et al., 2006a), in our 

experimental conditions. 

2) To evaluate the spontaneous maternal behaviour along the first 16 

days after pups birth.  

3) To determine behavioural consequences in the offspring at 

adolescence and adulthood. Specifically spontaneous locomotor 

activity, anxiety-like, despair-like and anhedonia-like behaviour. 

4) To evaluate cognitive alterations, in particular emotional learning 

and memory impairment.  

5) To study the inflammatory response at peripheral and central levels 

in order to establish a link between emotional alterations and the 

immune system. Determination of IL-6 serum levels and evaluation 

of microglia activation and astrocytes in PFC and HC, brain areas 

related to emotional control. 
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6) To evaluate the tryptophan-kynurenine pathway in the PFC and the 

HC to study the relationship between depressive state and the 

imbalance of this metabolic route.  

 

B) To determine the impact of these early life experiences on the effects 

of cocaine. 

1) To evaluate the rewarding properties of cocaine using the 

conditioned place preference. To study the plasticity of 

dopaminergic reward system in our experimental conditions. 

2) To examine the effects of these early life conditions on cocaine-

induce locomotor activity (acute effect) and cocaine-induced 

sensitization (repeated treatment). 

3) To study the reinforcing effects of cocaine using the operant self-

administration model. 
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1. Animals  

We used 70 male and 70 female outbred CD1 mice as breeders for this 

study (purchased in Charles River, Barcelona, Spain), and shipped to our 

animal facility, UBIOMEX, PRBB. Animals were 10 weeks old at the 

start of breeding and were housed individually in standard cages in a 

temperature- (21°± 1°C), humidity- (55% ± 10%), and light-cycle-

controlled room. The room was lit between 8:00 h and 20:00 h, and 

experiments were conducted during the light phase (8:30 h to 15:00 h), 

except for the evaluation of maternal behaviour, as indicated, and for the 

self-administration procedure, in which the room was lit between 20:00 h 

and 8:00 h. Food and water were available ad libitum except during 

behavioural testing of the offspring. Mice were allowed to acclimatize to 

the new environmental conditions for at least one week before starting the 

experiments. Every effort was made to minimize animal suffering and 

reduce the number of animals used. All procedures were conducted in 

accordance with national (BOE-2013-1337) and EU (Directive 2010-

63EU) guidelines regulating animal research, and were approved by the 

local ethics committee (CEEA-PRBB).  

2. Rearing conditions  

Mice were randomly assigned to one of the three different experimental 

groups, standard nest (SN), MSEW and CN. For SN and MSEW, breeding 

pairs (one male, and one female) were housed in Plexiglas cages (36.9 x 

15.6 x 13.2 cm). For CN group (Branchi and Alleva 2006), 1 male and 3 

females were used to form breeding groups and housed in a 42.5 x 26.6 x 

18.5 (cm) Plexiglas box. In all the cases, the males were removed when 

the females were about 10 days pregnant. Pregnant females were observed 

daily at 9 and 17 h for parturition. For each litter, the date of birth was 
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designed postnatal day (PD) 0. In the MSEW group, offspring were 

separated from their mothers for 4 h per day on PD2-5 (9:30-13:30 h) and 

8 h per day on PD6-16 (9:30-17:30 h). For separation, mothers were 

moved to another cage, while the offspring remained in their home cages 

with a heating blanket (32-34ºC) for thermoregulation. After removing the 

mothers, offspring were taken to another room to avoid their mothers to 

become stressed from hearing their vocalizations (George et al. 2010). 

Pups were weaned at PD17, and to facilitate their access to food and avoid 

a possible dehydration, wet regular chow and hydrodrogel (Bio-Services, 

Uden, The Netherlands) were provided in their homecages until PD21. 

The CN group consisted in three females giving birth and rearing the same 

litter (Branchi and Alleva 2006) and pups were weaned on PD25. In each 

female trio, there was a discrepancy of up 2-4 days in the age of the pups. 

In the SN group, offspring remained with their mothers for 21 days and 

were then weaned (PD21). Cages remained untouched until PD10, when 

they were cleaned. After weaning, offspring were housed in groups of 4 to 

5 animals of the same sex. For the behavioural and neurochemical 

experiments at adolescence, 5, 4 and 6 females were assigned to the 

MSEW, SN and CN groups, respectively. We observed no significant 

differences between groups in the total number of offspring, or the 

number of males or females. Average litter size was 13 (53% male). A 

different group of mice was used to evaluate adult behavioural 

parameters. In this case, 5 females were assigned to MSEW and SN group 

and 6 females to CN group, and we observed no differences between 

groups in the number or sex of the offspring (average litter size, 12; 56% 

males). For reward and addictive behaviour studies, 16 females were 

assigned to MSEW and SN group, but also not differences were found in 

the number or sex of the offspring (average litter size, 14; 57% males). 
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3. Maternal care 

As explained in the Introduction Section, the maternal care display by 

mothers can modulate the brain development including emotional 

parameters and cognitive skills (Lupien et al. 2009; Korosi 2009). 

Therefore, we recorded the biological mother’s spontaneous maternal 

behaviour 3 times per day (8:15 h, 17:30 h and 20:15 h) from PD1 to 

PD16 according to an adapted version of a previously described protocol 

(Dimitsantos et al. 2007; Fodor et al. 2012). The long break between the 

morning and afternoon maternal care evaluation session was consistent 

with the 8 h maternal separation period performed during PD6-16 (9:30-

17:30 h). Observations of maternal care behaviour were performed at 

three periods of the day, at 8.15 h, 17.30 h and 20.15 h and were recorded 

on-line by an observer who remained silent in the room. Within each 

observation period, the behaviour of each mother was scored 25 times 

spaced 3 min each one (25 observations x 3 periods per day x 16 days = 

1200 observations/mother). The following behaviours were scored as 

present or absent and quantified in a check list: 1) mother licking and 

grooming any offspring (body + anogenital region); 2) mother nursing 

offspring in an arched-back posture with rigid limbs (“high kyphosis”); 3) 

mother nursing in a “blanket” posture, i.e. lying on the offspring or her 

limbs are rigid but she has a low dorsal arch posture (“low/partial 

kyphosis”); 4) mother nursing in a “passive” posture (“supine nursing”), 

i.e. lying on her back or side while the offspring nurse; and 5) mother 

“off” offspring (no maternal contact).  

4. Behavioural procedures 

The offspring’s body weight was recorded at PD10, 17, 30, 62 and 83 to 

evaluate their nutritional status. The mice were observed to evaluate 

spontaneous behaviour during adolescence (starting at PD30) with a 
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maximum discrepancy of 4 days due to date of birth. For some 

experiments, the behaviour of adult mice (starting at PD90) was also 

evaluated (spontaneous locomotor activity, elevated plus maze (EPM), tail 

suspension test (TST), saccharin test and passive avoidance test) in order 

to investigate the long-lasting consequences of these rearing conditions. 

All tests were carried out between 8:30 and 15:00 h. Animals were 

transferred to the experimental room ≥30 min before the test to 

acclimatize them to the test environment (Fig. 8). Distinct groups of mice 

were used to evaluate adolescent and adult behaviour for all the 

experiments performed. The spontaneous locomotor activity, the EPM and 

the TST were performed in the same group of mice. Distinct groups of 

animals were used for the experiments related to pain threshold, passive 

avoidance model and the saccharin test, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 8. Experimental schedule. Postnatal day (PD); maternal separation with 

early weaning (MSEW); communal nest (CN); standard nest (SN).  
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4.1. Spontaneous locomotor activity 

The spontaneous locomotor activity of mice is a parameter primarily 

controlled by the brain and influenced by stress (Thomas et al. 2011). 

Therefore, spontaneous locomotor activity can be an index of 

psychomotor retardation or apathy, both symptoms of depressive-like 

behaviour (Sobin and Sackeim 1997; Lavretsky et al. 1999), but also an 

indirect sign of anxiety (Strekalova et al. 2005). Animals were evaluated 

for spontaneous activity, as previously described with minor 

modifications (Ros-Simó et al. 2012) for 20 min on PD31-33 and PD91-

93 respectively using locomotor activity boxes (24 x 24 x 24 cm) (LE8811 

IR, Panlab S.L., Barcelona, Spain) (Fig. 9) in a low luminosity room (20 

lux) with white noise. To detect the mouse movement, the boxes were 

equipped with photocells beams; each photocell interruption was counted 

and registered by a computer. Horizontal (deambulations) and vertical 

(rearings) activities were measured as the total number of beam breaks in 

the lower or upper photocell layer respectively.  

 

 

 

                            Figure 9. Locomotor activity box 

4.2. Elevated plus maze 

In the paradigms used to evaluate anxiety, mice are exposed to a conflict 

between the natural impulse to explore a novel environment and the innate 

behaviour to avoid aversive environments such as lit compartments, wide 

places or elevated mazes (Belzung and Griebel 2001). The EPM is based 
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on the innate aversion of rodents to height. This maze consisted of a black 

plastic apparatus with four arms (29.5 x 6 cm) set in a cross from a neutral 

central square (5 x 5 cm). Two opposite arms had vertical walls (closed 

arms); and the two other opposite arms had unprotected edges (open 

arms). The maze was elevated 30 cm above the ground and illuminated 

from the top (100 lx) (Fig. 10). Each mouse was placed in the center of 

the maze for a 5 min period. Percentage of entries in the open arms and 

percentage of time spent in open arms were measured as an index of 

anxiolytic behaviour. As a measure of general activity, total entries were 

also quantified. An entry was recorded when the animal placed four paws 

into the arm. At PD32-35 and PD92-95 anxiety-like behaviour 

was measured in the EPM (Panlab, S.L.,Barcelona, Spain) using a similar 

procedure to that reported previously (Pellow et al. 1985; Simonin 1998). 

 

 

 

                               Figure 10. Elevated plus maze 

4.3. Tail suspension test  

TST is a model to evaluate despair behaviour based on the evidence that 

when a mouse exposed to a stressful situation from which it cannot escape 

(mice is suspended by its tail), the initial reaction consists in trying to 

escape, followed by an immobile posture related to despair-like behaviour 

(Fig. 11). Moreover, the immobile posture is reversed by administration of 

antidepressants (Steru et al. 1985; Powell et al. 2011). Each mouse was 

suspended individually (using adhesive tape attached 1 cm from the tip of 

the tail) 50 cm above a bench top for 6 minutes. The time in which the 
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animal was immobile during this interval was recorded as an index of 

despair behaviour. Mice underwent the TST on PD33-36 and PD93-96, as 

described previously (Steru et al. 1985; Aso et al. 2008). 

 

 

 

 

 

                            Figure 11. Tail suspension test 

4.4. Saccharin test 

Saccharin test is a behavioural model based on the mice preference for 

drinking sweet solutions. Therefore, when mice have access to a solution 

of saccharin, the normal behaviour is to prefer drinking saccharin over 

water due to the natural preference of mice for sweet solutions (Berridge 

2007). This test is currently used to evaluate the anhedonia-like behaviour, 

a core symptom of depression (D’Aquila et al. 1997; Harkin et al. 2002; 

Strekalova et al. 2004). Mice subjected to stress show a decrease in the 

consumption of saccharin solution related to a decrease in sensitivity to 

reward (Willner et al. 1987). These effects can be reversed by the 

treatment with antidepressants (Powell et al. 2011). Saccharin test was 

performed on PD34-40 and PD94-100 in a different group of mice. Mice 

were individually housed one week before starting the experiments and 

exposed to a saccharin solution (0.33% w/v) (Sigma-Aldrich, Madrid, 

Spain) and tap water during 72 h (Fig. 12), according to (Lu et al. 2005b) 

and (Disse et al. 2010) with minor modifications. The position of the 

bottles was switched each 24 h, in order to prevent a possible effects of 

side preference in drinking behaviour. No previous food or water 
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deprivation was applied to the mice before the test. The consumption of 

water and saccharin solution was evaluated simultaneously to all 

experimental groups by weighing the bottles every 24 h. Mice were also 

weighed every day. A control cage without animals was placed to control 

the amount of liquid spontaneously loss from the bottles. The saccharin 

preferences were calculated at the time points 24 h, 48 h and 72 h after the 

exposure to saccharin solutions, according to the following 

ratio: saccharin intake (g)/[saccharin intake (g) + water intake 

(g)] × 100%. Additionally, the number of grams of saccharin consumed 

per kilogram of body weight was also calculated for the three time points 

above mentioned. 

                                                                                             

                                  

                                    

 

                                     

                                        Figure 12. Saccharin test 

4.5. Electrical nociceptive threshold 

A separate group of adolescent mice (PD30) were used to assess the pain 

threshold to electrical stimulus in accordance to a previously procedure 

(Martin et al. 2002; Tsuji et al. 2003) with minor modifications. We used 

to perform this procedure the dark compartment of the passive avoidance 

device (see 4.6. Passive avoidance section). Mice were allowed 5 min to 

habituate to the compartment before a range of inescapable shocks 

exposure. During this period, locomotor activity was evaluated by 

measuring the number of rearing and the squared crossed (4.6-4.8 cm). 

The electric foot shock delivery consisted in 10 shocks spaced 30 s at 0.5 
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mA and 3 s of duration. The number of jumps (all paws off the grid floor) 

and vocalisations were recorded. The mice used to evaluate the electrical 

nociceptive threshold were not used for other behavioural procedure. This 

test was only developed in MSEW and SN group in order to ensure that 

the differences found in the passive avoidance test were due to emotional 

memory impairments and not to a different electric pain threshold in the 

mice exposed to different rearing conditions. In this case, CN group was 

not evaluated since no changes regarding SN group were observed during 

the passive avoidance test in adolescent mice.  

4.6. Passive avoidance test 

The passive avoidance test is used to evaluate learning and memory based 

on the natural preference of mice for a dark environment, and the 

association between an aversive stimulus, in this case an electric foot 

shock, and the preferred environmental context (Saavedra et al. 2013). 

This test is related to emotional memory (LeDoux 1993), being the central 

nucleus of the amygdala one of the main brain areas involved in this task 

(LeDoux 1993; Phelps 2004). Two separate groups of animals underwent 

the passive avoidance test, in adolescence (PD30-33) and adulthood 

(PD90-93). This test was conducted as previously described (Saavedra et 

al. 2013) with minor modifications. The mice involved in this test did not 

undergo any other behavioural procedure. The experiment was conducted 

in a device divided into a weakly (black walls) and brightly lit (white 

walls) compartment (2-5 and 160 lux, respectively; dimensions, 19 x 19 x 

27 cm) (Panlab S.L., Barcelona, Spain). The dark chamber had a stainless 

steel grid floor for shock delivery (Fig. 13). This test consists in two trials, 

the acquisition trial in which the black compartment was paired with the 

electric foot shock (learning) and the retention trial in which the emotional 

memory was evaluated. On the acquisition day, each mouse was placed 
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into the bright compartment. A sliding door between the compartments 

was opened after 30 s, and the latency to enter the dark compartment was 

recorded for up to 90 s. Upon entering the dark compartment, the door 

was closed and mice received a foot shock (0.5 mA, 3 s), and were 

immediately removed from the apparatus. The mice were returned to the 

brightly lit compartment 24 h later, and the procedure was repeated but 

omitting the foot shock (retention trial). The latency to enter the dark 

compartment was recorded. The retention test ended when mice stepped 

completely into the dark compartment, or failed to cross within 300 s. 

Retention latency is an index of memory since mice that learn the task 

avoid the compartment previously paired with the shock, and show greater 

latency to enter the dark compartment. 

 

      

 

 

 

                              Figure 13. Passive avoidance 
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5. Studies conducted to evaluate inflammatory 

reactions in mice exposed to different rearing 

conditions  

5.1. Evaluation of peripheral inflammatory response. 

Interleukine-6 determination 

On PD30, blood samples were collected by decapitation of animals at 

basal conditions. Samples were centrifuged for 35 min at 1500 g, 4ºC, and 

serum was retrieved and frozen at –80°C. IL-6 was measured with an 

enzyme-linked immunoabsorbent assay kit according to manufacturer’s 

instructions (BD Opt EIA Mouse IL-6 ELISA kit, catalogue no. 550950; 

BD Biosciencies, San Jose, CA). 

5.2. Evaluation of neuroinflammatory responses. 

Microglia and Astrocytes  

On PD30, we evaluated microglia activation and astrocytes in naïve 

animals to study neuroinflammatory responses in the PFC and three 

hippocampal regions, namely the CA1 and CA3, and the DG. We 

evaluated the presence of ionized calcium-binding adapter molecule 1 

(Iba1) in microglia and glial fibrillary acid protein (GFAP) by 

immunofluorescence using rabbit polyclonal anti-Iba1 staining (1:300; 

Wako Pure Chemical Industries, Ltd., Japan) and rabbit polyclonal anti-

GFAP (1:500; DakoCytomation, Glostrup, Denmark) respectively, as 

previously reported (Touriño et al. 2010; Ros-Simó et al. 2012). Mice 

were anesthetized with a ketamine/xylazine (Merial and Sigma Aldrich, 

Barcelona, Spain) mixture (100 and 20 mg/kg, respectively), and perfused 

transcardially with 0.1 M phosphate buffer (PB) containing 4% 

paraformaldehyde (Merk KGaA, 64271 Darmstadt, Germany). The brain 

was removed and postfixed in the same solution for 4 h and cryoprotected 

in 30% v/v sucrose (Merk KGaA, 64271 Darmstadt, Germany) in 0.1 M 
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in PB (pH 7.4; 24h at 4°C). After freezing in dry ice, the brain was sliced 

into 35 μm coronal sections. A mouse brain atlas (Paxinos and Franklin 

2004) was used to identify the anatomical location of the PFC, CA1, CA3 

and DG (3 samples per area per mouse, evaluated bilaterally). Floating 

brain sections were washed three times in 0.1 M phosphate buffer saline 

(PBS) and incubated in 3% v/v normal donkey serum (Jackson 

ImmunoResearch, Laboratories. Inc, West Grove, PA, USA) and 0.3% 

triton X-100 (Sigma-Aldrich, Madrid, Spain) for 2 h at room temperature. 

Sections were incubated at 4ºC overnight with the previous primary 

antibodies. They were then washed three times for 10 min in 0.1 M PBS, 

and incubated at room temperature for 2 h with a fluorescent secondary 

antibody, namely donkey anti-rabbit IgG Alexa Fluor 488 (1:500; RD 

systems, Barcelona, Spain). Finally, sections were mounted on slides with 

a fluorescence mounting medium composed of Mowiol 40–88 (Sigma-

Aldrich), 87% glycerol, water, and 2,5%1,4-diazabicyclo-[2.2.2]octane, 

and coverslipped for microscopy and photography.  

5.3. Image analysis to evaluate immunofluorescence 

studies 

Three images were taken of each brain structure bilaterally. Sample areas 

were visualized under a 20X or 40X objective in a Leica DMR 

microscope, and digitized using a Leica DFC 300 FX digital camera 

(Vashaw Scientific Inc, Atlanta, USA). ImageJ software was used for the 

quantification of glial cells. To evaluate microglia activation, samples 

stained with Iba1 were selected. The background was subtracted by 

adjusting the detection threshold density, and we only considered the 

signal density above the threshold. Astrocytes were analysed by counting 

GFAP immunoreactive cells. The investigator was blind to the groups 

analysed. The number and percentage of stained pixels per area was 

measured automatically, and the average of each sample was calculated. 
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6. Tryptophan-kynurenine pathway analysis 

We evaluated the TRP-KYN pathway in a distinct group of animals from 

those used for the behavioural experiments. We quantified the following 

products of this metabolic pathway in PFC and HC samples from 

adolescent mice: TRP, 5-HT, 5-hydroxyindolacetic acid, KYN, kynurenic 

acid, 3-hydroxykynurenine and xanthurenic acid (See Fig. 2 Introduction 

Section). 

6.1. Chemicals and reagents  

TRP, 5-HT, 5-hydroxyindoleacetic acid, KYN, kynurenic acid, 3-

hydroxykynurenine, xanthurenic acid, and ammonium formate (High-

performance liquid chromatography (HPLC) grade) were obtained from 

Sigma-Aldrich (St Louis, MO, USA), ritalinic acid from Steraloids Inc. 

(Newport, RI, USA), and formic acid (liquid chromatography-tandem 

mass spectrometry (LC-MS/MS) grade) and methanol (LC gradient grade) 

from Merck (Darmstadt, Germany). Ultrapure water was obtained using a 

Milli-Q purification system (Millipore Ibérica, Barcelona, Spain). 

6.2. Quantification of metabolites by Liquid 

Chromatography-Mass Spectrometry (LC-MS/MS) 

At PD30, naïve mice were sacrificed by decapitation, the brain was 

rapidly removed, and the PFC and the HC were dissected using a brain 

tissue blocker. All samples were immediately frozen in dry ice and stored 

at -80ºC. For tissue processing, 500 µl of ice-cold buffer (0.5 mN sodium 

metabisulfate, 0.2 N perchloric acid and 0.5 mM 

ethylenediaminetetraacetic acid (EDTA)) (Biskup et al. 2012) and 30 µl of 

the internal standard solution (ritalinic acid 1 µg/mL in methanol:water 

(1:1) with 20 mM ascorbic acid) were added to the tissue, which was then 
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homogenized using a sonicator. Samples were centrifuged for 10 min 

(10.000 g at 4ºC) and the supernatant was kept on ice until analysis. 75 µL 

of extract were diluted with 75 µL of water for quantification of TRP, 5-

HT, 5-hydroxyindoleacetic acid and KYN. 500 µL of extract were 

evaporated under nitrogen at 20ºC for quantification of kynurenic acid, 3-

hydroxykynurenine and xanthurenic acid. The dry residue was dissolved 

in 75 µL of 0.5 M acetic acid. 20 μL of extract were injected into the LC-

MS/MS system, which consisted of a triple quadrupole (Xevo) mass 

spectrometer (Waters Associates, Milford, MA, USA) coupled to an 

Acquity UPLC system (Waters Associates) for chromatographic 

separation. LC separation was performed using an Acquity BEH C18 

column (10 cm  0.21 cm, inner diameter, 1.7 µm) (Waters Associates), at 

a flow rate of 300 L min-1. The mobile phase solvents were water and 

methanol, each containing 0.01% v/v formic acid and 1 mM ammonium 

formate. The gradient and Selected Reaction Monitoring (SRM) method 

are detailed in table 1. Analyte quantification was based on the integral of 

the analyte and internal standard peaks, and a calibration curve 

constructed.  
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Table 1. SRM method. Analytes were determined using an SRM method by 

acquiring two transitions for each compound. The most specific transition was 

selected for quantitative purposes. Data were managed using the MassLynx 

software.  

 

Table 1. Molecular weight (MW) and SRM conditions for the analytes studied (* 

transition used for quantification). Tryptophan (TRP), serotonin (5-HT), 5-

hydroxyindoleacetic acid (5-HIAA), kynurenine (KYN), kynurenic acid (KA), 3-

hydroxykynurenine (3-HK), xanthurenic acid (XA). 

7. Studies to evaluate rewarding and addictive effects 

induced by cocaine 

In addition, a different group of mice were used to carry out the cocaine 

conditioned place preference, cocaine-induced sensitization and cocaine 

self-administration experiments. In this study, only male mice were 

evaluated to simplify the experimental design.  

7.1. Drug and injection procedure 

Cocaine was obtained from Agencia del Medicamento (Ministery of 

Health, Spain) and was dissolved in sterile physiology saline (0,9%). For 

the conditioned place preference paradigm (CPP) experiments, cocaine 

was administered by intraperitoneal route (i.p.) at the doses of 1.5, 3, 15 

Analyte MW Ionization Precursor m/z
Cone voltage 

(V)

Collision energy 

(eV)
Product m/z

TRP 204 ESI+ 205 15 10 188*

5-HT 176 ESI+ 177 10 5 160*

5-HIAA 191 ESI+ 192 25 20 146*

KYN 208 ESI+ 209 15 10 192*

3-HK 224 ESI+ 225 15 10 208*

KA 189 ESI+ 190 20 20 144*

XA 205 ESI+ 206 20 20 160*
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and 25 mg/kg. For locomotor sensitization study, cocaine was injected at 

the dose of 7.5 mg/kg (i.p.). For the self-administration procedure, cocaine 

was administered at the dose of 1mg/kg per infusion by intravenous (i.v.) 

route. 

7.2 Conditioned Place Preference Paradigm 

7.2.1. Procedure 

The CPP is an experimental behavioural model used to assess the 

motivational properties of drugs. This task involves a classical 

conditioning learning process in which animals perform an association of 

a particular environment with the psychotropic effects of a drug treatment, 

whereas a second and different environment will be associated with the 

absence of the drug (vehicle-paired compartment) (Valverde et al. 1996; 

Roux et al. 2001; Prus et al. 2009). 

In adolescent male mice, the rewarding properties of cocaine (1.5, 3, 15 

and 25 mg/kg, i.p.) were evaluated using the CPP paradigm, as previously 

described (Valverde et al. 1996; Matthes et al. 1996). The CPP was 

carried out in a box divided in two different compartments consisting in 

two square chambers (20 x 20 x 20 cm) connected by a triangular grey 

compartment (20 x 20 x 20 cm). The two compartments differed in 

colours and floor textures. One of the compartments was black with a 

black rough textured floor and the other compartment was white with a 

transparent plastic floor with black horizontal lines. A grey neutral section 

separated the two chambers (Fig. 14A). The procedure was conducted in 

three different phases, as follow (Fig. 14B):  

Pre-conditioning Phase. The first phase consisted of 20 min of free 

exploration of the box. For that, each mouse was placed in the middle of 
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Pre-test Post-testCocaine conditioning

20 min 20 min30 min

1 2 3 4 5 6 7 8

Saline

Cocaine 1.5, 3, 15, 25mg/kg 

the neutral area and was allowed to explore the both compartments. Mice 

showing preference or aversion for one of the compartments (more than 

70% or minus than 30%) were excluded from the experiment. 

Conditioning Phase. For the next six days, the mice were injected with 

cocaine or saline in alternate days. Mice received cocaine on days 1, 3 and 

5 and received saline on days 2, 4 and 6 of the Conditioning Phase. 

Control animals received saline every day. In all the cases, immediately 

after the injection, each mouse was immediately placed into the assigned 

compartment during 30 min.  

Testing Phase. On the eighth day, mice were allowed to explore both 

compartments for 20 minutes, similar to the pre-conditioning phase. The 

time spent in each compartment was calculated. A score was calculated as 

the difference of time spent in the compartment associated to the drug on 

the post-conditioning and the pre-conditioning. 

 

    

 

 

Figure 14. A) Conditioned place preference box. B) Schematic representation of 

the schedule used for cocaine conditioned place preference procedure in mice. 

A)  B) 
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7.2.2. Preparation of tissue extract 

Mice were sacrificed by decapitation 1 h after the test. The brains were 

rapidly removed and stored immediately at -80ºC until use for western 

blot analysis (DAT, DR2, Nurr1 and Pitx3) and HPLC analysis (DA and 

its metabolite DOPAC levels). Brains were sliced on a cryostat and kept at 

-20ºC until each region of interest comes into the cutting plane. NAc and 

VTA were micro-punched from frozen brain sections (500 µm), sectioned 

using a cryostat, according to the mice brain atlas (Paxinos and Franklin 

2004). All micro-punched samples were stored frozen at -80ºC.  

7.2.3. Dopaminergic system evaluation: 

Electrophoresis and Western Blotting 

As previously described (García-Pérez et al. 2014; García-Pérez et al. 

2015a), bilateral punches from NAc and VTA were placed in a buffer 

containing PBS, 10% sodium dodecyl sulphate (SDS), protease inhibitors 

(Boehringer Mannheim, Mannheim, Germany) and a phosphatase 

inhibitor Cocktail Set (Calbiochem, Darmstadt, Germany), homogenized 

and sonicated for 30 s before centrifugation at 6.000 g for 10 min at 4°C. 

Samples containing 20 μg of protein were loaded on a 10% 

SDS/polyacrylamide gel, electrophoresed and transferred onto 

polyvinylidene difluoride membranes (Millipore, Bedford, MA, USA). 

Nonspecific binding of antibodies was prevented by incubating the 

membranes in 1% bovine serum albumin in Tris-buffered saline Tween-

20 (10 mM Tris HCl, pH 7.6, 150 mM NaCl, 0.15% Tween 20). The blots 

were incubated at 4ºC overnight with the following primary antibodies: 

rabbit polyclonal anti-Nurr1 (1:500; sc-991, Santa Cruz Biotechnology, 

Santa Cruz, CA,USA); rabbit polyclonal anti-Pitx3 (1:750; ab30734, 

Abcam, Cambridge, UK), rat monoclonal anti-DAT (1:2000; MAB369, 

Millipore) and rabbit polyclonal anti D2R (1:500;AB5084P, Millipore). 
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Goat anti-rabbit immunoglobulin G (IgG), Horseradish peroxidase (HRP)-

linked (1:5000; sc-2004, Santa Cruz, Biotechnology) or goat anti-rat IgG, 

HRP-linked (1:5000;sc-2032, Santa Cruz Biotechnology) were used as 

secondary antibodies. After washing, immunoreactivity was detected with 

an enhanced chemiluminescent/chemifluorescent western blot detection 

system (ECL Plus, GE Healthcare, Little Chalfont, Buckinghamshire, 

UK9 and visualized by a Typhoon 9410 variable mode Imager (GE 

Healthcare). Blots were incubated with stripping buffer (glycine 25mM, 

SDS 1%, pH 2) for 1 h at 37ºC and subsequently reblocked and probed 

with rabbit polyclonal antiglyceraldehyde 3-phosphate dehydrogenase 

(GADPH) (Cell Signaling Technology Inc., Danvers, MA, USA) or α-

tubulin (Cell Signaling Technology Inc.), which were used as loading 

control. The ratios DAT/GADPH, D2R/GADPH, Nurr1/α-tubulin and 

Pitx3/α-tubulin were plotted and analysed. Proteins levels were corrected 

for individual levels  

7.2.4. Estimation of DA and its metabolite DOPAC 

 DA and DOPAC were determined in the NAc by HPLC with 

electrochemical detection, as previously described (García-Pérez et al. 

2015b). One punch from each animal was obtained and added to 60 µl of 

a solution composed by 1M perchloric acid (Sigma Chemical Co) and 2.7 

mM EDTA (Sigma Chemical Co). The samples were homogenized by 

slight sonication for about 1 min, centrifuged (6000 g; 4ºC) for 10 min 

and the supernatants were taken for analysis and filtered through ultra-free 

MC 0.2 µm filter (Millipore). The pellets were re-suspended by adding 

100 µl of 1N sodium hydroxide. Then, the total amount of proteins from 

each sample was measured by spectrophotometry. From each sample 10 

µl was injected into a 5-µm C18 reversed-phase column (Waters, Milford, 

MA, USA) through a Rheodyne syringe-loading injector 200 µL loop 
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(Waters). The mobile phase consisted of a 95% (v/v) mixture of water and 

methanol with sodium acetate (50 mM) (Sigma Chemical Co), citric acid 

(20 mM) (Sigma Chemical Co), L-octyl-sodium sulfonate (3.75 mM) 

(Sigma Chemical Co), di-n-butylamine (1 mM) (Sigma Chemical Co) and 

EDTA (0.135 mM) (Sigma Chemical Co), adjusted to pH 4.3. 

Chromatographic data were analysed with Millenium 2010 

Chromatography Manager Equipment (Millipore). DA and DOPAC was 

simultaneously detected and quantified by reference to calibration curves 

run at the beginning of the assays. The content of DA and DOPAC is 

expressed as ng/mg of protein. The DA turnover was determined as the 

DOPAC/DA ratio. The DOPAC/DA ratio was used as an index of 

transmitter metabolism. 

7.3. Cocaine-induced locomotor sensitization 

procedure 

Repeated administration of psychostimulants in rodents produced a 

progressive increase in drug-induced locomotor activity that is higher 

when compared to that induced by a single injection. This mechanism is 

called locomotor sensitization and induces an increase in the activation of 

DA system after the stimuli, producing a higher increment in DA 

neurotransmission (Robinson and Berridge 1993). Moreover, sensitization 

is related to compulsive patterns of drug-seeking behaviour (Robinson and 

Berridge 1993; Robinson and Berridge 2001). The enhancement in the 

locomotor activity is a long-lasting effect and persists after a drug-free 

period in response to a single dose (challenge) of the psychostimulant 

compound. This test allows assessing the potential abuse liability of a 

compound due to its properties to induce locomotor sensitization 

(Robinson and Berridge 1993; Paterson et al. 2010).  
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Cocaine

sensitization

Resting CL CSBasal

Locomotor activity 30min Locomotor activity 30min

Saline

Cocaine 7.5 mg/kg

CL

CS

Cocaine-conditioned locomotion

Cocaine-induced sensitization

3 4 5 6 7 8 9 1021 11 12 13 14

In our study, the sensitization to the hyperlocomotor response elicited by 

cocaine was evaluated in adolescent male mice accordingly to a procedure 

previously described (Blanco et al. 2011) with minor modifications (Fig. 

15). To review locomotor activity boxes and room conditions see section 

4.1. Spontaneous locomotor activity.  

The procedure was conducted as follows, on the first day, mice were 

handled and weighted. The following day, mice were injected with saline 

and their basal locomotor activities were recorded during 30 min. During 

the following five consecutive days, mice were daily injected with cocaine 

(7.5 mg/kg) or saline, and then, immediately placed in the locomotor 

activity boxes to record the locomotor activity during 30 min. After this 

repeated treatment with cocaine, mice remained in their home cage during 

five days without receiving any treatment. After this period of time, on 

day 13, mice received a saline injection and the possible conditioned 

response associated with the environment into the locomotor activity box 

was evaluated. On day 14, mice received a cocaine challenge (7.5 mg/kg, 

ip) and then, sensitization behaviour was investigated. However, only the 

first 15 min were analyzed. 
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Figure 15. Schematic representation of the schedule used to investigate cocaine-

induced locomotor sensitization in mice. 

7.4. Operant cocaine self-administration  

Intravenous (i.v.) drug self-administration procedure in rodents is used as 

a model for investigating the abuse liability of drugs of abuse using an 

experimental animal model, for studying the neurobiological basis of drug 

addiction, and for evaluating treatments for drug abuse, dependence and 

relapse (Thomsen and Caine 2005).  

7.4.1. Surgery for the i.v. catheter implantation 

At adolescence, mice were anesthetized with ketamine/xylazine (100 

mg/kg, 20 mg/kg, respectively) and then implanted with indwelling i.v. 

silastic catheter as described previously (Soria et al. 2005). Briefly, a 4.5 

cm length of silastic tubing (0.3 mm inner diameter, 0.64 mm outer 

diameter) (SilasticR, Dow Corning, Houdeng-Goegnies, Belgium) was 

adapted to a 22-gauge steel cannula (Semat; Herts; England) that was 

curved at a 90° angle and then placed in a cement disk (Dentalon plus, 

Heraeus Kulzer, Germany). The catheter tubing was inserted 1.4 cm into 

the right jugular vein (limited with a little dab of silicone) and held with 

suture. The rest of the catheter passed subcutaneously (s.c.) from the 

insertion position to the cannula that was fixed in the back of mice, this 

incision was closed with staples. All incisions were coated with Betadine 

(Meda Pharma SAU, San Fernando de Henares, Madrid, Spain). Mice 

were treated with analgesia (meloxicam; 0.5mg/kg; s.c.; Inflacam, 

Chanelle Ltd, Loughrea, Co., Galway, IE) and antibiotic (Enrofloxacino; 

7.5 mg/kg; i.p.; Batryl, Bayer Hispania S.L, Sant Joan Despí, Barcelona, 

Spain) in order to improve the mice’s recovery. After surgery, mice were 
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allowed to recover for 3-5 days prior to start the self-administration 

procedure. 

7.4.2. Apparatus for self-administration experiments 

The self-administration experiments were carried out in mouse operant 

chambers (Model ENV-307A-CT, Medical Associates, Georgia, VT, 

USA) containing two holes; one was defined as active and the other as 

inactive. Nose-poking on the active hole produced a cocaine infusion 

(reinforce) that was paired with two light stimulus, one placed inside the 

nose-poke and the other above the hole. No consequences had nose-

poking in the inactive hole. The side, in which active/inactive hole was 

placed, were counterbalance. The chambers were housed in sound- and- 

light- attenuated boxes provided with fans to provide ventilation and white 

noise (Fig. 16).  

 

             

                                            

                        Figure 16. Self-administration chamber 

 

7.4.3. Drug self-administration procedure  

Cocaine self-administration session was performed as described 

previously (Soria et al. 2005; Soria et al. 2006; Martini and Valverde 

2011; Tourino et al. 2012) with minor modifications. Responding was 

maintained by cocaine (1mg/kg per infusion) delivered in 20µl over 2s. 

Cocaine was infusion via a syringe that was set on a microinfusion pump 

(PHM-100A, Med-Associates, Georgia, VT, USA) and connected via 
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Tygon tubing (0.96 mm outer diameter, Portex Fine Bore Polythene 

Tubing, Portex Limited, Kent, England) to a liquid swivel (375/25, 

Instech Laboratories, Plymouth Meeting, PA, USA) and to the mouse i.v. 

catheter. Self-administration sessions (1 h daily) were conducted during 

10 consecutive days. At the beginning the chamber light was on during 3 

seconds and off during the rest of the session. The session started with a 

priming infusion of the drug. Mice were trained under a fixed ratio 1 

schedule of reinforcement. The number of reinforces was limited to 50 per 

session to avoid overdoses and each reinforce was followed by a 30 s 

time-out period where nose-poking in the active hole had no 

consequences. A mouse was considered to acquire when the number of 

responses in the active hole was at least 5, exceeded 75% of that on the 

inactive hole and it maintained a stable responding with less than 30% 

deviation from the mean of the total number of cocaine infusions obtained 

in two consecutive days (70% of stability). The patency of the i.v. 

catheters was evaluated at the end of the experiment by infusion of 0.1 ml 

of thiopental sodium (5 mg/ml; i.v.; B. Braun Medical, S.A. Rubí, 

Barcelona Spain). If signs of anaesthesia were not appear within 3 

seconds, the mouse was removed from the experiment. 

8. Statistical analysis 

We compared the effects of maternal manipulation on maternal care using 

two-way ANOVA (group and day or group and period of the day), 

followed the Bonferroni post-hoc test. We evaluated the effects of rearing 

conditions on offspring body weight, behavioural performance, 

inflammatory response, and TRP-KYN pathway activity using a two-way 

ANOVA (group and sex), followed the Bonferroni post-hoc test. In the 

quantification of xanthurenic acid in the PFC, we use a one-way ANOVA 

(group effect). To analyse data obtained in the CPP experiments a two-
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way ANOVA was calculated with rearing groups and treatment factors of 

variation, followed the Bonferroni post-hoc test. Western-blot and HPLC 

experiments were analyzed by two-way ANOVA calculated with group 

and treatment factors of variation followed by a post hoc Bonferroni test. 

For the cocaine locomotor sensitizacion studies, we calculated a three-way 

ANOVA with repeated measures (day factor) and between factors (rearing 

groups and treatment) followed by the Bonferroni post-hoc test. To 

analyse data from the 10-days training in the self-administration 

paradigm, a three-way ANOVA was calculated with repeated measures 

(day factor) and between factors (rearing groups and hole active/inactive) 

followed by Bonferroni post-hoc test. Data are represented as mean ± 

SEM. A p-value < 0.05 was considered statistically significant. Data were 

analyzed using SPSS v19. 
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1. Spontaneous maternal care evaluation 

To study the effect of rearing conditions on maternal behaviour, 

spontaneous maternal care was recorded 3 times every day from PD1 to 

PD16. In the case of CN, we did not distinguished between biological and 

non-biological mothers due to the difficulty of pups to be identified. To 

evaluate maternal care, the following signs were observed and scored: 1) 

mother licking and grooming any offspring (body + anogenital region); 2) 

mother nursing offspring in an arched-back posture with rigid limbs 

(“high kyphosis”); 3) mother nursing in a “blanket” posture, i.e. lying on 

the offspring or her limbs are rigid but she has a low dorsal arch posture 

(“low/partial kyphosis”); 4) mother nursing in a “passive” posture 

(“supine nursing”), i.e. lying on her back or side while the offspring nurse; 

and 5) mother “off” offspring (no maternal contact).  

Two-way ANOVA of arched-back nursing, blanket posture and off-nest 

behaviour during PD1 to PD16 revealed rearing group and day effects, 

and an interaction between these factors in blanket posture (Table 2). 

Bonferroni post-hoc analysis calculated for arched-back nursing (rearing 

conditions) showed significant differences in MSEW group when 

compared with SN group. These differences were found at PD3, PD7 and 

PD8 (p<0.01), indicating that MSEW mothers exhibited the arched-back 

posture more often than SN mothers (Fig. 17A). Post-hoc analysis 

calculated for blanket posture (rearing groups) presented significant 

differences in MSEW group when compared with SN group. These 

differences were found at PD8 (p<0.05), from PD9 to PD12 (p<0.01), 

PD14 (p<0.01), and PD16 (p<0.05), indicating that MSEW mothers 

presented the blanket posture more often than SN mothers (Fig. 17B). 

Post-hoc analysis for off-nest behaviour (rearing groups) showed 

significant differences in MSEW group when compared with SN group. 

These differences were found at PD4 (p<0.01) and from PD6 to PD10 
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(p<0.01). These results showed that MSEW mothers spent less time out of 

the nest than SN mothers (Fig. 17C). However, no significant differences 

were found when CN group was compared with SN group. In addition, we 

observed no significant differences for other parameters related to 

maternal care.  

Table 2. Two-way ANOVA for maternal care evaluated from PD1 to PD16. 

Rearing group (R), Day (D). 

 
Maternal care 

 

Arched-back nursing 

 

F P < 

R F(2,11)=14.098 0.01 

D F(15,165)=22.900 0.01 

RxD F(30,165)=1.125 NS 

 

Blanket posture 

 

F P < 

R F(2,11)=15.424 0.01 

D F(15,165)=21.907 0.01 

RxD F(30,165)=2.655 0.01 

 

Out off nest 

 

F P < 

R F(2,11)=21.443 0.01 

D F(15,165)=13.941 0.01 

RxD F(30,165)=1.395 NS 
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A) Arched-back posture B) Blanket nursing 



Results 

103 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Effects of rearing conditions on maternal behaviour during the 

first 16 PD. Maternal behaviours were evaluated three times per day from PD1 to 

16 (8:15 h , 17:30 h and 20:15 h): arched-back posture (Panel A), blanket nursing 

(Panel B) and off-nest behaviour (Panel C). White symbols represent SN group of 

mice; Grey symbols represent MSEW group of mice; Black symbols represent 

CN group of mice. Data are expressed as the mean daily (± SEM) count (75 

observations/day) of each behaviour, N=4-6 mothers per group. * p<0.05; ** 

p<0.01 SN vs. MSEW group.  

As reported in the Methodology Section, maternal care was analysed three 

times per day (8:15 h, 17:30 h and 20:15 h). Two-way ANOVA of 

arched-back nursing, blanket posture and off-nest behaviour revealed 

rearing group and period of the day effect, and an interaction between 

these factors (Table 3). Bonferroni post-hoc analysis calculated for 

arched-back nursing, blanket posture and off-nest behaviour (rearing 

conditions) revealed significant differences in MSEW group when 

compared with SN group at 17:30 h and 20:15 h (p<0.01) (Fig. 18), 

showing that MSEW mothers displayed an enhanced maternal care when 

compared with SN. Nevertheless, the maternal care of CN mothers was 

similar to SN mothers. 
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Table 3. Two-way ANOVA for maternal care evaluated at three different 

period of the day (8:15 h, 17:30 h and 20:15 h). Rearing group (R), Period of 

the Day (P). 

 

Maternal care 

 

Arched-back nursing 

 
F P < 

R F(2,11)=23.880 0.01 

P F(2,22)=23.232 0.01 

RxP F(4,22)=2.558 0.05 

 

Blanket posture 

 
F P < 

R F(2,11)=27.144 0.01 

P F(2,22)=12.560 0.01 

RxP F(4,22)=3.068 0.05 

 

Out off nest 

 
F P < 

R F(2,11)=34.214 0.01 

P F(2,22)=18.858 0.01 

RxP F(4,22)=4.644 0.01 

 

 

 

 

 

 

 

A) Arched-back posture B) Blanket nursing 



Results 

105 

 

 

 

 

 

Figure 18. Effects of rearing conditions on maternal behaviour on different 

periods of the day. Maternal behaviours were evaluated three times per day at 

8:15 h, 17:30 h and 20:15 h during the first 16 PD: arched-back posture (Panel 

A), blanket nursing (Panel B) and off-nest behaviour (Panel C). White symbols 

represent SN group of mice; Grey symbols represent MSEW group of mice; 

Black symbols represent CN group of mice. Data are expressed as the mean daily 

(± SEM) count (400 observations during the first 16 PD) of each behaviour, N=4-

6 mothers per group. ** p<0.01 SN vs. MSEW group. 

2. Effects of rearing conditions on body weight 

Body weight was measured in a group of mice at PD10, 17, 30, 62 and 83. 

Significant differences were observed between rearing groups at PD10 

and PD17. Two-way ANOVA calculated for body weight at PD10 and 

PD17 showed a rearing group effect (F(2,81)=36.042; p<0.01) and 

(F(2,81)=131.066; p<0.01), sex effect (F(1,81)=32.408; p<0.01) and 

(F(1,81)=40.057; p<0.01), without interaction between both factors 

(F(2,81)=0.771; NS) and (F(2,81)=0.440; NS), respectively. Bonferroni 

post-hoc analysis showed that mice from MSEW group had lower body 

weight than mice from SN in male and female (p<0.01). Moreover in CN 

group, male showed higher body weight at PD17 and female at PD10 and 

PD17 when compared with SN group (p<0.01). Finally, male mice 

exhibited higher body weight than female in SN, MSEW and CN group 

(p<0.01) (Fig. 19).  
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Figure 19. Effects of rearing conditions on body weight at different postnatal 

day. Body weight was evaluated at PD10, 17, 30, 62 and 83 in males (A) and 

females (B). White symbols represent SN group of mice; Grey symbols represent 

MSEW group of mice; Black symbols represent CN group of mice. Data are 

expressed as the body weight (grams) (± SEM), N=10-17 mice per group. ** 

p<0.01 SN vs. MSEW group. ## p<0.01 SN vs. CN group. 

3. Effects of rearing conditions on the emotional 

behaviour 

3.1. Effects of rearing conditions on locomotor activity  

Spontaneous locomotor activity was evaluated in both adolescent (PD31-

33; Fig. 20A and B) and in adult mice (PD91-93, Fig. 20C and D). In 

adolescent mice, two-way ANOVA for horizontal activity 

(deambulations) showed a rearing group effect (F(2,104)=3.728; p<0.05), 

but no sex effect (F(1,104)=0.006; NS), and no interaction between these 

two factors (F(2,104)=0.626; NS). Bonferroni post-hoc test calculated for 

horizontal activity showed that male mice from the MSEW group 

exhibited lower horizontal activity than those from the SN group (p<0.05; 

Fig. 20A). Two-way ANOVA of vertical activity (rearing) also showed a 

significant rearing group effect (F(2,104)=5.729; p<0.01), but no sex 

effect (F(1,104)=3.681; NS), and no interaction between these two factors 

(F(2,104)=0.109; NS). Post-hoc analysis indicated that male mice from 

the MSEW group presented a lower vertical activity than those from the 

A) Males B) Females 
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SN group (p<0.05). No differences were found between CN group and SN 

group and in female mice (Fig. 20B).  

We also evaluated the spontaneous locomotor activity at adulthood 

(PD91-93), but we observed no significant differences (Fig. 20C and D). 

Two-way ANOVA for horizontal activity (deambulations) showed no 

rearing group effect (F(2,101)=0.35; NS), no sex effect (F(1,101)=1.462; 

NS), and no interaction between these two factors (F(2,101)=2.372; NS) 

(Fig. 20C). Two-way ANOVA of vertical activity (rearing) showed no 

rearing group effect (F(2,101)=1.789; NS), no sex effect (F(1,101)=1,953; 

NS), and no interaction between these two factors (F(2,101)=0.108; NS) 

(Fig. 20D).  

 

 

 

 

Figure 20. Effects of rearing conditions on spontaneous locomotor activity 

among offspring. Horizontal activity (deambulations) (A and C) and vertical 

activity (rearings) (B and D) were evaluated in male and female adolescent 

offspring on PD31-33 and at adulthood, PD91-93. Black bars represent male 

groups of mice and white bars represent female groups of mice. Data are 

expressed as the mean (± SEM) of photocell counts during a 20 min period. 

N=14-23 mice per group at PD31-33 and N=14-18 at PD91-93. * p<0.05 vs. SN 

group. 

A) PD30. Deambulations B) PD30. Rearings 

 

C) PD90. Deambulations 

 

D) PD90. Rearings 
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3.2. Effect of rearing conditions on anxiety-like 

behaviour in the elevated plus maze  

Mice were exposed to the EPM during adolescence, at PD32-35, and in 

adulthood, at PD92-95.  

For adolescent mice (PD32-35), two-way ANOVA calculated for the 

percentage time spent in open arms showed a rearing group effect 

(F(2,90)=7.457; p<0.01), but no sex effect (F(1,90)=0.046; NS), and no 

interaction between these two factors (F(2,90)=0.239; NS) (Fig. 21A). 

Bonferroni post-hoc test showed lower percentage of time spent in the 

open arms in the MSEW group than in the SN group for both males 

(p<0.05) and females (p<0.01) mice. Unexpectedly, CN female mice 

spent less time in open arms when compared with SN female mice 

(p<0.05) (Fig. 21A). Two-way ANOVA calculated for the percentage of 

entries into the open arms of the maze showed a rearing group effect 

(F(2,90)=10.873, p< 0.01), but no sex effect (F(1,90)=0.048; NS), and no 

interaction between these two factors (F(2,90)=0.458; NS) were found 

(Fig. 21B). Post-hoc analysis showed that mice from the MSEW group 

made significantly less entries into the open arms of the maze than mice 

from the SN group (in both males and females, p<0.01). Surprisingly, CN 

female mice also made less entries to the open arms when compared with 

SN female group (p<0.05) (Fig. 21B). We observed no differences in the 

total number of entries into the maze, indicating that there was no 

significant difference in general activity between the three experimental 

groups in this model. Two-way ANOVA revealed no rearing group 

(F(2,90)=0.595; NS), no sex effect (F(1,90)=0.004; NS), and no 

interaction between both factors (F(2,90)=1.137; NS) (Fig. 21C). 

We evaluated the response in the EPM during adulthood (PD92-95). Our 

results indicated that females were more sensitive to the deleterious 
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effects of maternal separation in this model. Hence, these effects persisted 

into adulthood. Two-way ANOVA for the percentage time spent in open 

arms showed a significant rearing group effect (F(2,83)=7.215; p<0.01), 

but no sex effect (F(1,83)=0.051; NS) and no interaction between these 

two factors (F(2,83)=3.003; NS) (Fig. 21D). Bonferroni post-hoc analysis 

showed that female adult mice from the MSEW and CN group exhibited a 

higher anxiety-like responses that those from the SN group (p<0.01). 

Two-way ANOVA for the percentage of entries into the open arms of 

the maze showed a rearing group effect (F(2,83)=14.048, p< 0.01), 

without sex effect (F(1,83)=0.097, NS), but interaction between these 

factors (F(2,83)=7.897; p<0.01). MSEW and CN female mice showed less 

number of entries into open arms than SN mice (p<0.01) (Fig. 21E). Two-

way ANOVA calculated in the total number of entries into the maze 

revealed a rearing group effect (F(2,83)=4.738; p<0.05), but no sex effect 

(F(1,83)=1.685; NS) and no interaction between these factors 

(F(2,83)=1.331; NS) (Fig. 21F). Ulterior post-hoc analysis indicated that 

CN female mice made significant less total entries than SN female mice 

(p<0.05).  
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Figure 21. Effects of rearing conditions on the elevated plus maze. The 

percentage time spent in open arms (Panels A and D), the percentage of entries 

into open arms (Panels B and E) and the number of total entries (Panels C and F) 

were assessed in male and female offspring on PD32-35 and PD92-95. Black bars 

represent male groups of mice and white bars represent female groups of mice. 

Data are expressed as the mean ± SEM, N=14–19 mice per group at PD32-35, 

and N=13-16 mice per group at PD92-95. * p<0.05, ** p<0.01 vs. SN group.  

3.3. Effect of rearing conditions on despair behaviour 

in the tail suspension test  

The effects observed in the TST were evaluated in female and male 

adolescent mice (PD33-36) and at adulthood (PD93-96). Two-way 

ANOVA of the time spent immobile in adolescent mice showed a 

significant rearing group (F(2,98)=13.078; p<0.01) and sex effect 

(F(1,98)=10.088; p<0.01), but no interaction between these two factors 

(F(2,98)=2.694; NS). Bonferroni post-hoc test showed that MSEW mice 
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spent more time immobile than SN mice (in both males (p<0.05) and 

females (p<0.01)) (Fig. 5A). Surprisingly, CN male mice spent more time 

immobile than SN group (p<0.05). We also observed a significant sex 

effect. Post-hoc analysis showed a significant difference in the time spent 

immobile between males and females from the MSEW group (p<0.01) 

(Fig. 22A). Interestingly, the greater despair behaviour observed in the 

MSEW group persisted into adulthood (PD93-96) in both males and 

females. Consequently, two-way ANOVA revealed a significant rearing 

group effect (F(2,95)=10.516; p<0.01), but no sex effect (F(1,95)=2.315; 

NS), and no interaction between these factors (F(2,95)=1.116; NS). 

Subsequent post-hoc analysis showed that mice from the MSEW group 

spent more time immobile than those from the SN group, in both males 

(p<0.01) and females (p<0.05). Surprisingly, CN female group also spent 

more time immobile than female from SN group (p<0.01) (Fig. 22B).  

 

Figure 22. Effects of rearing conditions on the tail suspension test. Time spent 

immobile was evaluated in male and female offspring at PD33-36 (A) and PD93-

96 (B). Black bars represent male groups of mice and white bars represent female 

groups of mice. Data are expressed as the mean ± SEM of time spent immobile 

(s), N=18-20 mice per group at PD33-36, and N=14-18 mice per group at PD93-

96). * p<0.05, ** p<0.01 vs. SN group. Two white stars p<0.01 sex comparisons.  

  

A) PD30 B) PD90 
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3.4. Effect of rearing conditions on anhedonia 

evaluated with the saccharin test 

Saccharin test was performed in adolescent mice (PD34-40) (females and 

males) and at adulthood (PD94-100) to evaluate the anhedonia-like effects 

in mice. We evaluated saccharin preference over water and saccharin 

intake (g saccharin/Kg). At adolescent, two-way ANOVA for preference 

of saccharin at 24 h, 48 h and 72 h revealed group effect (except at 48 h) 

and sex effect (except 24 h) without interaction between both factors 

(Table 4). Bonferroni post-hoc of saccharin preference at 24 h of group 

factor showed reduced saccharin preference in MSEW mice when 

compared with SN mice, in both male and female mice (p<0.01) (Fig. 

23A). Post-hoc analysis of saccharin preference at 48 h indicated that 

males showed decreased saccharin preference when compared with 

females, in SN group (p<0.01), MSEW group (p<0.05), and CN group 

(p<0.05) (Fig. 23A). Bonferroni post-hoc analysis of saccharin 

preference at 72 h revealed that males showed reduced saccharin 

preference when compared with females, in SN group (p<0.01), MSEW 

group (p<0.05) and CN group (p<0.01) (Fig. 23A). 

Two-way ANOVA calculated for g saccharin/Kg at 24 h, 48 h and 72 h 

revealed group effect (except at 48 h) and sex effect (except 24 h) without 

interaction between both factors (Table 4). At 24 h, Bonferroni post-hoc 

analysis showed that MSEW female mice consumed less saccharin than 

female mice from SN group (p<0.01) (Fig. 23B). Post-hoc analysis also 

revealed that males consumed less saccharin than female mice, in SN, 

MSEW and CN groups at 48 h and 72 h (p<0.01) (Fig. 23B). Moreover at 

72 h, Bonferroni post-hoc analysis showed than MSEW mice consumed 

less saccharin than mice from SN group, in both male (p<0.05) and female 

mice (p<0.01) (Fig. 23B). Surprisingly, CN male mice consumed less 
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saccharin that SN group (p<0.05). These results suggested that MSEW 

induced anhedonia in adolescent mice. 

At adulthood (PD93-96), two-way ANOVA for preference of saccharin 

and g saccharin/Kg consumption at 24 h, 48 h and 72 h revealed no 

significant differences between rearing groups, no sex effect and no 

interaction between both factors (Table 4). 

Table 4. Two-way ANOVA calculated for saccharin test at adolescence and 

adulthood. Rearing group (R), Sex (S). 

 
% Saccharin preference  

 
24h 

 

48h 

 

72h 

PD30 F P <   F P <   F P < 

R F(2,47)=12.469 0.01 
 

F(2,47)=1.139 NS 
 

F(2,47)=3.082 0.05 

S F(1,47)=3.509 NS 

 

F(1,47)=22.395 0.01 

 

F(1,47)=21.352 0.01 

RxS F(2,47)=0.307 NS 

 

F(2,47)=0.125 NS 

 

F(2,47)=0.041 NS 

        g Saccharin/kg       

 

24h 

  

48h 

  

72h 

 PD30 F P <   F P <   F P < 

R F(2,47)=5.262 0.01 
 

F(2,47)=2.085 NS 
 

F(2,47)=7.244 0.01 

S F(1,47)=1.125 NS 

 

F(1,47)=19.764 0.01 

 

F(1,47)=20.206 0.01 

RxS F(2,47)=0,404 NS   F(2,47)=0.628 NS   F(2,47)=0.307 NS 

 
% Saccharin preference 

 
24h 

 

48h 

 

72h 

PD90 F P <   F P <   F P < 

R F(2,82)=2.528 NS   F(2,82)=0.611 NS   F(2,82)=1.179 NS 

S F(1,82)=0.251 NS 

 

F(1,82)=11.904 NS 

 

F(1,82)=0.072 NS 

RxS F(2,82)=0.692 NS 

 

F(2,82)=0.539 NS 

 

F(2,82)=0.604 NS 

        g Saccharin/kg   

 

  

 

24h 

  

48h 

  

72h 

 PD90 F P <   F P <   F P < 

R F(2,82)=1.980 NS   F(2,82)=1.773 NS   F(2,82)=1.382 NS 

S F(1,82)=1.236 NS 

 

F(1,82)=1.558 NS 

 

F(1,82)=2.493 NS 

RxS F(2,82)=0.627 NS 

 

F(2,82)=0.022 NS 

 

F(2,82)=0.377 NS 

 

 



Results 

114 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. Effects of rearing conditions on the saccharin test at adolescence. 

Saccharin test was evaluated at PD34-40 in males and females mice. Saccharin 

preference (A) and g saccharin/kg intake (B) were calculated. Black bars 

represent male groups of mice and white bars represent female groups of mice. 

Data are expressed as mean ± SEM, N=7-8 mice per group. * p<0.05, ** p<0.01 

vs. SN group. One white star p<0.05; two white stars p<0.01 sex comparisons.  

  

A) Saccharin preference 

B) g Sacharin/kg 

0

10

20

30

40

50

60

70

80

90

100

1

%
 S

a
cc

h
a

ri
n

 p
re

fe
re

n
ce

SN MSEW

24h

CN SN MSEW

48h

CN SN MSEW

72h

CN

**

**

0

2

4

6

8

10

12

14

16

1

g
 S

a
cc

h
a

ri
n

/K
g

SN MSEW

24h

CN SN MSEW

48h

CN SN MSEW

72h

CN

**
**

* *



Results 

115 

 

3.5. Nociceptive threshold 

As explained in Methodology Section, nociceptive threshold was assessed 

in SN and MSEW groups of mice. We evaluated the nociceptive threshold 

in mice by measuring the initial behavioural reactivity to electric foot-

shock exposure in mice at PD30 (female and male) (Table 5). No 

significant differences were found between groups in the foot-shock 

reactivity (number of jumps and vocalisations), indicating a similar basal 

response. Two-way ANOVA for the number of jumps showed no rearing 

group effect (F(1,39)=0.382; NS), no sex effect (F(1,39)=0,266; NS), and 

no interaction between both factors (F(1,39)=0,005; NS) (Table 5). 

Moreover, no significant differences between rearing groups were found 

in the locomotor activity (number of rearings and squares crossed) during 

the habituation period. Two-way ANOVA for the number of rearing and 

squares crossed showed no rearing group effect (F(1,39)=0.510; NS) and 

(F(1,39)=4.088; NS), no sex effect (F(1,39)=0.110; NS) and 

(F(1,39)=0.985; NS), and no interaction between both factors 

(F(1,39)=2.082; NS) and (F(1,39)=1.105; NS), respectively) (Table 5). 

Table 5. Effects of maternal separation on electric nociceptive threshold. 

Male (M), Female (F). 

 

Locomotor activity during 

habituation 

 

 Electric foot shock reactivity 

  Rearings Squares crossed   Jumping Vocalisation 

SN M 25.7±4.36 80.3±8.34 

 

30.2±2.94 10±0 

SN F 30.3±5.35     101.2±4.45   

 

28.2±2.94 10±0 

MSEW M 29.9±2.51 94.2±5.64 

 

28.5±3.41 10±0 

MSEW F 26.9±1.71     100.8±7.97   

 

26.9±2.23 10±0 

 

Table 5. Electric foot-shock reactivity was evaluated in male and female 

offspring on PD30. Data are expressed as mean ± SEM of the number of 

behavioural parameters observed, N=10 mice per group. No significant 

differences were observed between groups in any behavioural parameters 

recorded.  



Results 

116 

 

3.6. Effect of rearing conditions on emotional memory 

evaluated in the passive avoidance paradigm  

We conducted a passive avoidance test to evaluate differences in 

emotional memory (associative learning) at adolescence and adulthood. In 

adolescent mice (PD30-33) (females and males), we did not find 

differences in latency in acquisition trial for rearing group 

(F(2,67)=0.984; NS), no sex effect (F(1,67)=0.981; NS), and no 

interaction between both factors (F(2,67)=1.450; NS). Two-way ANOVA 

of latency in retention trial showed a significant effect of rearing group 

(F(2,67)=2.959; p<0.05) and sex (F(1,67)=11.768; p<0.01), but no 

interaction between these two factors (F(2,67)=0.891; NS). Bonferroni 

post-hoc analysis showed that female MSEW mice exhibited shorter 

latency to enter the dark compartment than SN mice (p<0.05) associated 

with emotional memory impairments. No differences were observed 

between rearing groups in males (Fig. 24A). Therefore, there was 

significant difference between males and females in the response to 

retention trial in MSEW and CN group (p<0.01) showing that females had 

shorter latency to enter the black compartment than males (Fig. 24A). At 

adulthood (PD90-93), two-way ANOVA of latency in acquisition trial 

revealed significant effect of rearing group (F(2,96)=5.587, p<0.01), no 

sex effect (F(1,96)=1.015; NS), or interaction between these factors 

(F(2,96)=0.059; NS). Ulterior post-hoc analysis indicated that CN mice 

showed longer latency than SN group, in male and female mice (p<0.05) 

(Fig. 24B). In addition, two-way ANOVA of latency in retention trial 

showed a significant rearing group effect (F(2,97)=6.996; p<0.01), no sex 

effect (F(1,97)=0.743; NS), and interaction between these factors 

(F(2,97)=6.636; p<0.05). Bonferroni post-hoc test showed significant 

differences in retention trial between female. Therefore, female from 

MSEW and CN group exhibited shorter latency to enter the dark 
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compartment than SN female mice (p<0.01). These results confirmed that 

the impaired passive avoidance responses related to maternal separation 

persists into adulthood in female mice (Fig. 24B). 

 

    

 

 

 

 

 

 

 

 

 

 

 

Figure 24. Effects of rearing conditions on the passive avoidance test. Latency 

time in entering the dark compartment in acquisition and retention trials in male 

and female offspring at PD30-33 (A) and PD90-93 (B) were evaluated. Black 

bars represent male groups of mice and white bars represent female groups of 

mice. Data are expressed as mean ± SEM of the latency time, N=10-12 mice per 

group at PD30-33, and N=14-17 mice per group at PD90-93. * p<0.05, ** p<0.01 

vs. SN group. Two white stars p<0.01 sex comparisons.  

  

A) PD30 

B) PD90 
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4. Effect of rearing conditions on inflammatory 

reactions 

4.1. Peripheral inflammatory response. Serum level of 

the cytokine IL-6 

We determined the level of the cytokine IL-6 in serum of male and female 

adolescent mice in order to evaluate the peripheral inflammatory response. 

Two-way ANOVA of serum level of IL-6 showed no group 

(F(2,30)=0.818; NS), no sex effect (F(1,30)=0.479; NS), and no 

interaction between these factors (F(2,30)=0.995; NS) (Fig. 25). 

 

 

 

 

 

Figure 25. Effects of rearing conditions on serum level of IL-6. The serum 

level of IL-6 was assessed in male and female offspring at PD30. Black bars 

represent male groups of mice and white bars represent female groups of mice. 

Data are expressed as mean of the pg/ml ± SEM, N=4-7 mice per group.  

4.2. Neuroinflammatory reactions in discrete brain 

areas 

4.2.1. Microglia activation. Iba1 immunostaining 

Microglia activation was evaluated using Iba1 staining in the PFC, and the 

CA1, CA3 and DG regions of the HC in adolescent mice (PD30). Two-

way ANOVA of the percentage of stained area in the PFC showed a 

rearing group effect (F(2,23)=5.081; p<0.05), no sex effect 

(F(1,23)=2.358; NS), no interaction between these factors (F(2,23)=1.053; 
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NS). Bonferroni post-hoc analysis showed that female mice from MSEW 

and CN groups had greater stained area than female SN mice (p<0.01 and 

p<0.05, respectively) (Fig. 26A). We found no differences between 

rearing groups in male mice (Fig. 26A). For the hippocampal CA1 region, 

two-way ANOVA showed a rearing group (F(2,23)=13.665; p<0.01) and 

sex effect (F(1,23)=11.032; p<0.01), and interaction between these factors 

(F(2,23)=4.994; p<0.05). Subsequent post-hoc analysis showed that 

female MSEW mice had a higher percentage of stained area than SN 

(p<0.01; Fig. 26B). Moreover, female CN mice had a higher percentage of 

stained area than SN mice (p<0.01). We also observed a significant 

difference between male and female MSEW group of mice (p<0.01), 

indicating that female mice had greater microglia activation than male 

mice (Fig. 26B). For the hippocampal CA3 region, two-way ANOVA 

showed a significant rearing group effect (F(2,23)=3.947; p<0.05), but no 

sex effect (F(1,23)=0.127; NS), and no interaction between these factors 

(F(2,23)=1.159; NS). Post-hoc analysis showed that female MSEW mice 

had higher microglia activation than female SN mice (p<0.01) (Fig. 26C). 

We observed no such differences in males. Finally, for the hippocampal 

DG region, two-way ANOVA of microglia activation showed no rearing 

group effect (F(2,23)=2.380; NS), sex effect (F(1,23)=13.418; p<0.01), 

but no interaction between these factors (F(2,23)=0.967; NS). Bonferroni 

post-hoc analysis showed that in MSEW and CN groups, female mice 

presented a higher percentage of stained area than male mice (p<0.01 and 

p<0.05, respectively) (Fig. 26D). 
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Figure 26. Effects of rearing conditions on Iba1 staining. Microglia activation 

was evaluated using Iba1 in the PFC (A), CA1 (B), CA3 (C), and DG (D) regions 

of the HC in SN, MSEW and CN mice at PD30. Black bars represent male groups 

of mice and white bars represent female groups of mice. Data of microglia 

staining quantification are expressed as mean of the percentage of stain area ± 

SEM, N=4 mice per group. ** p<0.01 vs. SN group. One white star p<0.05, two 

white star p<0.01, sex comparisons.  
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4.2.2. Astrocytes. GFAP immunostaining 

Astrocytes were assessed using GFAP staining in the CA1, CA3 and DG 

regions of the HC; however, no significant differences were found. In 

adolescent mice (PD30), for the hippocampal CA1 region, two-way 

ANOVA of astrocytes positive cells showed no rearing group effect 

(F(2,23)=0.749; NS), no sex effect (F(1,23)=0.680; NS), no interaction 

between these factors (F(2,23)=0.175; NS) (Fig. 27A). For the 

hippocampal CA3 region, two-way ANOVA indicated no rearing group 

effect (F(2,23)=1.083; NS), no sex effect (F(1,23)=0.495; NS), and no 

interaction between these factors (F(2,23)=1.699; NS) (Fig. 27B). Finally, 

for the hippocampal DG region, two-way ANOVA showed no rearing 

group effect (F(2,23)=0.590; NS), no sex effect (F(1,23)=1.301; NS), no 

interaction between these factors (F(2,23)=0.922; NS) (Fig. 27C).  
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Figure 27. .Effects of rearing conditions on GFAP staining. Astrocytes were 

evaluated using GFAP staining in the CA1 (A), CA3 (B), and DG (C) regions of 

the HC in SN, MSEW and CN mice at PD30. Black bars represent male groups of 

mice and white bars represent female groups of mice. Data of astrocytes 

quantification are expressed as mean of the number of cells ± SEM, N=4 mice per 

group.   

5. Rearing conditions produces alterations in the 

tryptophan-kynurenine metabolic pathway 

To assess whether TRP-KYN metabolism was altered in the PFC and HC, 

representative brain areas that receive dense 5-HT innervation and play an 

important role in behavioural and emotional responses (Palazidou, 2012), 

we evaluated the TRP-KYN pathway in a distinct group of animals from 

those used for the behavioural experiments. We quantified the following 

products of this metabolic pathway in PFC and HC samples from 

adolescent mice: TRP, 5-HT, 5-hydroxyindolacetic acid, KYN, kynurenic 

acid, 3-hydroxykynurenine and xanthurenic acid. To evaluate the activity 

of the main enzymes involved, we also calculated the ratios between 

precursors and metabolic products of the TRP-5HT and TRP-KYN 

pathways. In the PFC, analysis of TRP levels showed no rearing group 

C) DG 
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effect (F(2,47)=0.417; NS), no sex effect (F(1,47)=4.228; NS), no 

interaction between these factors (F(2,47)=0.530; NS). Two-way ANOVA 

of 5-HT levels revealed no rearing group effect (F(2,47)=2.971; NS), sex 

effect (F(1,47)=8.803; p<0.01), and no interaction between these factors 

(F(2,47)=0.587; NS). Analysis of the 5-hydroxyindolacetic acid indicated 

no rearing group effect (F(2,47=3.311; NS), without sex effect 

(F(1,47=47.299; NS) and no interaction between these factors 

(F(2,47=2.588; NS). Two-way ANOVA of the TRP/5-HT ratio showed 

no rearing group effect (F(2,47)=2.728; NS); no sex effect 

(F(1,47)=29.517; NS), and no interaction between both factors 

(F(2,47)=2.211; NS). Analysis of the 5-hydroxyindolacetic acid/5-HT 

ratio showed a rearing group (F(2,47)=7.769; p<0.01) and sex effect 

(F(1,47)=45.338; p<0.01), and an interaction between these factors 

(F(2,47)=5.908; p<0.01). Bonferroni post-hoc analysis showed that female 

MSEW mice have a lower 5-hydroxyindolacetic acid/5-HT ratio than 

female mice from SN group (p<0.01). We observed no difference in male 

mice (Table 6). Analysis of KYN showed no rearing group effect 

(F(2,47)=2.351; NS), no sex effect (F(1,47)=0.001; NS), no interaction 

between both factors (F(2,47)=3.069; NS). Two-way ANOVA of 

TRP/KYN indicated no rearing group effect (F(2,47)=1.158; NS), no sex 

effect (F(1,47)=1.887; NS), no interaction between these factors 

(F(2,47)=3.110; NS). Analysis of kynurenic acid levels showed a 

significant rearing group effect (F(2,47)=7.906; p<0.01), but no sex effect 

(F(1,47)=0.680; NS), and no interaction between these two factors 

(F(2,47)=2.355; NS). Bonferroni post-hoc test showed that male MSEW 

mice had lower kynurenic acid levels than male mice from SN group 

(p<0.01) (Table 6). Two-way ANOVA of the kynurenic acid/KYN ratio 

showed a significant rearing group effect (F(2,47)=10.266; p<0.01), but 

no sex effect (F(1,47)=3.265; NS) and no interaction between these 

factors (F(2,47)=0.277; NS). Post-hoc analysis showed that MSEW mice 
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had a lower kynurenic acid/KYN ratio than SN group, in male mice 

(p<0.01) and female mice (p<0.01) (Table 6). We observed no differences 

between rearing groups in 3-hydroxykynurenine levels (No rearing group 

effect, (F(2,47)=0.930; NS), no sex effect (F(1,47)=7.988; NS), no 

interaction between both factors (F2,47)=1.180; NS)) and in the 3-

hydroxykynurenine/KYN ratio (No rearing group effect, (F(2,47)=0.557; 

NS), sex effect (F(1,47)=9.555; p<0.01), no interaction between these 

factors (F(2,47)=0.362; NS)). Analysis of the 3-

hydroxykynurenine/kynurenic acid ratio showed a significant rearing 

group (F(2,47)=14.625; p<0.01), sex effect (F(2,47)=15.396; p<0.01), and 

interaction between these two factors (F(2,47)=3.601; p<0.05). Post-hoc 

test showed that MSEW mice had a higher 3-

hydroxykynurenine/kynurenic acid ratio than SN mice in male and female 

(p<0.01 and p<0.05, respectively) (Table 6). In females, one-way 

ANOVA of xanthurenic acid showed no rearing group effect.  

The statistical analysis of this metabolic pathway in the HC showed no 

rearing group effect, neither sex effect, nor interaction between both 

factors (Table 7). 

These results reflected an imbalance in the TRP-KYN pathway in MSEW 

mice in the PFC, suggesting that this pathway is involved in behavioural 

alterations induced by early life experiences whereas no differences were 

found between CN and SN group. The unexpected lack of significant 

changes found in HC may be probably attributed to the neurological 

heterogeneity of this brain area, as previously reported (Laugeray et al. 

2010).
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Our results leaded us to propose that early life detrimental events, such as 

maternal neglect, recapitulated most of the behavioural alterations of 

depressive-like state in mice, showing a long-lasting affectation that 

persisted until adulthood and a higher sensitivity to adverse conditions in 

females. Our study also supported that the imbalance of the TRP-KYN 

metabolic pathway and the associated neuroinflammatory reactions were 

neurobiological alterations underlying the emotional impairments 

observed. Moreover, under our experimental conditions, we could not 

confirm the protective role of CN because of the results obtained in the 

behavioural test and neurochemical biomarkers assessed. Therefore, we 

decided to study the effect of maternal separation on addictive behaviour 

induced by cocaine and we focused on the effects observed in adolescent 

male mice in order to simplify the experimental design. Hence, in this part 

of the study, the CN rearing conditions were not included in the study 

since not appreciable differences were revealed comparing with SN 

conditions in the previous characterization of the behavioural model.  

6. Influence of maternal separation on rewarding and 

addictive properties of cocaine  

6.1. Evaluation of rewarding properties of cocaine in 

the conditioned place preference paradigm 

The effect of maternal separation on the rewarding properties of cocaine 

(1.5, 3, 15 and 25 mg/kg, i.p.) was evaluated in adolescent male mice 

using the CPP paradigm. Two-way ANOVA showed a treatment effect 

(F(4,101)=7.995; p<0,01) without rearing group effect (F(1,101)=0.530; 

NS), with interaction between both factors (F(4,101)=2.506; p<0.05). In 

SN group, Bonferroni post-hoc test showed a significant effect for cocaine 

at doses of 3, 15 and 25 mg/kg versus saline group (p<0.01). Post-hoc 
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analysis in MSEW group indicated a significant effect for cocaine at the 

dose of 25 mg/kg (p<0.01) (Fig. 28). In addition, significant differences 

were observed for the dose of 25 mg/kg of cocaine when compared SN 

and MSEW (p<0.05). These results revealed that mice from MSEW group 

required higher doses of cocaine to display CPP.  

 

 

 

 

 

 

 

Figure 28. Effects of maternal separation on the rewarding properties of 

cocaine (1.5, 3, 15 and 25 mg/kg) in the conditioned place preference 

paradigm. Data are expressed as the mean (± SEM) of the score calculated in the 

CPP (see Methodology Section for details). N=8–15 mice per group. **p<0.01 

vs. saline group. # p<0.05 Rearing group effect. 

6.2. Expression levels of DAT and D2R proteins and 

DA turnover in the NAc  

The effects of maternal separation on DAT, D2R and DA turnover were 

evaluated after performing cocaine-induced CPP. Two-way ANOVA 

analysis for DAT protein levels in the NAc showed a significant effect of 

group (F(1,25)=5.061; p<0.05), treatment (F(2,25)=4.157; p<0.05), and an 

interaction between these factors (F(2,25)=5.026; p<0.05). Bonferroni 

post-hoc analysis revealed that cocaine-treatments (3 or 15 mg/kg) 

significantly (p<0.05, p<0.01, respectively) increased the levels of DAT in 

MSEW mice when compared with the animals treated with saline (Fig. 

29A). Two-way ANOVA for D2R protein levels also showed no rearing 
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group effect (F(1,26)=2.37; NS), no treatment effect (F(2,26)=1.393; NS) 

but a significant interaction between group and treatment (F(2,25)=6.502; 

p<0.05). Bonferroni post-hoc analysis showed that MSEW group treated 

with saline or cocaine (3 mg/kg) displayed a decrease in the D2R levels 

(p<0.05) when compared with the SN saline-treated group. Moreover, 

D2R was increased in the MSEW group treated with higher dose of 

cocaine (15 mg/kg) when compared with saline group (p<0.01). Cocaine 

(15 mg/kg) treatment also induced increase levels of D2R in MSEW 

animals when compared with the SN group treated with the same doses 

(p<0.05) (Fig. 29B).  

To evaluate whether the activity of midbrain dopaminergic neurons was 

altered in SN and MSEW mice, after cocaine injection, DA content (data 

not shown), DOPAC production (data not shown) and DA turnover (as 

estimated by the ratio DOPAC/DA) were calculated in the NAc. Two-way 

ANOVA of DA turnover showed a group effect (F(1,24)=9.53; p<0.01) 

without treatment effect (F(2,24)=2.65; NS), nor interaction between these 

two factors (F(2,24)=3.36; NS). Bonferroni post-hoc test showed a 

significant increase in DA turnover in the MSEW group treated with 

higher dose of cocaine when compared with animals treated with saline 

(p<0.05). In addition, DA turnover was increased in the MSEW group 

treated with cocaine (15 mg/kg) when compared with SN group treated 

with the same dose of cocaine (p<0.01) (Fig. 29C). 
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Figure 29. Effect of maternal separation on DAT, D2R levels and DA 

turnover in the NAc. (A, B) Densitometric analysis of specific integrated optical 

density (% of control) signals normalized to the corresponding GADPH levels 

and representative Western-blot analysis of DAT and D2R in the NAc 

micropunches, respectively. (C) DA turnover (as determined by the DOPAC/DA 

ratio) in the NAc. Each bar corresponds to mean ± SEM, N=4-6 mice per group. * 

p<0.05, ** p<0.01 vs. MSEW group treated with saline; + p<0.05 vs. SN injected 

with saline; & p<0.05 vs. SN treated with cocaine (3 mg/kg); $ p<0.05 vs. SN 

group treated with cocaine (15 mg/kg).  
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6.3. Expression levels of Nurr1 and Pitx3 proteins in 

the VTA 

We also evaluated the expression levels of dopaminergic factors Nurr1 

and Pitx3 in the VTA of mice previously exposed to the cocaine-induced 

CPP. Two-ANOVA for Nurr1 levels in the VTA showed no rearing group 

effect (F(1,20)=0.64; NS), significant effect of treatment (F(2,20)=4.74; 

p<0.05) and a significant interaction between both factors (F(2,20)=7.09; 

p<0.01). Bonferroni post-hoc test revealed a significant decrease in Nurr1 

levels after cocaine-treatments (3 or 15 mg/kg; p<0.05; p<0.01, 

respectively) in the MSEW group when compared with saline-injected 

mice. Unexpectedly, MSEW animals receiving saline showed significant 

(p<0.05) elevation in Nurr1 levels versus the SN group (Fig.30A)  

Two-way ANOVA for Pitx3 levels revealed rearing group effect 

(F(1,20)=8.90; p<0.05), no effect of treatment (F(2,20)=2.76; NS) with 

interaction between these two factors (F(2,20)=3.92; p<0.05). Bonferroni 

post-hoc analysis showed a significant (p<0.05) decreased in MSEW 

group treated with cocaine (15 mg/kg) when compared with the same 

group injected with saline. However, lower doses of cocaine (3 mg/kg) 

produced a significant increase (p<0.05) in Pitx3 levels in MSEW group 

versus SN group (Fig. 30B).  
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Figure 30. Effects of maternal separation on Nurr1 and Pitx3 levels in the 

VTA. Densitometric analysis of specific integrated optical density (% of control) 

signals normalized to the corresponding α-tubulin levels and representative 

Western-blot analysis of Nurr1 (A) and Pitx3 (B) levels in the VTA 

michopunches. Each bar corresponds to mean ± SEM, N=4-5 mice per group. * 

p<0.05, ** p<0.01 vs. MSEW group treated with saline; + p<0.05 vs. SN treated 

with saline; & p<0.05 vs. SN treated with cocaine (3 mg/kg).  

6.4. Cocaine-induced locomotor sensitization 

The effect of maternal separation on locomotor sensitization induced by 

cocaine (7.5 mg/kg) was evaluated in male adolescent mice. No 

differences in the basal locomotor activity were found between rearing 

groups (data not shown). The acute effect of cocaine was evaluated on day 

3, and the effect of repeated cocaine treatment was evaluated after 5 days 

of cocaine treatment, on day 7. The possible effect of cocaine-conditioned 

locomotion during the repeated exposure to the locomotor activity boxes 

was evaluated after a single injection of saline, on day 13. Finally, the 

cocaine-induced sensitization to hyperlocomotor effects of cocaine was 

assessed after receiving a cocaine challenge injection (7.5 mg/kg, i.p.) on 

day 14. Three-way ANOVA with repeated measures (day factor) 

calculated for the locomotor activity induce by cocaine showed an effect 

of the rearing group, the treatment and day effect with interaction between 
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rearing group and day, treatment and day, and between the three factors. 

Values for the three-way ANOVA are shown in Table 8. 

Table 8. Three-way ANOVA calculated to evaluate the effect of maternal 

separation on cocaine-induced locomotor sensitization. Rearing group (R), 

Treatment (T), Day (D). 

 

Cocaine-induced locomotor 

sensitization 

  F P < 

R              F(1,44)=4,722 0,05 

T             F(1,44)=57,53 0,01 

D             F(3,132)=116,8 0.01 

R X T             F(1,44)=0,872 NS 

R X D             F(3,132)=3,354 0.05 

T X D             F(3,132)=8,521 0.01 

R X T X D             F(3,132)=4,340 0,01 

Bonferroni post-hoc test showed that acute (day 3) and repeated (day 7) 

administration of cocaine (7.5 mg/kg) increased the locomotor activity in 

both SN and MSEW groups of mice respectively when compared with the 

saline control group (p<0.01).  

Repeated cocaine treatment induced significant hyperlocomotor effects in 

mice on day 7 (sensitization to locomotor effects) only in SN group when 

compared with the acute treatment (p<0.01). Therefore, no differences 

were observed between acute cocaine (day 3) and repeated cocaine effects 

(day 7) in MSEW group, revealing that sensitization was not properly 

developed in mice exposed to MSEW. Hence, the hyperlocomotion 

induced by repeated cocaine treatment on day 7 was attenuated in mice 

from MSEW comparing with mice from SN group (p<0.01). After five 

days without cocaine treatment, on day 13, mice were evaluated for the 

possible conditioned hyperlocomotion developed after the repeated 

exposure to the locomotor activity boxes during this procedure. Thus, all 
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groups of mice received a single injection of saline and were evaluated for 

the locomotor effects during 30 min. Mice pre-exposed to cocaine 

exhibited a significant hyperlocomotor effects comparing with mice pre-

exposed to saline (p<0.01) on day 13, independently from the rearing 

conditions. On day 14, all mice received a challenge of cocaine (7.5 

mg/kg) and were again evaluated in the locomotor activity boxes for 

locomotor sensitization to cocaine. Locomotor sensitization to cocaine 

was developed for SN group, revealing by a significant increase of 

locomotor effects on days 7 and 14 comparing with acute cocaine effects 

observed on day 3 (p<0.01). Moreover, significant differences were also 

observed between cocaine-induced hyperlocomotion on day 7 and on day 

14 (p<0.01). However, mice exposed to MSEW exhibited a reduce effect 

of cocaine in locomotion. Hence, this group of mice exhibited increased in 

locomotion after cocaine challenge (day 14) when compared with effects 

observed in the same group of mice on day 3 (p<0.01) and when 

compared with effect of repeated treatment observed on day 7 (p<0.01). 

Nevertheless, a significant attenuation of the sensitization was observed 

when compared with those elicited by SN group of mice on day 14 

(p<0.01), revealing a less strong locomotor sensitization in mice exposed 

to MSEW (Fig. 31). 
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Figure 31. Effects of maternal separation on the cocaine locomotor 

sensitization. Data are expressed as the mean (± SEM) of cumulative 

breaks/animal during the first 15 min in locomotor activity boxes. N=12 mice per 

group. $$ p<0.01 treatment effect vs. saline on the same days. ## p<0.01, pre-

treated with cocaine vs. pre-treated with saline when conditioned 

hyperlocomotion was evaluated on day 13. && p<0.01 pre-treated with cocaine 

vs. pre-treated with saline when cocaine-induced sensitization was evaluated. ** 

p<0.01 rearing group effect. Two white starts p<0.01, day effect as indicated by 

the arrows.  
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6.5. Reinforcing effects of cocaine in the self-

administration paradigm 

The effects of maternal separation in adolescent mice on the reinforcing 

properties of cocaine were evaluated using the self-administration 

procedure. SN and MSEW mice were trained to self-administer cocaine at 

doses of 1 mg/kg per infusion during 10 days. Accordingly to previous 

established criteria (see Methodology Section for details), the percentage 

of mice that achieved the acquisition criteria was 33% for SN group and 

31% for MSEW group. Three-way repeated measures (day factor) 

ANOVA indicated hole effect and interaction between hole and day 

(Table 9):  

Table 9. Three-way ANOVA calculated for evaluating the effect of maternal 

separation on cocaine-self-administration. Rearing group (R), Hole (H), Day 

(D). 

 
Cocaine self-administration 

  F P< 

R        F(1,17)=4,722 NS 

H        F(1,17)=57,53 0,01 

D        F(9,153)=116,8 NS 

R X H        F(1,17)=0,872 NS 

R X D        F(9,153)=3,354 NS 

H X D        F(9,153)=8,521 0.01 

R X H X D        F(9,153)=4,340 NS 

 
Bonferroni post-hoc analysis revealed than SN group discriminated 

between the active and inactive hole from the third session (days 3 and 4, 

p<0.05; days 5 to 10, p<0.01), whereas MSEW group discriminated from 

the second session (days 2 to 10, p<0.01). Our results showed no 

significant differences between groups in cocaine self-administration (Fig. 

32). 
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Figure 32. Effects of maternal separation on the reinforcing properties of 

cocaine (1mg/kg per infusion) in the self-administration procedure. Data are 

expressed as the mean (± SEM) of nose-poke in the active/inactive hole in the 

training session along the 10 days (1 h). N=9-10 mice per group. White symbols 

with continued line represent nose-pokes in the active hole in SN group whereas 

dotted line represents nose-pokes in the inactive hole. Black symbols with 

continued line represents nose-pokes in the active hole in MSEW group, dotted 

line represents nose-pokes in the inactive hole. * p<0.05; ** p<0.01 nose-pokes in 

the active hole vs. inactive hole in SN group. ## p<0.01 nose-pokes in the active 

hole vs. inactive hole in MSEW group.
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Depression is the most prevalent psychiatric disorder in the world and one 

of the most important contributors to global burden of disease, causing 

relevant public-health problems (Murray and Lopez 2013). In humans, 

early life detrimental events, such as maternal neglect or abuse during 

childhood, represent vulnerability environmental factors to develop 

emotional disorders such as depression (Heim and Nemeroff 2001; Gross 

and Hen 2004; Heim and Binder 2012). Different behavioural models of 

early life stress in rodents, such as maternal separation, have been studied 

to elucidate the neurobiological basis of emotional and motivational 

alterations (George et al., 2010; Martini and Valverde, 2012; Fuentes et 

al., 2014). Furthermore, social environmental enrichment has emerged as 

a protective factor that diminishes the vulnerability of individuals to suffer 

psychiatric disorders (Ros-Simó and Valverde 2012). Continuing with this 

idea, the CN model (Branchi and Alleva 2006) provides social 

enrichment, thus approximating the natural ecological conditions of mice 

(Branchi et al. 2006a), conferring resilience against despair-like behaviour 

(D’Andrea et al. 2010). Therefore, the study of the behavioural and 

neurochemical consequences of these models is necessary in order to 

propose new targets to approach more effective therapeutic interventions 

for depression. 

Moreover, early-life stress enhances the vulnerability of developing 

substance use disorders (Dube et al. 2003; Gerra et al. 2009), principally 

during adolescence since the brain is under maturation (Powell 2006; 

Crews et al. 2007; Giedd 2008). Growing evidence in humans indicates 

that depressive states are associated with substance use disorders 

(Cheetham et al. 2010; Rappeneau et al. 2015). Consequently, depressive 

patients could consume drugs to alleviate their sadness (Khantzian EJ 

1985; Weiss et al. 2009). 
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Hence, the consequences of early-life stress during childhood may 

produce severe alterations during adolescence that could be maintained 

through adulthood. Taking this into account, this thesis has been focused 

on evaluating the short and long-term consequences of early life neglect 

and social enrichment on emotional alterations. The influence of early-life 

stress on drug cocaine addiction behaviour is also investigated in this 

study.  

1. The evaluation of early experiences using animal 

models 

To clarify the involvement of early life experiences in ulterior periods of 

lifespan such as adolescence and adulthood, this thesis focuses in studying 

the detrimental or beneficial early life experiences on emotional 

reactivity, neurochemical consequences and drug addictive behaviour in 

mice. Based in our previous experience in animal models evaluating early 

life experiences, we decided to carry out a maternal separation protocol 

due to the remarkable results previously published by our group (Martini 

and Valverde 2011).  

Previous studies stated a compensatory maternal care after maternal 

separation that could counteract the deleterious effects of neglect on 

behaviour (Macrì et al. 2008). Hence, we chose a recent model named 

“maternal separation with early weaning” (George et al. 2010) since 

previous studies showed that early weaning alone without maternal 

separation also induces behavioural and neurochemical alterations in 

rodents (Kikusui and Mori 2009; Kikusui et al. 2009). In these studies, 

mice were weaned at PD14, and showed higher levels of anxiety and 

aggressive behaviour as well as neurochemical alterations at adulthood. 

Regarding the different animal models involving resilience to develop 

emotional disturbances in section 2.1.2. Positive early experiences: 



Discussion 

143 

 

Experimental studies, the CN seems to be an appropriate model to be 

evaluated concomitantly with the MSEW since both could produce 

modifications during the postnatal period. At this point, it is important to 

note that the day of weaning was different in the three models previously 

developed, and consequently we cannot distinguish the particular 

contribution of the rearing condition from the early weaning in our 

experimental conditions.  

2. Early life experiences on emotional behaviour, 

inflammatory response and tryptophan-kynurenine 

pathway.  

The first objective of this study was to evaluate the behavioural and 

neurochemical consequences of early life neglect (MSEW) in comparison 

with a social enrichment model (CN) proposed as protective since this last 

model was reported to induce resilience to psychopathologies caused by 

stressful experiences (Branchi et al. 2013b). Furthermore, both models 

were compared with the standard laboratory rearing conditions (SN). 

Animals exposed to MSEW model exhibited an increase of the maternal 

care, presumably to compensate the exposure to maternal separation. 

Nevertheless, the enhancement of maternal care in mice exposed to 

MSEW failed to rescue neurobiological functions and behaviours 

impaired in the offspring as revealed by locomotion alterations, anxiety-

like responses, despair-like behaviour, anhedonia and deficits in emotional 

memory tasks. Strikingly, these changes were revealed during adolescence 

and persisted into adulthood. In addition, several of these alterations were 

sex-dependent since a higher vulnerability in female to repeated stress 

exposure was observed accordingly with previous studies (Becker et al. 

2007; Fuentes et al. 2014). Unexpectedly, under our experimental 

conditions, we cannot confirm the protective role of CN due to the 
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behavioural and neurochemical alterations found in the offspring. The 

reasons of these results will be discussed in detail later in this section. 

As exposed previously, early life experiences have significant influences 

in shaping the normal brain development, especially in the early postnatal 

stages (Greenough et al. 1987; Finlay and Darlington 1995; Johnson 2001; 

Kolb and Gibb 2011; Cai et al. 2015). During this early stage, maternal 

care is needed for the normal development of emotional and cognitive 

behaviours of the offspring (Kaffman and Meaney 2007). Therefore, it 

seems relevant to evaluate maternal behaviour in experiments involving 

early life stress. MSEW dams displayed a higher maternal care, 

characterized by an increased score of arched-back posture and blanket 

nursing. Dams also stayed less time out of nest compared with SN and CN 

dams respectively. Our findings agree well with previous studies showing 

that early life stress in rodents, increased the active maternal behaviour 

(Zimmerberg and Farley 1993; Pryce et al. 2001; Own and Patel 2013; 

Fuentes et al. 2014). Interestingly, no differences were observed in 

maternal care exhibited by SN and CN groups respectively. In fact, 

Branchi and colleagues (2006a) showed an increase in maternal care in 

CN dams when they gave birth in the same day (synchronous) (Branchi et 

al. 2006a), whereas when dams gave birth in different days 

(asynchronous), the maternal care depended on the birth order of pups. 

Moreover in these asynchronous studies, which is our case, they did not 

find differences between SN and CN when compared with the older pups, 

although an increase in the maternal care was found in SN when 

compared with middle and young CN pups (Branchi et al. 2013a). In 

addition, a previous study (Heiderstadt et al. 2014), only distinguished 

between the birth order of pups when the discrepancy was of 2-7 days, but 

not when the discrepancy was of 1-4 days. Thus, following these criteria, 

we did not differentiate between the birth order of pups as they were born 
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with a maximum difference of 4 days. Furthermore, other CN study 

developed in rats found a decrease in the maternal care in CN model when 

compared with SN (Connors et al. 2015). Interestingly, this study 

differentiated between CN dams which shared the nest or had separated 

nests, although no differences in maternal care were found in this case. In 

our experiment all dams shared their nest but we realized that some dams 

of CN group moved the nest frequently. Consequently, evaluating the 

movement of the nest between CN trios and then make a correlation 

between this pattern and offspring behaviour should be taken into account 

in further studies.  

Regarding our experiments, maternal care was evaluated during 16 

consecutive days and statistical differences between groups started at 

PD5, when the maternal separation lasted longer (a total period of 8 h). 

Remarkably, the enhanced maternal behaviour in MSEW group was more 

intense at the post-separation periods, and decreased just before separation 

when dams and pups had remained longer together, as reported previously 

(Pryce et al. 2001; Llorente-Berzal et al. 2011). In addition, dams from 

MSEW rearing conditions progressively increased the care along the days 

due to the development of a sensitized behaviour associated to the 

repeated separations (Own and Patel 2013). Previous studies have 

proposed that the enhanced maternal care after early life stress periods 

could counteract the deleterious effects of neglect on behaviour (Macrì et 

al. 2008). In fact, the consequences of early stress exposure in adulthood 

depend on the severity of neonatal stress, being the moderate stress during 

neonatal periods associated with reduced stress reactivity in adulthood 

(Macrì et al. 2011), due to the development of capabilities to cope with 

stress. In contrast, our findings reveal that the negative effects of the early 

weaning induced by maternal separation may be stronger than those of 

moderate stress. Hence, our data demonstrate that maternal separation 
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induces strong and prolonged consequences on behaviour that could not 

be compensated by the enhancement of maternal postnatal care, in 

accordance with previous findings (Lupien et al. 2009; Fuentes et al. 

2014).  

The behavioural alterations found in our conditions are unlikely to be 

caused by nutritional changes since the differences in body weight 

observed during lactation (PD10 and PD17) disappeared various days 

after weaning (PD30) and did not re-emerge during adolescence or 

adulthood. Furthermore, the differences in body weight were opposite 

between MSEW and CN. Similar procedures to MSEW showed 

inconsistent results associated with the impact of maternal separation 

procedure in the offspring’s body weight. Therefore, whereas George et 

al. (2010) did not find differences in the body weight of mice, other 

studies (McIntosh et al. 1999; Fabricius and Wo 2008) explained a 

decrease in the offspring´s body weight after maternal separation that was 

later recovered at PD65 (Fabricius and Wo 2008) or that persisted until 

adulthood (McIntosh et al. 1999). In these different models of maternal 

separation no special chow were availed in mice´s home cage, in contrast 

to our case, where wet chow and hydrogel were given to pups. Changes in 

nutritional state could be a condition needed to be taken into account since 

previous studies have reported the incidence of anatomical and functional 

alterations in the CNS in animals exposed to MSEW. These alterations 

include smaller brain size and developmental deficits, although no 

differences in body weight were reported (Duque et al. 2012; Carlyle et al. 

2012). Consequently, early life stress experiences represent a vulnerability 

factor that induce alterations on brain development, principally during 

early postnatal stages (Greenough et al. 1987; Finlay and Darlington 

1995; Johnson 2001; Kolb and Gibb 2011; Cai et al. 2015), modifying 

normal development of neural circuits controlling emotional and cognitive 
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behaviours in adult mammals (Kaffman and Meaney 2007). On the 

contrary, CN model is associated with an increase in body weight during 

lactation that persists until weaning and adulthood (Sayler and Salmon 

1969; D’Amato et al. 2011) whereas in other studies the increase in body 

weight did not last into adulthood (Heiderstadt and Blizard 2011; 

Heiderstadt et al. 2014). In our study, these differences were only 

maintained during lactation and disappeared when pups were weighed few 

days after weaning (PD30) since our body weight differences were of less 

magnitude as those found in previous studies. Moreover, these 

discrepancies may be due to the strain mice used since the experiments 

before mentioned used inbred mice or BALB/c mice.  

Maternal separation is related to enhanced anxiety-like behaviour in the 

offspring (van Oers et al. 1997; Huot et al. 2001; Martini and Valverde 

2011). This goes in agreement with our results showing that adolescent 

mice (male and female) showed greater anxiety responses that were 

maintained into adulthood in females. These results highlight the long-

lasting emotional effects of maternal separation and the higher sensitivity 

of female mice to become anxious in response to stress (Rhodes and 

Rubin 1999). Regarding the CN model, the results obtained in various 

studies were not robust. In this term, studies developed in outbred mice 

have shown that adult mice reared in CN displayed increased anxiety in 

the EPM and increased thigmotaxis in the open-field test (Branchi et al. 

2006b; Branchi et al. 2006a). However, no differences in anxiety-

behaviour have been found in studies using inbred mice at adulthood 

(Sayler and Salmon 1969; D’Andrea et al. 2007; Gracceva et al. 2009). It 

is important to note that these studies used adult male mice, whereas in 

our study we evaluated male and female at both adolescence and 

adulthood. Therefore, our results showed that female mice reared under 

CN conditions displayed an increase in anxiety-like behaviour at 
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adolescence that persisted into adulthood suggesting that female mice 

were more sensitive to this rearing condition. These results were not in 

agreement with a previous study in which no differences in anxiety-like 

behaviour in adult female mice were found (D’Andrea et al. 2010). 

However, the experimental conditions in the previous study were different 

to our experiments since they assessed the EPM in mice of 5 months old 

and during the dark period whereas we performed the EPM in mice of 90 

days old and during the light period of the cycle. Therefore, the 

presentation of high aversive situations may be helpful to discriminate low 

from high anxiety behaviour. Thus, our experimental conditions seemed 

to produce higher anxiety levels than those observed in the study by 

D´Andrea and coworkers. 

Furthermore, our results proposed that male and female MSEW mice 

displayed emotional alterations associated with anhedonic-like state and 

despair behaviour that were maintained into adulthood. Adolescent male 

MSEW mice showed a hypolocomotor phenotype that is likely related to 

apathetic behaviour (Sobin and Sackeim 1997; Lavretsky et al. 1999). 

This hypolocomotor phenotype did not persist into adulthood. Indeed, the 

hypolocomotor phenotype was only found in adolescent male mice when 

the spontaneous locomotor activity was assessed (Fig. 20), but not in other 

paradigms that indirectly provide data of locomotion (EPM and 

habituation for the evaluation of the nociceptive threshold). Therefore, the 

hypolocomotor phenotype in MSEW adolescent mice seemed not to 

influence the behavioural findings. In addition, our experiments displayed 

that adolescent MSEW group of mice had a reduction in the preference of 

saccharin over water as well as a decrease in the consumption of 

saccharin, indicating that early life stress provoked behavioural alterations 

related to anhedonia, a main symptom of depressive disorders present also 

in mice exposed to chronic stress (D’Aquila et al. 1997; Harkin et al. 
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2002; Strekalova et al. 2004), such as the MSEW procedure. Our results 

were in agreement with previous studies showing reduced saccharin 

consumption in two accepted models inducing depressive-like symptoms 

in rodents as chronic mild stress (Harkin et al. 2002; Pijlman et al. 2003; 

Schweizer et al. 2009), and social defeat (Furay et al. 2011; Shimamoto et 

al. 2015). In agreement with our results, various studies in rats using 

maternal separation model did not find differences in sucrose preference 

at adulthood (Shalev and Kafkafi 2002; Matthews and Robbins 2003). 

Concerning the CN, our results showed increased despair-like behaviour 

in adolescent male mice and adult female mice as well as a reduction in 

the third day of saccharin consumption in adolescent male mice. Previous 

results showed an increase in the floating time in the forced swimming 

test in adult male and female mice in the CN, although they interpreted 

this immobility as successful and adaptive strategy to preserve energy 

(Branchi et al. 2010; D’Andrea et al. 2010) since the administration of 

antidepressants reduced the floating time in CN mice, whereas the floating 

time in SN did not change. Moreover, they found an increase in the 

sucrose preference test in adult female from CN group at basal conditions 

(D’Andrea et al. 2010) that persisted after isolation, whereas adult male 

were more sensitive displaying a reduction in the sucrose preference after 

isolation (D’Andrea et al. 2010). In our study, we did not find differences 

between SN and CN group excepting the third day of saccharin 

consumption in adolescent male mice suggesting that under our 

experimental conditions the CN is not as protective as reported by Branchi 

and colleagues.  

As expected, a significant sex effect was found in various behavioural 

tests in our study, since female mice from MSEW group were more 

sensitive to adverse emotional conditions than males exposed to the same 

experimental conditions. These results were consistent with experimental 
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(Palanza 2001; Palanza et al. 2001; Renoir et al. 2011) and clinical studies 

(Kessler 2003; Altemus 2006) which exposed a higher prevalence for 

depressive symptoms in females. Hence, women could be more sensitive 

than men to early negative experiences, showing a higher vulnerability to 

develop pathopsychological traits after early life detrimental events 

(Weissman et al. 1996; Kudielka and Kirschbaum 2005; Sherin and 

Nemeroff 2011). Concerning this issue, gonadal hormones display 

profound effects in the CNS. In this sense, estradiol and progesterone 

have a role in the anxiety-like behaviour in rodents through their action on 

estrogenous receptors (Lund et al. 2005; Osterlund et al. 2005; Tomihara 

et al. 2009; Spiteri et al. 2010). Therefore, experimental studies showed 

that estradiol and progesterone display anxiolytic effects under different 

procedures to evaluate anxiety in rodents (Zimmerberg and Farley 1993; 

Mora et al. 1996; Fernández-Guasti and Picazo 1997; Palanza et al. 2001). 

Furthermore, we have also validated that low progesterone and 

estrogenous levels such as seen in diestrus and in male mice can enhance 

susceptibility to anxiogenic effects induced by cocaine (Martini et al. 

2014). Various studies also revealed the effects of the estrous cycle in the 

responsiveness of stress (Zimmerberg and Farley 1993; Mora et al. 1996; 

Fernández-Guasti and Picazo 1997; Palanza et al. 2001). These results 

indicate a decrease in behavioural levels of anxiety during proestrus 

phase, when levels of ovarian steroids hormones are higher (Butcher et al. 

1974). In our study, the estrous cycle was not assessed because of the 

complexity of the experimental procedure and the number of different 

manipulations achieved in the mice during the complete procedure. 

Consequently, we cannot discard the involvement of hormonal milieu in 

the emotional alterations observed in female mice after the exposure to 

MSEW or CN. Indeed, a recent study has shown that maternal separation 

impaired the influence of estrous cycle on feeding behaviour in rats 

(Iwasaki and Inoue 2015).  
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A substantial proportion of depressive patients also exhibit cognitive 

deficits and retardation, affecting in particular to several memory 

functions, including declarative memory, executive functions and 

emotional processing (Eriksson et al. 2012). Several studies have 

associated cognitive impairments found in depressive patients with 

monoaminergic neurotransmission alterations (Tsuji et al. 2003; Clark et 

al. 2009). Indeed, acute TRP depletion modulates 5-HT availability in the 

brain and seems to play an important role in mediating resistance to 

distracting negative information (Roiser et al. 2008). In line with these 

findings, our results also revealed that MSEW female mice displayed 

emotional memory impairments, as shown in clinical studies (Roiser et al. 

2008) and different animal models (Eriksson et al. 2012), leading us to 

propose that the emotional memory impairments observed in MSEW 

females, in the passive avoidance task, could be related to alterations in 

the TRP-KYN pathway. In our experimental conditions, the response 

observed in female MSEW mice could not be related to alterations in 

locomotor activity or in the electric nociceptive threshold. Actually, 

previous experiments have found a reduction in thermal pain sensitivity 

after maternal separation (Weaver et al. 2007), whereas our experiments 

showed no changes in the electric nociceptive threshold neither for rearing 

conditions nor for sex (Table 5). Moreover, alterations in the performance 

in passive avoidance test could be attributed to neuroinflammatory 

reactions induced by the chronic exposure to MSEW (Elmore et al. 2015; 

Lykhmus et al. 2015). Interestingly, adolescent female CN mice displayed 

a slight reduction in the latency to enter the black compartment related to 

emotional memory alterations at adolescence without statistical 

significance, whereas they showed impaired emotional memory at 

adulthood. It is important to note that female CN mice also had an 

increase in the neuroinflammatory response at adolescence. However, no 

alterations in memory and learning have been described before in CN 
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model (D’Andrea et al. 2007; Heiderstadt et al. 2014), although the 

performed tests were the Morris water maze (D’Andrea et al. 2007) and 

the Lashley III maze (Heiderstadt et al. 2014) which involved spatial 

memory dependent on the hippocampal formation (Vorhees and Williams 

2006; Lashley 1963) whereas the passive avoidance task involves the 

amygdala (LeDoux 1993; Phelps 2004). Hence, the different brain areas 

involved may underlie different memory processes. In addition, no 

differences in pain threshold have been described in CN model. 

Recent preclinical and clinical findings propose the implication of the 

immune system in depressive disorders through a mechanism involving 

inflammatory responses (Motivala et al. 2005; Miller et al. 2009; Felger 

and Lotrich 2013). To explore this possibility, we evaluated peripheral 

and central inflammatory responses related to microglial activation, a 

primary source of pro-inflammatory cytokines in the brain, in males and 

females exposed to different rearing conditions. Our experiments revealed 

that inflammatory reactions were developed in discrete brain areas, such 

as PFC and hippocampal areas (CA1, CA3 and DG). Thus, we observed 

significant microglial activation in female mice exposed to MSEW and 

CN, whereas no changes were observed in males exposed to the same 

conditions. The highest levels of activated microglial cells were found in 

the PFC and CA1, and CA3 hippocampal areas, brain structures involved 

in the control of emotional and cognitive functions (Palazidou 2012). 

Moreover, hippocampal areas participate in the regulation of the activity 

of HPA axis, also involved in the pathophysiology of depression as 

explain before (Nestler 2014; Cai et al. 2015). In fact, microglial cells 

activation was higher in CA1 and CA3 hippocampal regions in female 

from MSEW and CN groups, being these regions susceptible to be 

damaged after the excessive activation of the HPA axis by stress, and also 

critically involved in emotional behaviours (Fanselow 2000). Our data 
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agreed well with previous studies showing a higher activation of microglia 

in depressive mice exposed to chronic unpredictable mild stress (Farooq et 

al. 2012). In contrast, astrocytic activation showed no significant 

differences in the number of immunoreactive cells between groups. 

However, post-mortem analysis in brain tissues from patients suffering 

depression have shown a decrease in the number of astrocytes in brain 

areas related to emotional control (Miguel-Hidalgo et al. 2000; Rajkowska 

and Miguel-Hidalgo 2007), although opposite data was also reported by 

different authors (Davis et al. 2002; Malchow et al. 2014). These last 

studies did not reveal changes in the number or density of astrocytes in 

post-mortem brain tissues from patients with a diagnostic of depression. 

Therefore, evidences pointed out that stress regulates astrocytic 

proliferation (Sharma et al. 1992; Lambert et al. 2000), whereas others 

studies reported diminished GFAP-immunoreactive astrocytes in 

neocortex and HC (Czéh et al. 2006; Banasr et al. 2010). These 

contradictory results could be due to different methodological factors 

including stress induction, temporal schedules, species and strain, and 

require further investigations to standardize experimental conditions in 

order to be adequately considered.  

At peripheral level, cytokine IL-6 levels did not reveal significant 

differences between groups, despite that a tendency to increase cytokine 

levels was observed in female MSEW group, accordingly with our 

behavioural and neuroinflammatory results. However, an increase in pro-

inflammatory cytokines serum levels was found in maternal separated rats 

after forced swimming test (Réus et al. 2015b) suggesting that stress 

induces the activation of the immune system after early adverse 

experiences. Furthermore, several studies using alternative models to 

induce depression (such as social defeat or learned helplessness) showed 

increased IL-6 levels in serum (Sukoff Rizzo et al. 2012; Hodes et al. 



Discussion 

154 

 

2014), whereas another study revealed no changes in IL-6 in serum from 

depressive mice (Farooq et al. 2012). Clinical studies in humans reported 

that IL-6 production appeared increased in adolescents with antecedents 

of childhood adversity as a predictive biomarker of depression (Miller and 

Cole 2012). Taken together, the apparent discrepancy between basic and 

clinical researches could be attributed to the time point in which the 

samples were collected. In our case serum was collected at PD30 between 

9-13 days after weaning, thus allowing time for the development of 

compensatory mechanisms.  

Interestingly, the different impact of MSEW on microglial and astrocytic 

cell proliferation could play a relevant role in the development of 

depressive states (Miller et al. 2009), and could be attributed to an 

unbalance in the TRP-KYN metabolism pathway (Miller et al. 2009; 

Myint 2012). Alterations in this metabolic pathway have been formerly 

associated with impairments in the functionality of different 

neurotransmitter systems including those related to the control of mood 

(Miller et al. 2009). Therefore, KYN is preferentially converted to 

kynurenic acid in astrocytes and in quinolenic acid in microglial cells. A 

neuroprotective role has been attributed to kynurenic acid in the brain 

whereas quinolenic acid seems to have a neurotoxic activity (Borland and 

Michael 2004; Müller and Schwarz 2007; McNally et al. 2008). This 

process emphasizes the deleterious effects of inflammatory reactions in 

neuronal repair and survival. In this context, previous studies developed in 

our laboratory showed that a single episode of maternal separation 

induced a decrease in BDNF levels in discrete brain areas including HC 

and amygdala (Martini and Valverde 2011), demonstrating the association 

between neuroplasticity and early life negative experiences. In 

consequence, female MSEW group exhibited decreased 5-HT metabolism 

in the PFC, revealed by a decrease in the 5-hydroxyindoleacetic acid and 
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5-hydroxyindoleacetic acid/5-HT ratio, leading us to propose a functional 

reduction of 5-HT neurotransmission that may be involved in the 

development of a depressive-like state in animals exposed to MSEW. We 

could consider that these functional modifications in 5-HT 

neurotransmission are not exclusively due to the availability of the 5-HT, 

and alterations in the functionality of different components of the 

signaling neurotransmitter pathways could also contribute to the alteration 

observed. These possibilities were not addressed in the present study and 

further experiments would be required to clarify these points. In 

accordance, reduced expression of 5-HT1A receptors was proposed to 

explain the anxiety-like behaviour displayed in rats exposed to prenatal 

stress (White and Birkle 2001) or maternal separation (Leventopoulos et 

al. 2009; Bravo et al. 2014). Furthermore, post-synaptic 5-HT1A receptors 

are located mainly in the PFC (Palacios et al. 1990), and the reduction of 

5-HT transporter sites and 5-HT1A receptors levels has been observed in 

this brain area in post-mortem patients of depression (López-Figueroa et 

al. 2004), suggesting that cortical 5-HT neurotransmission is altered (Le 

François et al. 2015), as proposed in our present findings. In addition, 

mice lacking CB1 cannabinoid receptors, a proposed animal model of 

depression (Valverde and Torrens 2012) displayed alterations in 5-HT1A 

and 5-HT2C receptors within brain areas related to the control of 

emotional responses (Aso et al. 2008). Analysis of the TRP-KYN pathway 

in MSEW mice revealed a decrease in the relation between kynurenic acid 

and KYN, showing a decrease in the production of kynurenic acid, a 

metabolite with neuroprotective effects (Borland and Michael 2004; Sas et 

al. 2007; Klein et al. 2013). Interestingly, the ratio between 3-

hydroxykynurenine and kynurenic acid, the neurotoxic and the 

neuroprotective metabolites respectively resulted in a significant increase 

for mice reared in MSEW conditions. Consequently, we propose that the 

KYN metabolic pathway could be unbalanced towards the production of 
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neurotoxic metabolites such as 3-hydroxykynurenine and quinolenic acid. 

Meanwhile, no changes were found in 3-hydroxykynurenine levels, we 

propose that KYN is metabolized to quinolenic acid through anthranilic 

acid, an alternative metabolic pathway (See Fig. 2). Nevertheless, the 

concentration of quinolenic acid from our selected brain areas was too 

small to be accurately quantified. In agreement, clinical studies have 

stated an imbalance between neuroprotective and neurotoxic metabolites 

of KYN metabolic pathway measured in serum samples from depressive 

patients (Myint et al. 2007) showing lower KYN/kynurenic acid ratio in 

depressive patients that correlates with a decrease in the neuroprotective 

metabolites activity. Strikingly, this imbalance in the KYN pathway was 

not reversed after chronic antidepressant treatment (Heyes et al. 1992). In 

addition, supplementary clinical studies supported our hypothesis and 

showed that quinolenic acid in post-mortem brain tissues (PFC and HC) 

was increased in patients with depression and bipolar disorder, 

respectively (Steiner et al. 2011). Furthermore, an increase of KYN and 3-

hydroxyanthranilic/KYN ratio in serum was also observed in adolescents 

with melancholic depression (Gabbay et al. 2010), supporting our idea 

that the KYN could be metabolized to quinolenic acid via anthranilic acid 

pathway. The unexpected lack of significant changes found in HC may be 

probably attributed to the neurological heterogeneity of this brain area, as 

previously reported (Laugeray et al. 2010). Taken together, our results 

demonstrated for the first time that mice from MSEW displayed an 

unbalance in the KYN metabolic pathway that could explain the impaired 

emotional behaviour observed in these animals, and led us to propose the 

involvement of these metabolic pathways in the pathophysiology of 

depressive states. 

Under our experimental conditions, we could not confirm the protective 

role of CN, probably because this breeding condition involves energetic 
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cost and increases the competition for food in pups (Hayes 2000). 

Moreover, it is important to note that in the CN cages increased pup 

numbers causes a reduction in the space per pup that could involve 

overcrowding as well as increased humidity or ammonia levels that could 

induce detrimental health effects (Heiderstadt et al. 2014). Indeed, in our 

experimental conditions we had to change the CN cage more frequently 

than SN or MSEW cages. In addition, as a result of previous studies 

(Goody and Kitchen 2001), it has been reported that delayed weaning 

facilitates depressive-like behaviour in rodents (Farshim et al., 2011) due 

to a mechanism involving opioid neurotransmission (Filliol et al. 2000; 

Goody and Kitchen 2001). In fact, delayed weaning seemed to specifically 

activate delta-opiod receptors, and consequently produced an unbalance in 

mu-opioid receptor activity, as reported (Filliol et al. 2000). Delayed 

weaning altered delta-mu opioid function that was associated with the 

longer consumption of maternal milk (Goody and Kitchen 2001). 

Consequently, the increased pup number and the prolonged lactation in 

the CN group could contribute to explain the unexpected emotional 

behavioural alterations observed in CN group in our experimental 

conditions. Therefore, our results did not support a beneficial role in 

offspring reared in CN for all stated above, thus we decided not to 

evaluate the CN group in drug additive behaviour. 
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3. Maternal separation influences cocaine-addictive 

behaviour through the modulation of the 

dopaminergic system. 

The impairment of brain reward function is hypothesized to be involved in 

the symptoms of depression, reducing positive affect and inducing 

anhedonia (Nestler et al. 2002; Nestler and Carlezon 2006). This 

impairment may also be related to the high comorbidity between 

depression and substance use disorders (Merikangas et al. 1999; 

Cheetham et al. 2010). In addition, maltreatment early in life induces 

pathological disturbances leading to negative emotional states (Koob 

2008; Lupien 2014; Van Dam et al. 2014). The individuals suffering early 

maltreatment are prone to consume drugs as a results of negative 

reinforcement mechanisms, which could results in increased reward 

thresholds (Koob 2008; Koob 2009b). Therefore, the second objective of 

the study was to evaluate the influence of negative early life experiences 

induced by MSEW on the rewarding and reinforcing properties of cocaine 

after an acute or repeated treatment. Aberrant plasticity on dopaminergic 

reward circuits was also investigated in adolescent male mice. It is 

important to note that whereas research on drugs of abuse in animal 

models has been increased in the past decade, experiments exploring drug 

abuse, adolescence, and stress have received poor attention (Burke and 

Miczek 2014). 

The mechanisms involved in psychiatric comorbidity may differ 

depending on the temporal course of its development (i.e. depression 

followed by drug abuse or vice versa) (Volkow 2004). Therefore, in our 

experimental conditions, MSEW seems to be an appropriate experimental 

model for studying the implication of depression on the substance use 

disorders since as stated in the previous section, MSEW induces 

behavioural impairments and neurochemical alterations that recapitulate 



Discussion 

159 

 

depressive symptoms in rodents. Consequently, we evaluated the drug 

addictive behaviour during adolescence in mice exposed to MSEW since 

little is known about the effects of negative early experiment at this age. 

In fact, adolescence is an important period of life in which brain regions 

involved in emotional control and impulsivity are under maturation 

processes (Spear 2000; Crews et al. 2007; Giedd 2008). 

Our results in the cocaine-induced conditioned place preference paradigm 

indicated that mice from SN group conditioned at different doses (3 

mg/kg, 15 mg/kg and 25 mg/kg), whereas MSEW mice conditioned only 

at the highest dose of cocaine used (25 mg/kg), suggesting that MSEW 

mice needed higher doses of cocaine to experience the rewarding effects 

of the psychostimulant.  

One possibility to explain these results could be attributed to possible 

cognitive deficits induced by MSEW in mice since several studies have 

reported learning and memory deficits in rodents exposed to maternal 

separation (Wang et al. 2011; Thomas et al. 2015). The decrease of the 

rewarding effects of cocaine in CPP was not due to cognitive impairments 

since MSEW mice were able to respond at the highest dose of cocaine (25 

mg/kg), indicating that mice appropriately responded to the contextual 

cues. Thus, we hypothesized that MSEW induced modifications in the 

dopaminergic system altering the rewarding properties of cocaine. 

Consequently, our results are in agreement with the anhedonia displayed 

by MSEW mice at adolescence in the saccharin test (Gracia-Rubio et al. 

2015). In addition, previous studies have shown decreased rewarding 

effects of amphetamine (Papp et al. 1991) and morphine (Valverde et al. 

1997) in animals exposed to chronic mild stress. Moreover, in a neonatal 

model of stress has also been reported a decrease in the rewarding 

properties of cocaine evaluated in the conditioned place preference (Hays 



Discussion 

160 

 

et al. 2012). However, a different model of maternal separation showed an 

enhancement in rewarding effects of morphine evaluated in the 

conditioned place preference (Vazquez et al. 2007), as well as in 

adolescent social defeat mice using cocaine (Rodríguez-Arias et al. 2015), 

suggesting an increase sensitivity in stressed mice. 

Strikingly, acute administration of cocaine (7.5 mg/kg) induced similar 

enhanced locomotor activity in mice exposed to SN and MSEW groups. 

Although the repeated administration of cocaine increased locomotor 

activity in SN and MSEW groups of mice, this increase was higher in SN 

group, indicating reduced cocaine effect in MSEW mice. No differences 

were found between groups when saline was administered after the 

repeated treatment of cocaine to evaluate the cocaine-conditioned 

locomotion, although mice pretreated with cocaine displayed higher 

locomotion activity than saline-pretreated mice. In addition, cocaine-

pretreated SN mice showed higher locomotor activity than MSEW, 

whereas no differences were found between saline-pretreated groups. We 

concluded that MSEW was involved in the capability of cocaine to induce 

behavioural sensitization. Particularly, MSEW decreases the intensity of 

behavioural sensitization compared with SN group probably reducing the 

ability of cocaine to induce the neuroadaptations for the development of 

this behaviour. In addition, it is important to note that the dose of cocaine 

selected for our study (7.5 mg/kg) was lower than those used in previous 

studies evaluating behaviour sensitization (Kikusui et al. 2005). 

Therefore, our findings evaluating sensitization in mice exposed to 

MSEW are in line with our results observed in the place preference 

paradigm that is a reduction in the cocaine effects in mice exposed to 

MSEW. Consequently, the lower sensitivity to the psychostimulant might 

lead to increase experiences with the drug to experience its pleasurable 
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effects which is strongly linked to the initial phases for the development 

of addictive disorders (Planeta and Marin 2002).  

Previous studies using maternal separation models showed no consistent 

results regarding the psychostimulants effects. Thus, an increase in 

cocaine sensitization after repeated maternal separation was observed in 

adult mice (Matthews et al. 1999; Kosten et al. 2003; Kikusui et al. 2005). 

However, other studies have shown a less robust behavioural response 

after cocaine administration in female adult rats after maternal separation 

(Li et al. 2003). Moreover, no differences in behavioural sensitization in 

adolescent male rats after maternal separation were reported (Planeta and 

Marin 2002). Our experimental conditions were different to those reported 

in the previous studies for both, the maternal separation and the 

sensitization procedures, and consequently, clear conclusions are difficult 

to be drawn. 

We have also evaluated cocaine-induced reinforcing effects in the i.v. 

self-administration procedure using an operant paradigm. In the present 

study, no differences between rearing conditions were found in the self-

administration procedure probably due to the dose of cocaine (1 mg/kg 

per infusion) selected and the duration of the training period. Therefore, 

further studies are required to complete this particular study.  

In this sense, preclinical studies have found that negative early life 

experiences can modulate the rewarding mesolimbic circuits in adulthood; 

both increasing reward induced behavioural-reinforcement (Matthews et 

al. 1999; Kosten et al. 2003) or reducing rewarding responses, probably 

due to the development of anhedonia (Martini and Valverde 2011; 

O’Connor et al. 2015). Other studies evaluating different models of 

repeated stress such as social defeat have also shown controversial data. 

Consequently, whereas adult social defeat stress resulted in an escalated 
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cocaine self-administration in socially stressed adult mice (Han et al. 

2015), no differences were found in social stressed adolescent mice 

(Rodríguez-Arias et al. 2015).   

Regarding the molecular evaluation of the dopaminergic system in mice 

exposed to MSEW, a decrease in D2R protein expression levels in the 

NAc and an increase of the transcriptional factors Nurr1 in the VTA 

during adolescence were found. However, no differences in DAT, DA 

turnover or the transcriptional factor Pitx3 were observed. The decrease in 

D2R in saline-treated MSEW mice could reflect the anhedonia-like effects 

observed in behavioural studies, and thus the attenuation of rewarding 

activity of mesolimbic system. Accordingly, a model of PTSD also 

displayed a decrease in D2R in NAc and showed anhedonia-like 

behaviour as well as a decrease in cocaine intake in self-administration 

procedure (Enman et al. 2015). In agreement, mice exposed to stressful 

situations during several days also showed a D2R density reduction in the 

NAc (Puglisi-Allegra et al. 1991). At this point, we must consider the 

hypothesis by Volkow and colleagues, proposing that high levels of D2R 

confer resilience to developed substance use disorders whereas low levels 

of D2R increase vulnerability to suffer this psychiatric disorder (Volkow 

et al. 2002). This hypothesis supports our results regarding the lack of 

reward observed in conditioned place preference, since MSEW mice 

probably required high doses of cocaine to experience reward. 

Accordingly, the administration of D2R antagonist, sulpiride (100 mg/kg, 

i.p.), reduced cocaine sensitization (Mattingly et al., 1994) and blocked 

cocaine, morphine and alcohol rewarding effects in the place preference 

paradigm (Matsuzawa et al. 1999; Rezayof et al. 2002; Nazarian et al. 

2004). Interestingly, knockout mice lacking D2R receptors exhibited a 

higher cocaine self-administration than wild-type littermates only at 

higher doses of cocaine, whereas no differences were found between 
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genotypes when using lower doses of cocaine (0.03 and 3.2 mg/kg per 

infusion) (Caine et al. 2002). These results support that D2 receptors seem 

not to be essentials in the manifestations of reinforcing effects of cocaine, 

and their participation in reward responses depends of the range of 

cocaine doses assayed. Other studies have also evaluated the participation 

of maternal separation on the dopaminergic function, reporting no 

differences in D2R density in adult mice (Vazquez et al. 2007) while a 

model of prenatal stress found an increase in the expression of these 

dopaminergic receptors (Katunar et al. 2009). These results are in line 

with cocaine sensitization results here reported. Therefore, the decrease of 

D2 receptors could be related to the reduction of cocaine-induced 

locomotion in mice exposed to MSEW. In addition, our data also show the 

existence of a compensatory mechanism to enhance the impaired 

dopaminergic activity through an increased expression of Nurr1 protein 

levels in the VTA. Nurr1 is a transcription factor essential for the 

differentiation of midbrain DA neurons (Jankovic et al. 2005). Therefore, 

D2R KO mice exhibited an enhancement of Nurr1 levels in the VTA and 

substance nigra whereas no differences were found in other brain regions 

such as cortex or habenular nuclei (Tseng et al. 2000). Moreover, both 6-

hydroxydopamine lesions in the striatum (Ojeda et al. 2003) and the 

exposure to prenatal stress (Katunar et al. 2009) produced a rapid increase 

of Nurr1 expression in the substance nigra, as a compensatory mechanism 

to the dopaminergic activity lost.  

Our results in SN mice during cocaine-induced conditioned place 

preference showed no changes in protein expression of DAT, D2R, Nurr1, 

and Pitx3 as well as in DA turnover, suggesting that cocaine did not 

produce neuroadaptations in the dopaminergic system after a sub-chronic 

cocaine treatment. It is important to note that mice were sacrificed 48 h 

after the last cocaine injection when no expected residual psychostimulant 
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effects remained. In this sense, decreases in Nurr1 and Pitx3 protein were 

found after 14 days of cocaine treatment, without changes after acute or 

shorter cocaine treatment. Surprisingly, no differences were observed in 

TH, DAT, VMAT2 or D2R after 14 days of cocaine treatment (Leo et al. 

2007). In those conditions, the decreased expression of Nurr1 and Pitx3 

can be viewed as a homeostatic response to increased DA 

neurotransmission after the cocaine treatment. Moreover, the lack of 

modulation of other genes affecting DA neurotransmission after chronic 

cocaine administration suggests that the partial down-regulation of Nurr1 

and Pitx3 may not be enough to modify the expression of some putative 

downstream target genes (Leo et al. 2007). However, the morphine (acute 

and chronic treatments) and the morphine withdrawal enhances the 

expression of the former dopaminergic factors inducing alterations in the 

expression of DAT, VMAT and D2R (García-Pérez et al. 2014; García-

Pérez et al. 2015). Our results lead us to suggest that mice exposed to 

MSEW developed a hypofunction of the dopaminergic system as revealed 

in saline-treated mice. This dopaminergic dysfunction is hypothesized to 

contribute to drug-seeking and drug-taking behaviours (Morgan et al. 

2002; Koob and Volkow 2010). Therefore, the intermittent administration 

of cocaine in MSEW mice was able to induce neuroadaptations in the 

dopaminergic system, which would be involved in compensatory 

mechanisms. Consequently, MSEW exposed to cocaine displayed 

increased protein expression levels of DAT, D2R and DA turnover as well 

as decreased of Nurr1 and Pitx3 when compared with saline-treated 

MSEW mice. However, further experiments would be needed to clarify 

the implication of MSEW model in the acute and long-term regulation of 

the dopaminergic system. Although our results showed an attenuation of 

cocaine rewarding effects and cocaine-induced sensitization, we conclude 

that MSEW is an appropriate model to investigate the influence of 

anhedonia (a main symptom of depression) on substance use disorders, 
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due to the higher vulnerability to develop addictive disorders presumably 

related to the reduction in dopaminergic activity in circuits controlling 

reward.
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The final conclusions of the present Doctoral Thesis are the following: 

1. Detrimental early life events such as maternal separation with 

early weaning reproduce most of the behavioural impairments 

associated with emotional alterations in mice, including 

locomotor changes, anxiety-like responses, despair- and 

anhedonia-like behaviours. Interestingly, these changes are 

revealed during adolescence and persist into adulthood. 

  

2. Maternal separation induces cognitive impairments associated 

with emotional learning and memory tasks. These deficits cannot 

be attributed to alterations in locomotor activity or in the 

nociceptive threshold to electric stimuli. 

 

3. Mothers exposed to maternal separation display an increase of the 

maternal care behaviour, presumably to compensate the exposure 

to stressful situation of repeated episodes of separation. However, 

the enhancement of maternal care failed to recover the complete 

neurobiological functions and behaviours impaired in the 

offspring. 

 

4. Mice exposed to maternal separation show higher microglia 

activation related to neuroinflammatory processes in discrete 

brain areas, such as PFC and hippocampal areas (CA1, CA3).  

 

5. Mice exposed to maternal separation display an unbalance in the 

tryptophan-kynurenine metabolism pathway in the PFC, 

suggesting that this pathway is involved in the emotional 

alterations induced by negative early life experiences.  

 



Conclusions 

 

170 

 

6. Most of the neurochemical and behavioural alterations here 

reported are sex-dependent since a higher vulnerability to 

repeated stress exposure was observed in female. 

7. The protective role of communal nest cannot be confirmed 

because of the neurochemical and behavioural alterations found in 

these mice, probably due to energetic cost and competition for 

food in pups in these breeding conditions. 

8. Mice exposed to maternal separation show attenuated rewarding 

properties of cocaine in accordance with the development of 

anhedonia as exposed above. No differences were found in self-

administration of cocaine. 

 

9. Maternal separation causes a decrease in behavioural sensitization 

induced by cocaine suggesting the impaired development of the 

neuroadaptive processes induced by the repeated treatment with 

cocaine. 

 

10. Mice exposed to maternal separation showed decreased protein 

expression levels of D2 receptors and an increased of the 

transcriptional factor Nurr1, suggesting a hypofunctionality of the 

dopaminergic system accordingly with the anhedonia-like 

behaviour observed in mice exposed to maternal separation. 

 

11. Maternal separation with early weaning could be considered as a 

useful model to investigate the comorbidity between depression 

and substance use disorder as it induces alterations in emotional 

and drug addictive behaviours.  
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ABSTRACT 

Maltreatment early in life induces pathological disturbances leading to 

negative emotional states. Therefore, early-life stress enhances the 

vulnerability to develop substance use disorders, principally during 

adolescence since the brain is under a maturation process. We investigated 

the consequences of maternal separation, a validated model of early-life 

stress, on drug dependence and neuroplasticity of dopaminergic system 

since its implication in the reward function. Our results showed that mice 

exposed to maternal separation displayed attenuated rewarding properties 

of cocaine and a decrease behavioural sensitization, whereas no changes 

were found in self-administration of cocaine. In addition, the evaluation of 

neuroplasticity in the striatal dopaminergic pathways revealed decreased 

protein expression levels of D2 receptors and increased of the 

transcriptional factor Nurr1, suggesting a hypofunctionality of the 

dopaminergic system accordingly with the anhedonia-like behaviour 

observed in mice exposed to maternal separation. Consequently, MSEW 

exposed to cocaine displayed increased protein expression levels of DAT, 

D2R and DA turnover as well as decreased of Nurr1 and Pitx3 when 

compared with saline-treated MSEW mice. 

Keywords: Cocaine, comorbidity, early life stress, dopaminergic system 

Abbreviations: Conditioned place preference (CPP); D2 dopamine 

receptor (D2R); Dopamine (DA); Dopamine transporter (DAT); 

Dihydroxyphenylacetic acid (DOPAC); Glyceraldehyde 3-phosphate 

dehydrogenase (GADPH); High-performance liquid chromatography 

(HPLC); Horseradish peroxidase (HRP); Intraperitoneal (i.p.); Intravenous 

(i.v.); Maternal separation with early weaning (MSEW); Nucleus 

accumbens (NAc); Nuclear receptor-related factor 1 (Nurr1); Postnatal 

day (PD); Paired-like homeodomain 3 (Pitx3), Standar nesting (SN); 

Tyrosine hydroxylase (TH); Vesicular monoamine transporter 2 

(VMAT2); Ventral tegmental area (VTA). 



Annex 

245 

 

1. Introduction 

Adverse early life conditions in infancy have been associated with brain 

development alterations (Kaufman et al. 2000) increasing vulnerability to 

develop a psychiatric disorder throughout life (Lupien et al. 2009) such as 

depression (Widom et al. 2007) or substance use disorder (Gerra et al. 

2009). In this term, maternal separation with early weaning (MSEW) has 

been proposed as an early life stress model that reproduces most of the 

behavioural alterations associated with mood disorders in mice at 

adolescence that persist in adulthood including despair, anxiety and 

anhedonia-like behaviour (George et al. 2010; Gracia-Rubio et al. 2015).  

Consequently, adolescents with mood disorders are two to four times 

more likely to develop substance use disorder (Riggs 1998) suggesting 

that stress-induced alterations in reward processing may contribute to a 

higher vulnerability to addictive behaviour (Koob and Le Moal 2008). 

Moreover, evidence from animal studies supports the notion that acute or 

chronic exposure to stress increases initiation and escalation of drug abuse 

(Sinha 2008). Therefore, several theories propose that drugs of abuse are 

used in efforts to self-medicate during emotional disorders in order to 

relieve the feelings of sadness and anhedonia (Weiss et al. 2009). Indeed, 

increasing evidence in humans shows that depressive states are likely 

determinants of cocaine use and abuse vulnerability (Cheetham et al. 

2010). Moreover, cocaine is the most used illicit drug abused after 

cannabis derivatives causing serious health pubic problems (WDR-

UNODC, 2015). 

In addition, adolescence is a critical period in which the main brain areas 

involved in cognitive and emotional skills are under maturation process 

(Crews et al. 2007). Furthermore, experimental studies have shown that 

during adolescence the mesocorticolimbic dopamine (DA) system, one of 

the most critical neural system relevant to processing salient events, 
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including responses to psychostimulants is undergoing developing 

changes (Everitt and Wolf 2002; Burke and Miczek 2014). This system is 

originated in the ventral tegmental area (VTA) which provides 

dopaminergic innervation not only to the nucleus accumbens (NAc), 

which is the most important substrate for reward, but also to the amygdala 

and the prefrontal cortex (Koob and Volkow 2010). Interestingly, several 

transcription factors regulate the maintenance of dopaminergic system 

including the orphan nuclear receptor Nurr1 and the paired-like homeobox 

gene, Pitx3 (Reddy et al. 2011). Nurr1 activates the transcription of 

tyrosine hydroxylase (TH), the rate limiting enzyme in the synthesis of 

DA, DA transporter (DAT) and the vesicular monoamine transporter 2 

(VMAT2) (Reddy et al. 2011). Additionally, Nurr1 expression is 

regulated by DA signalling, principally through D2 dopamine receptor 

(D2R). Consequently, D2R knockout (KO) mice have shown increased 

Nurr1 expression in midbrain DA neurons (Tseng et al. 2000). Pitx3 is an 

essential modulator of Nurr1-mediated transcription in midbrain DA and a 

crucial factor for specification of DA phenotype (Reddy et al. 2011). In 

addition, experimental studies have shown that cocaine use induces 

adaptive changes in cellular and synaptic function including alterations in 

the dopaminergic system (Leo et al. 2007) as well as stress situations 

(Enman et al. 2015). Several studies have tried to elucidate the link 

between emotional disorders and substance use disorder, nevertheless, 

only few studies have evaluated the effects of stress and drugs of abuse in 

rodents during adolescence (Doremus-Fitzwater and Spear 2010; 

Rodríguez-Arias et al. 2015), resulting necessary further investigation in 

this research area. 

Hence, in this study we investigated the rewarding, addictive effects, and 

dopaminergic system modifications induced by cocaine in adolescent 

male mice exposed to MSEW. We used CD1 mice to evaluate the effects 

of two experimental rearing paradigms MSEW and standard nest (SN) on 
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the rewarding properties of cocaine by conditioned place preference 

(CPP), cocaine-induced locomotion and the reinforcing properties of 

cocaine with the self-administration procedure. In addition, we studied the 

cocaine-induced modifications in the dopaminergic system after CPP in 

order to elucidate the neuroplasticity alterations in mice exposed to early 

life adverse experiences. 

2. Materials and methods 

2.1. Animals  

We used 36 male and 36 female outbred CD1adult mice as breeders 

purchased in Charles River, Barcelona, Spain, and shipped to our animal 

facility, UBIOMEX, PRBB. For the procedure of breeding, mice were 

housed in pairs in standard cages in a temperature- (21°± 1°C), humidity- 

(55% ± 10%), and light-cycle-controlled room. The room was lit between 

8:00 h and 20:00 h, and experiments were conducted during the light 

phase (8:30 to 15:00 h) except for the self-administration procedure, in 

which the room was lit between 20:00-8:00 h. Food and water were 

available ad libitum for mothers and offspring except during behavioural 

evaluation of the offspring. All procedures were conducted in accordance 

with national (BOE-2013-1337) and EU (Directive 2010-63EU) 

guidelines regulating animal research, and were approved by the local 

ethics committee (CEEA-PRBB).  

 

2.2. Rearing conditions  

The rearing conditions used were conducted as previously described 

(Gracia-Rubio et al., 2015). Briefly, mice were randomly assigned to the 

different experimental groups, SN and MSEW. In the MSEW group, 

offspring were separated from their mothers for 4 h per day on post natal 

(PD) PD2-5 (9:30-13:30 h) and 8 h per day on PD6-16 (9:30-17:30 h) 
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(George et al., 2010; Gracia-Rubio et al., 2015). Pups from MSEW group 

were weaned at PD17. Pups from SN group remained with their mothers 

until PD21 and were then weaned (PD21). After weaning, offspring were 

housed in groups of 4 animals of the same sex; females were not used in 

the ulterior experiments. 

  

2.3. Drug and injection procedure 

Cocaine was obtained from Agencia del Medicamento (Ministery of 

Health, Spain) and was dissolved in sterile physiology saline (0,9%). For 

the conditioned place preference paradigm (CPP) experiments, cocaine 

was administered by intraperitoneal route (i.p.) at the doses of 1.5, 3, and 

15 mg/kg. For locomotor sensitization study, cocaine was injected at the 

dose of 7.5 mg/kg (i.p.). For the self-administration procedure, cocaine 

was administered at the dose of 1mg/kg per infusion by intravenous (i.v.) 

route. 

2.4. Conditioned Place Preference Paradigm 

2.4.1 Procedure 

Details of the apparatus and the procedure of cocaine CPP are described in 

the Supplementary material and follow the protocol described previously 

with minor modifications (Tourino et al. 2012). 

2.4.2. Preparation of tissue extract 

Mice were sacrificed by decapitation 1 h after the test. The brains were 

rapidly removed and stored immediately at -80ºC until use for western 

blot analysis (DAT, DR2, Nurr1 and Pitx3) and high performance liquid 

chromatography (HPLC) analysis (DA and its metabolite 3,4-

dihydroxyphenylacetic acid (DOPAC) levels). Brains were sliced on a 

cryostat and kept at -20ºC until each region of interest comes into the 

cutting plane. NAc and VTA were micro-punched from frozen brain 
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sections (500 µm), sectioned using a cryostat, according to the mice brain 

atlas of Frankin and Paxinos (2008). All micro-punched samples were 

stored frozen at -80ºC.  

 

2.4.3. Electrophoresis and Western Blotting   

Bilateral punches from NAc and VTA, respectively, were placed in 

homogenization buffer. Western blot was performed as described 

previously (García-Pérez et al. 2014; García-Pérez et al. 2015b). The 

following primary antibodies were used rabbit polyclonal anti-Nurr1 

(1:500; sc-991, Santa Cruz Biotechnology, Santa Cruz, CA,USA); rabbit 

polyclonal anti-Pitx3 (1:750; ab30734, Abcam, Cambridge, UK); and rat 

monoclonal anti-DAT (1:2000; MAB369, Millipore), rabbit polyclonal 

anti D2R (1:500;AB5084P, Millipore). Goat anti-rabbit immunoglobulin 

G (IgG), Horseradish peroxidise (HRP)-linked (1:5000; sc-2004, Santa 

Cruz, Biotechnology) or goat anti-rat IgG, HRP-linked (1:5000;sc-2032, 

Santa Cruz Biotechnology) were used as secondary antibodies. Blots were 

incubated with stripping buffer (glycine 25mM, SDS 1%, pH2) for 1 hour 

at 37ºC and subsequently reblocked and probed with rabbit polyclonal 

antiglyceraldehyde 3-phosphate dehydrogenase (GADPH) (Cell Signaling 

Technology Inc., Danvers, MA, USA) or α-tubulin (Cell Signaling 

Technology Inc.), which were used as loading control. The ratios 

DAT/GADPH, D2R/GADPH, Nurr1/α-tubulin and Pitx3/α-tubulin were 

plotted and analysed. Proteins levels were corrected for individual levels. 

See Supplementary material for detail. 

 

2.4.4. Estimation of DA and its metabolite DOPAC 

 DA and DOPAC were determined in the NAc by HPLC with 

electrochemical detection as previously described (García-Pérez et al. 

2015a). See Supplementary material for detail. 
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2.5. Cocaine-induced locomotor sensitization procedure 

The sensitization to the hyperlocomotor response elicited by cocaine (7,5 

mg/kg, i.p.) was evaluated in adolescent male mice accordingly to a 

procedure previously described (Blanco et al., 2012) with minor 

modifications. Locomotor activity was measured in a low luminosity 

environment (20 lux) for 30 min the following days: the acute effect of 

cocaine was evaluated on day 3, and the effect of repeated cocaine 

treatment was evaluated after 5 days of cocaine treatment, on day 7. The 

possible effect of cocaine-conditioned locomotion during the repeated 

exposure to the locomotor activity boxes was evaluated after a single 

injection of saline, on day 13. Finally, the cocaine-induced sensitization to 

hyperlocomotor effects of cocaine was assessed after receiving a cocaine 

challenge injection (7.5 mg/kg, i.p.) on day 14. 

 

2.6. Operant cocaine self-administration  

Cocaine self-administration sessions were performed in accordance with 

the previously described protocols with minor modifications (Martini and 

Valverde 2011). Details of the apparatus, surgery and the cocaine self-

administration procedure are included in the Supplementary material. 

 

2.7. Statistical analysis 

To analyse data obtained in the CPP as well as western blot and HPLC 

experiments a two-way ANOVA were calculated with rearing groups and 

treatment factors of variation, followed the Bonferroni post-hoc test. For 

the cocaine locomotor sensitizacion studies, we calculated a three-way 

ANOVA with repeated measures (day factor) and between factors (rearing 

groups and treatment) followed by the Bonferroni post-hoc test. To 

analyse data from the 10-days training in the self-administration 

paradigm, a three-way ANOVA was calculated with day, treatment and 

rearing conditions as factor of variation. Data are represented as mean ± 
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SEM. A p-value<0.05 was considered statistically significant. Data were 

analysed using SPSS v19. 

 

3. Results 

3.1. Conditioned place preference 

The effect of maternal separation on the rewarding properties of cocaine 

(1.5; 3 and 15 mg/kg) was evaluated in adolescent male mice using the 

conditioned place preference paradigm. Two-way ANOVA showed a 

treatment effect (F(3,83)=6,30; p<0,001) without rearing group effect, nor 

interaction between both factors. Bonferroni post-hoc test in SN group 

showed a significantly effect for cocaine at doses of 3 and 15 mg/kg 

versus saline group (p<0.001) respectively. No significant differences 

were found in the MSEW group of mice (Fig. 1). 

3.2. Expression levels of DAT and D2R proteins and DA turnover in 

the NAc  

The effects of maternal separation on DAT, D2R and DA turnover were 

evaluated after performing cocaine-induced CPP. Two-way ANOVA 

analysis for DAT protein levels in the NAc showed a significant effect of 

group (F(1,25)=5.061; p<0.05), treatment (F(2,25)=4.157; p<0.05), and an 

interaction between these factors (F(2,25)=5.026; p<0.05). Bonferroni 

post-hoc analysis revealed that cocaine-treatments (3 or 15 mg/kg) 

significantly (p<0.05, p<0.01, respectively) increase the levels of DAT in 

MSEW mice when compared with the animals treated with saline (Fig. 

2A). Two-way ANOVA for D2R protein levels also showed no rearing 

group effect (F(1,26)=2.37; NS), no treatment effect (F(2,26)=1.393; NS) 

but a significant interaction between group and treatment (F(2,25)=6.502; 

p<0.05). Bonferroni post-hoc analysis showed that MSEW group treated 

with saline or cocaine (3 mg/kg) displayed a decrease in the D2R levels 

(p<0.05) when compared with the SN saline-treated group. Moreover, 
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D2R was increased in the MSEW group treated with higher dose of 

cocaine (15 mg/kg) when compared with saline group (p<0.01). Cocaine 

(15 mg/kg) treatment also induced increase levels of D2R in MSEW 

animals when compared with the SN group treated with the same doses 

(p<0.05) (Fig. 2B).  

To evaluate whether the activity of midbrain dopaminergic neurons was 

altered in SN and MSEW mice, after cocaine injection, DA content (data 

not shown), DOPAC production (data not shown) and DA turnover (as 

estimated by the ratio DOPAC/DA) were calculated in the NAc. Two-way 

ANOVA of DA turnover showed a group effect (F(1,24)=9.53; p<0.01) 

without treatment effect (F(2,24)=2.65; NS), nor interaction between these 

two factors (F(2,24)=3.36; NS). Bonferroni post-hoc test showed a 

significant increase in DA turnover in the MSEW group treated with 

higher dose of cocaine when compared with animals treated with saline 

(p<0.05). In addition, DA turnover was increased in the MSEW group 

treated with cocaine (15 mg/kg) when compared with SN group treated 

with the same dose of cocaine (p<0.01) (Fig. 2C). 

3.3. Expression levels of Nurr1 and Pitx3 proteins on VTA 

We also evaluated the expression levels of dopaminergic factors Nurr1 

and Pitx3 in the VTA of mice previously exposed to the cocaine-induced 

CPP. Two-ANOVA for Nurr1 levels in the VTA showed no rearing group 

effect (F(1,20)=0.64; NS), significant effect of treatment (F(2,20)=4.74; 

p<0.05) and a significant interaction between both factors (F(2,20)=7.09; 

p<0.01). Bonferroni post-hoc test revealed a significant decrease in Nurr1 

levels after cocaine-treatments (3 or 15 mg/kg; p<0.05; p<0.01, 

respectively) in the MSEW group when compared with saline-injected 

mice. Unexpectedly, MSEW animals receiving saline showed significant 

(p<0.05) elevation in Nurr1 levels versus the SN group (Fig.3A)  
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Two-way ANOVA for Pitx3 levels revealed rearing group effect 

(F(1,20)=8.90; p<0.05), no effect of treatment (F(2,20)=2.76; NS) with 

interaction between these two factors (F(2,20)=3.92; p<0.05). Bonferroni 

post-hoc analysis showed a significant (p<0.05) decrease in MSEW group 

treated with cocaine (15 mg/kg) when compared with the same group 

injected with saline. However, lower doses of cocaine (3 mg/kg) produced 

a significant increase (p<0.05) in Pitx3 levels in MSEW group versus SN 

group (Fig. 3B).  

3.4. Cocaine-induced locomotor sensitization 

The effect of maternal separation on locomotor sensitization induced by 

cocaine (7.5 mg/kg) was evaluated in male adolescent mice. No 

differences in the basal locomotor activity were found between rearing 

groups (data not shown). Three-way ANOVA with repeated measures 

(day factor) calculated for the locomotor activity induce by cocaine 

showed an effect of the rearing group, the treatment and day effect with 

interaction between rearing group and day, treatment and day, and 

between the three factors. Values for the three-way ANOVA are shown in 

Table 1. 

Bonferroni post-hoc test showed that acute (day 3) and repeated (day 7) 

administration of cocaine (7.5 mg/kg) increased the locomotor activity in 

both SN and MSEW groups of mice respectively when compared with the 

saline control group (p<0.01).  

Repeated cocaine treatment induced significant hyperlocomotor effects in 

mice on day 7 (sensitization to locomotor effects) only in SN group when 

compared with the acute treatment (p<0.01). Therefore, no differences 

were observed between acute cocaine (day 3) and repeated cocaine effects 

(day 7) in MSEW group, revealing that sensitization was not properly 

developed in mice exposed to MSEW. Hence, the hyperlocomotion 

induced by repeated cocaine treatment on day 7 was attenuated in mice 
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from MSEW comparing with mice from SN group (p<0.01). After five 

days without cocaine treatment, on day 13, mice were evaluated for the 

possible conditioned hyperlocomotion developed after the repeated 

exposure to the locomotor activity boxes during this procedure. Thus, all 

groups of mice received a single injection of saline and were evaluated for 

the locomotor effects during 30 min. Mice pre-exposed to cocaine 

exhibited a significant hyperlocomotor effects comparing with mice pre-

exposed to saline (p<0.01) on day 13, independently from the rearing 

conditions. On day 14, all mice received a challenge of cocaine (7.5 

mg/kg) and were again evaluated in the locomotor activity boxes for 

locomotor sensitization to cocaine. Locomotor sensitization to cocaine 

was developed for SN group, revealing by a significant increase of 

locomotor effects on days 7 and 14 comparing with acute cocaine effects 

observed on day 3 (p<0.01). Moreover, significant differences were also 

observed between cocaine-induced hyperlocomotion on day 7 and on day 

14 (p<0.01). However, mice exposed to MSEW exhibited reduced effect 

of cocaine in locomotion. Hence, this group of mice exhibited increased in 

locomotion after cocaine challenge (day 14) when compared with effects 

observed in the same group of mice on day 3 (p<0.01) and when 

compared with effect of repeated treatment observed on day 7 (p<0.01). 

Nevertheless, a significant attenuation of the sensitization was observed 

when compared with those elicited by SN group of mice on day 14 

(p<0.01), revealing a less strong locomotor sensitization in mice exposed 

to MSEW (Fig. 4). 
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3.5. Cocaine self-administration 

The effects of maternal separation in adolescent mice on the reinforcing 

properties of cocaine were evaluated using the self-administration 

procedure. SN and MSEW mice were trained to self-administer cocaine at 

doses of 1 mg/kg per infusion during 10 days. Accordingly to previous 

established criteria (see Supplementary materials for details), the 

percentage of mice that achieved the acquisition criteria was 33% for SN 

group and 31% for MSEW group. Three-way repeated measures (day 

factor) ANOVA indicated hole effect and interaction between hole and 

day (Table 2).  

Bonferroni post-hoc analysis revealed than SN group discriminated 

between the active and inactive hole from the third session (days 3 and 4, 

p<0.05; days 5 to 10, p<0.01), whereas MSEW group discriminated from 

the second session (days 2 to 10, p<0.01). Our results showed no 

significant differences between groups in cocaine self-administration (Fig. 

5). 

 

4. Discussion 

Maltreatment early in life induces pathological disturbances leading to 

negative emotional states (Koob 2008; Lupien 2014). The individuals 

suffering early maltreatment are prone to consume drugs as a results of 

negative reinforcement mechanisms, which could results in increased 

reward thresholds (Koob 2008). 

In our experimental conditions, MSEW seems to be an appropriate 

experimental model for studying the implication of early life stress on the 

substance use disorders since MSEW induces behavioural and 

neurochemical alterations that recapitulate depressive symptoms in 

rodents (Gracia-Rubio et al. 2015). Consequently, we evaluated the drug 

addictive behaviour during adolescence in mice exposed to MSEW since 

little is known about the effects of negative early experiment at this age, 
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that is an important period in which brain regions involved in emotional 

control and impulsivity are under maturation processes (Crews et al. 2007; 

Giedd 2008). 

Our results in the cocaine-induced CPP paradigm indicated that mice from 

SN group conditioned at 3 mg/kg and 15 mg/kg, whereas MSEW mice did 

not show place-conditioning at any doses used, suggesting that MSEW 

mice would need higher doses of cocaine to experience the rewarding 

effects. We hypothesized that MSEW induced modifications in the DA 

system altering the rewarding properties of cocaine. Consequently, our 

results are in agreement with the anhedonia displayed by MSEW mice at 

adolescence in the saccharin test (Gracia-Rubio et al. 2015). In addition, 

previous studies have shown a decrease rewarding effects of amphetamine 

(Papp et al. 1991) and morphine (Valverde et al. 1997) in animals exposed 

to chronic mild stress. Moreover, in a neonatal model of stress has also 

been reported a decrease in the rewarding properties of cocaine evaluated 

in the CPP (Hays et al. 2012). However, a different model of maternal 

separation showed an enhancement in rewarding effects of morphine 

evaluated in the CPP (Vazquez et al. 2007), as well as in adolescent social 

defeat mice using cocaine (Rodríguez-Arias et al. 2015), suggesting an 

increase sensitivity in stressed mice. 

Strikingly, acute administration of cocaine (7.5 mg/kg) induced similar 

enhanced locomotor activity in mice exposed to SN and MSEW groups. 

Although the repeated administration of cocaine increased locomotor 

activity in SN and MSEW groups of mice, this increase was higher in SN 

group, indicating reduced cocaine effect in MSEW mice. Furthermore, 

cocaine-pretreated SN mice showed higher locomotor activity than 

MSEW, whereas no differences were found between saline-pretreated 

groups in the challenge day. We concluded that MSEW was involved in 

the capability of cocaine to induce behavioural sensitization. MSEW 

decreases the intensity of behavioural sensitization compared with SN 
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group probably reducing the ability of cocaine to induce the 

neuroadaptations for the development of this behaviour. Additionally, the 

dose of cocaine selected for our study (7.5 mg/kg) was lower than those 

used in previous studies evaluating behaviour sensitization (Kikusui et al. 

2005). Therefore, our findings evaluating sensitization in mice exposed to 

MSEW are in line with our results observed in the place preference 

paradigm that is a reduction in the cocaine effects in mice exposed to 

MSEW. Consequently, the lower sensitivity to the psychostimulant might 

lead to increase experiences with the drug to experience its pleasurable 

effects which is strongly linked to the initial phases for the development 

of addictive disorders (Planeta and Marin 2002).  

Previous studies using maternal separation models showed no consistent 

results regarding the psychostimulants effects. Thus, an increase in 

cocaine sensitization after maternal separation was observed in adult mice 

(Matthews et al. 1999; Kikusui et al. 2005). However, other studies have 

shown no differences in behavioural sensitization in adolescent male rats 

after maternal separation were reported (Planeta and Marin 2002). Our 

experimental conditions were different to those reported in the previous 

studies for both, the maternal separation and the sensitization procedures, 

and consequently, clear conclusions are difficult to be drawn. 

We have also evaluated cocaine-induced reinforcing effects in the i.v. 

self-administration. In this study, no differences between rearing 

conditions were found probably due to the dose of cocaine (1 mg/kg per 

infusion) selected and the duration of the training period. Therefore, 

further studies are required to complete this study. In this sense, 

preclinical studies have found that early life stress can modulate the 

rewarding mesolimbic circuits in adulthood; both increasing reward 

induced behavioural-reinforcement (Matthews et al. 1999; Kosten et al. 

2003) or reducing rewarding responses, probably due to the development 

of anhedonia (Martini and Valverde 2011; O’Connor et al. 2015). Other 
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studies evaluating different models of repeated stress such as social defeat 

have also shown controversial data. Consequently, whereas adult social 

defeat stress resulted in an escalated cocaine self-administration in 

socially stressed adult mice (Han et al. 2015), no differences were found 

in social stressed adolescent mice (Rodríguez-Arias et al. 2015).  

Regarding the molecular evaluation of the dopaminergic system in mice 

exposed to MSEW, a decrease in D2R protein expression levels in the 

NAc and an increase of the transcriptional factors Nurr1 in the VTA 

during adolescence were found. However, no differences in DAT, DA 

turnover or the transcriptional factor Pitx3 were observed. The decrease in 

D2R in saline-treated MSEW mice could reflect the anhedonia-like effects 

observed in behavioural studies, and the attenuation of rewarding activity 

of mesolimbic system. Accordingly, a model of PTSD displayed a 

decrease in D2R in NAc and showed anhedonia-like behaviour as well as 

a decrease in cocaine intake in self-administration procedure (Enman et al. 

2015). In agreement, mice exposed to stressful situations during several 

days also showed a D2R density reduction in the NAc (Puglisi-Allegra et 

al. 1991). At this point, we must consider the hypothesis by Volkow and 

colleagues, proposing that high levels of D2R confer resilience to 

developed substance use disorders whereas low levels of D2R increase 

vulnerability to suffer this psychiatric disorder (Volkow et al. 2002). This 

hypothesis supports our results regarding the lack of reward observed in 

conditioned place preference, since MSEW mice probably required high 

doses of cocaine to experience reward. Accordingly, the administration of 

D2R antagonist, sulpiride (100 mg/kg, i.p.), reduced cocaine sensitization 

(Mattingly et al., 1994) and blocked cocaine, morphine and alcohol 

rewarding effects in the place preference paradigm (Matsuzawa et al. 

1999; Rezayof et al. 2002; Nazarian et al. 2004). Interestingly, knockout 

mice lacking D2R receptors exhibited a higher cocaine self-administration 

than wild-type littermates only at higher doses of cocaine, whereas no 
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differences were found between genotypes when using lower doses of 

cocaine (0.03 and 3.2 mg/kg per infusion) (Caine et al. 2002). Other 

studies have also evaluated the participation of maternal separation on the 

dopaminergic function, reporting no differences in D2R density in adult 

mice (Vazquez et al. 2007) while a model of prenatal stress found an 

increase in the expression of these dopaminergic receptors (Katunar et al. 

2009). These results are in line with cocaine sensitization results here 

reported. Therefore, the decrease of D2 receptors could be related to the 

reduction of cocaine-induced locomotion in mice exposed to MSEW. In 

addition, our data also show the existence of a compensatory mechanism 

to enhance the impaired dopaminergic activity through an increased 

expression of Nurr1 protein levels in the VTA. Nurr1 is a transcription 

factor essential for the differentiation of midbrain DA neurons (Jankovic 

et al. 2005). Therefore, D2R KO mice exhibited an enhancement of Nurr1 

levels in the VTA and substance nigra whereas no differences were found 

in other brain regions such as cortex or habenular nuclei (Tseng et al. 

2000).  

Our results in SN mice during cocaine-induced conditioned place 

preference showed no changes in protein expression of DAT, D2R, Nurr1, 

and Pitx3 as well as in DA turnover, suggesting that cocaine did not 

produce neuroadaptations in the dopaminergic system after a sub-chronic 

cocaine treatment. It is important to note that mice were sacrificed 48 h 

after the last cocaine injection when no expected residual psychostimulant 

effects remained. In this sense, decreases in Nurr1 and Pitx3 protein were 

found after 14 days of cocaine treatment, without changes after acute or 

shorter cocaine treatment. Surprisingly, no differences were observed in 

TH, DAT, VMAT2 or D2R after 14 days of cocaine treatment (Leo et al. 

2007). In those conditions, the decreased expression of Nurr1 and Pitx3 

can be viewed as a homeostatic response to increased DA 

neurotransmission after the cocaine treatment. Moreover, the lack of 
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modulation of other genes affecting DA neurotransmission after chronic 

cocaine administration suggests that the partial down-regulation of Nurr1 

and Pitx3 may not be enough to modify the expression of some putative 

downstream target genes (Leo et al. 2007). However, the morphine (acute 

and chronic treatments) and the morphine withdrawal enhances the 

expression of the former dopaminergic factors inducing alterations in the 

expression of DAT, VMAT and D2R (García-Pérez et al. 2014; García-

Pérez et al. 2015b). Our results lead us to suggest that mice exposed to 

MSEW developed a hypofunction of the dopaminergic system as revealed 

in saline-treated mice. This dopaminergic dysfunction is hypothesized to 

contribute to drug-seeking and drug-taking behaviours (Morgan et al. 

2002; Koob and Volkow 2010). Therefore, the intermittent administration 

of cocaine in MSEW mice was able to induce neuroadaptations in the 

dopaminergic system, which would be involved in compensatory 

mechanisms. Consequently, MSEW exposed to cocaine displayed 

increased protein expression levels of DAT, D2R and DA turnover as well 

as decreased of Nurr1 and Pitx3 when compared with saline-treated 

MSEW mice. However, further experiments would be needed to clarify 

the implication of MSEW model in the acute and long-term regulation of 

the dopaminergic system. Although our results showed an attenuation of 

cocaine rewarding effects and cocaine-induced sensitization, we conclude 

that MSEW is an appropriate model to investigate the influence of 

anhedonia (a main symptom of depression) on substance use disorders, 

due to the higher vulnerability to develop addictive disorders presumably 

related to the reduction in dopaminergic activity in circuits controlling 

reward. 
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LEGENDS OF FIGURES 

Figure 1. Effects of maternal separation on the rewarding properties 

of cocaine (1.5, 3 and 15 mg/kg) in the conditioned place preference 

paradigm. Data are expressed as the mean (± SEM) of the score 

calculated in the CPP (see Supplementary materials for details). N=8–15 

mice per group. **p<0.01 vs. saline group.  

Figure 2. Effect of maternal separation on DAT, D2R levels and DA 

turnover in the NAc. (A,B) Densitometric analysis of specific integrated 

optical density (% of control) signals normalized to the corresponding 

GADPH levels and representative Western-blot analysis of DAT and D2R 

in the NAc micropunches, respectively. (C) DA turnover (as determined 

by the DOPAC/DA ratio) in the NAc. Each bar corresponds to mean ± 

SEM, N=4-6 mice per group. * p<0.05, ** p<0.01 vs. MSEW group 

treated with saline; + p<0.05 vs. SN injected with saline; & p<0.05 vs. SN 

treated with cocaine (3 mg/kg); $ p<0.05 vs. SN group treated with 

cocaine (15 mg/kg). 

Figure 3. Effects of maternal separation on Nurr1 and Pitx3 levels in 

the VTA. Densitometric analysis of specific integrated optical density (% 

of control) signals normalized to the corresponding α-tubulin levels and 

representative Western-blot analysis of Nurr1 (A) and Pitx3 (B) levels in 

the VTA michopunches. Each bar corresponds to mean ± SEM, N=4-5 

mice per group. * p<0.05, ** p<0.01 vs. MSEW group treated with saline; 

+ p<0.05 vs. SN injected with saline; & p<0.05 vs. SN treated with 

cocaine (3 mg/kg). 

Figure 4. Effects of maternal separation on the cocaine locomotor 

sensitization. Data are expressed as the mean (± SEM) of cumulative 

breaks/animal in locomotor activity boxes. N=12 mice per group. $$ 

p<0.01 treatment effect vs. saline on the same days. ## p<0.01, pre-treated 
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with cocaine vs. pre-treated with saline when conditioned 

hyperlocomotion was evaluated on day 13. && p<0.01 pre-treated with 

cocaine vs. pre-treated with saline when cocaine-induced sensitization 

was evaluated. ** p<0.01 rearing group effect. Two white starts p<0.01, 

day effect as indicated by the arrows.  

Figure 5. Effects of maternal separation on the reinforcing properties 

of cocaine (1mg/kg per infusion) in the self-administration procedure. 

Data are expressed as the mean (± SEM) of nose-poke in the 

active/inactive hole in the training session along the 10 days (1 h). N=9-10 

mice per group. White symbols with continued line represent nose-pokes 

in the active hole in SN group whereas dotted line represents nose-pokes 

in the inactive hole. Black symbols with continued line represents nose-

pokes in the active hole in MSEW group, dotted line represents nose-

pokes in the inactive hole. * p<0.05; ** p<0.01 nose-pokes in the active 

hole vs. inactive hole in SN group. ## p<0.01 nose-pokes in the active 

hole vs. inactive hole in MSEW group. 
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Table 1. Three-way ANOVA calculated to evaluate the effect of 

maternal separation on cocaine-induced locomotor sensitization. 

Rearing group (R), Treatment (T), Day (D). 

 

Cocaine-induced locomotor 

sensitization 

  F P < 

R              F(1,44)=4,722 0,05 

T             F(1,44)=57,53 0,01 

D             F(3,132)=116,8 0.01 

R X T             F(1,44)=0,872 NS 

R X D             F(3,132)=3,354 0.05 

T X D             F(3,132)=8,521 0.01 

R X T X D             F(3,132)=4,340 0,01 

 

Table 2. Three-way ANOVA calculated for evaluating the effect of 

maternal separation on cocaine-self-administration. Rearing group (R), 

Hole (H), Day (D). 

 

Cocaine self-

administration 

  F P< 

R        F(1,17)=4,722 NS 

H        F(1,17)=57,53 0,01 

D        F(9,153)=116,8 NS 

R X H        F(1,17)=0,872 NS 

R X D        F(9,153)=3,354 NS 

H X D        F(9,153)=8,521 0.01 

R X H X D        F(9,153)=4,340 NS 
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SUPPLEMENTARY MATERIALS 

2.4. Conditioned Place Preference Paradigm 

2.4.1 Procedure 

In adolescent male mice, the rewarding properties of cocaine (1.5, 3 and 

15 mg/kg, i.p.) were evaluated using the CPP paradigm, as previously 

described (Tourino et al. 2012). The conditioned placed preference was 

carried out in a box divided in two different compartments consisting in 

two square chambers (20cm x 20cm x 20cm) connected by a rectangular 

grey compartment (20cm x 20cm x 20cm). The two compartments 

differed in colours and floor textures. One of the compartments was black 

with a black rugous textured floor and the other compartment was white 

with a transparent plastic floor with black horizontal lines. A grey neutral 

section separated the two chambers. The procedure was conducted in 

three different phases, as follow:  

Pre-conditioning Phase. The first phase consisted of 20 min of free 

exploration of the box. For that, each mouse was placed in the middle of 

the neutral area and was allowed to explore the both compartments. Mice 

showing preference or aversion for one of the compartments (more than 

70% or minus than 30%) were excluded from the experiment. 

Conditioning Phase. For the next six days, the mice were injected with 

cocaine or saline in alternate days. Mice received cocaine on days 1, 3 and 

5 and received saline on days 2, 4 and 6 of the Conditioning Phase. 

Control animals received saline every day. In all the cases, immediately 

after the injection, each mouse was immediately placed into the assigned 

compartment during 30 min.  

Testing Phase. On the eighth day, mice were allowed to explore both 

compartments for 20 minutes, similar to the pre-conditioning phase. The 

time spent in each compartment was calculated. A score was calculated as 
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the difference of time spent in the compartment associated to the drug on 

the post-conditioning and the pre-conditioning. 

2.4.2. Preparation of tissue extract 

Mice were sacrificed by decapitation 1 h after the test. The brains were 

rapidly removed  and stored immediately at -80ºC until use for western 

blot analysis (DAT, DR2, Nurr1 and Pitx3) and high performance liquid 

chromatography (HPLC) analysis (DA and its metabolite 3,4-

dihydroxyphenylacetic acid (DOPAC) levels). Brains were sliced on a 

cryostat and kept at -20ºC until each region of interest comes into the 

cutting plane. NAc and VTA were micro-punched from frozen brain 

sections (500 µm), sectioned using a cryostat, according to the mice brain 

atlas of Frankin and Paxinos (2008). All micro-punched samples were 

stored frozen at -80ºC.  

 

2.4.3. Electrophoresis and Western Blotting   

Western blot was performed as described previously (García-Pérez et al. 

2014; García-Pérez et al. 2015b). Bilateral punches from NAc and VTA 

were placed in a buffer containing phosphate buffered saline, 10% sodium 

dodecyl sulfate (SDS), protease inhibitors (Boehringer Mannheim, 

Mannheim, Germany) and a phosphatase inhibitor Cocktail Set 

(Calbiochem, Darmstadt, Germany), homogenized and sonicated for 30 s 

before centrifugation at 6.000g for 10 min at 4°C. Samples containing 20 

μg of protein were loaded on a 10% SDS/polyacrylamide gel, 

electrophoresed and transferred onto polyvinylidene difluoride 

membranes (Millipore, Bedford, MA, USA). Nonspecific binding of 

antibodies was prevented by incubating the membranes in 1% bovine 

serum albumin (BSA) in Tris-buffered saline Tween-20 (TBST; 10 mM 

Tris HCl, pH 7.6, 150 mM NaCl, 0.15% Tween 20). The blots were 

incubated at 4ºC overnight with the following primary antibodies: rabbit 
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polyclonal anti-Nurr1 (1:500; sc-991, Santa Cruz Biotechnology, Santa 

Cruz, CA,USA); rabbit polyclonal anti-Pitx3 (1:750; ab30734, Abcam, 

Cambridge, UK); and rat monoclonal anti-DAT (1:2000; MAB369, 

Millipore), rabbit polyclonal anti D2R (1:500;AB5084P, Millipore). Goat 

anti-rabbit immunoglobulin G (IgG), Horseradish peroxidise (HRP)-

linked (1:5000; sc-2004, Santa Cruz, Biotechnology) or goat anti-rat IgG, 

HRP-linked (1:5000;sc-2032, Santa Cruz Biotechnology) were used as 

secondary antibodies. After washing, immunoreactivity was detected with 

an enhanced chemiluminescent/chemifluorescent Western blot detection 

system (ECL Plus, GE Healthcare, Little Chalfont, Buckinghamshire, 

UK9 and visualized by a Typhoon 9410 variable mode Imager (GE 

Healthcare). Blots were incubated with stripping buffer (glycine 25mM, 

SDS 1%, pH2) for 1 hour at 37ºC and subsequently reblocked and probed 

with rabbit polyclonal antiglyceraldehyde 3-phosphate dehydrogenase 

(GADPH) (Cell Signaling Technology Inc., Danvers, MA, USA or α-

tubulin (Cell Signaling Technology Inc.), which were used as loading 

control. The ratios DAT/GADPH, D2R/GADPH, Nurr1/α-tubulin and 

Pitx3/α-tubulin were plotted and analysed. Proteins levels were corrected 

for individual levels.  

 

2.4.4. Estimation of DA and its metabolite DOPAC 

 DA and DOPAC were determined in the NAc by HPLC with 

electrochemical detection as previously described by (García-Pérez et al. 

2015a). One punch from each animal was obtained and added to 60 µl of a 

solution composed by 1M HClO4 (Sigma Chemical Co) and 2.7 mM 

ethylenediaminete-traacetic acid (Sigma Chemical Co). The samples were 

homogenized by slight sonication for about 1 min, centrifuged (6000xg; 

4ºC) for 10 min and the supernatants were taken for analysis and filtered 

through ultra-free MC 0.2 µm filter (Millipore). The pellets were 

resuspended by adding 100 µl of 1N NaOH. Then, the total amount of 



Annex 

278 

 

proteins from each sample was measured by spectrophotometry. From 

each sample 10 µl was injected into a 5-µm C18 reversed-phase column 

(Waters, Milford, MA, USA) through a Rheodyne syringe-loading 

injector 200 µL loop (Waters). The mobile phase consisted of a 95% (v/v) 

mixture of water and methanol with sodium acetate (50 mM) (Sigma 

Chemical Co), citric acid (20 mM) (Sigma Chemical Co), L-octyl-sodium 

sulfonate (3.75 mM) (Sigma Chemical Co), di-n-butylamine (1 mM) 

(Sigma Chemical Co) and EDTA (0.135 mM) (Sigma Chemical Co), 

adjusted to pH 4.3. Chromatographic data were analysed with Millenium 

2010 Chromatography Manager Equipment (Millipore). DA and DOPAC 

was simultaneously detected and quantified by reference to calibration 

curves run at the beginning of the assays. The content of DA and DOPAC 

is expressed as ng/mg of protein. The DA turnover was determined as the 

DOPAC/DA ratio. The DOPAC/DA ratio was used as indices of 

transmitter metabolism. 

 

2.5. Cocaine-induced locomotor sensitization procedure 

The sensitization to the hyperlocomotor response elicited by cocaine was 

evaluated in adolescent male mice accordingly to a procedure previously 

described (Blanco et al., 2012) with minor modifications (Fig. X). 

Locomotor activity boxes (24 x 24 x 24 cm) (LE8811 IR, Panlab S.L., 

Barcelona, Spain) were used in a low luminosity room (20 lux) with white 

noise.  

The first day, mice were handled and weighted. The following day, mice 

were injected with saline and their basal locomotor activities were 

recorded during 30 min. During the following five days, mice were daily 

injected with cocaine (7,5mg/kg) or saline, and then immediately placed 

in the locomotor activity boxes to record the locomotor activity during 30 

min. After this repeated treatment with cocaine, mice remained in their 

home cage during five days without receiving any treatment. After this 
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period of time, on day 13, mice received a saline injection and the 

possible conditioned response associated to the environment into the 

locomotor activity box was evaluated. On day 14, mice received a cocaine 

challenge (7,5 mg/kg, ip) and then, behavior sensitization was 

investigated. However, only the first 15 min were analyzed. 

 

2.6. Operant cocaine self-administration  

2.6.1. Surgery for the i.v. catheter implantation 

At adolescence, mice were anesthetized with ketamine/xylazine 

(100mg/kg, 20mg/kg respectively) and then implanted with indwelling i.v 

silastic catheter as described previously (Martini and Valverde 2011). 

Briefly, a 4.5 cm length of silastic tubing (0.3 mm inner diameter, 0.64 

mm outer diameter) (SilasticR, Dow Corning, Houdeng-Goegnies, 

Belgium) was adapted to a 22-gauge steel cannula (Semat; Herts; 

England) that was curved at a 90° angle and then placed in a cement disk 

(Dentalon plus, Heraeus Kulzer, Germany). The catheter tubing was 

inserted 1.4 cm into the right jugular vein (limited with a little dab of 

silicone) and held with suture. The rest of the catheter passed 

subcutaneously (s.c) from the insertion position to the cannula that was 

fixed in the back of mice, this incision was closed with staples. All 

incisions were coated with Betadine (Meda Pharma SAU, S.Fernando de 

Henares, Madrid, Spain). Mice were treated with analgesia (meloxicam; 

0.5mg/kg; s.c; Inflacam, Chanelle Ltd, Loughrea, Co., Galway, IE) and 

antibiotic (Enrofloxacino; 7.5 mg/kg; i.p; Batryl, Bayer Hispania S.L, Sant 

Joan Despí, Barcelona ,Spain) in order to improve the mice’s recovery. 

After surgery, mice were allowed to recover for 3-5 days prior to start the 

self-administration procedure. 
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2.6.2. Apparatus for self-administration experiments 

The self-administration experiments were carried out in mouse operant 

chambers (Model ENV-307A-CT, Medical Associates, Georgia, VT, 

USA) containing two holes; one was defined as active and the other as 

inactive. Nose-poking on the active hole produced a cocaine infusion 

(reinforce) that was paired with two stimulus light, one placed inside the 

nose-poke and the other above the active hole. No consequences had nose-

poking in the inactive hole. The side, in which active/inactive hole was 

placed, were counterbalance. The chambers were housed in sound- and- 

light- attenuated boxes provided with fans to provide ventilation and white 

noise (Fig. 16).        

 

2.6.3. Drug self-administration procedure  

Cocaine self-administration session was performed as described 

previously (Martini and Valverde 2011) with minor modifications. 

Responding was maintained by cocaine (1mg/kg per infusion) delivered in 

20µl over 2s. Cocaine was infusion via a syringe that was set on a 

microinfusion pump (PHM-100A, Med-Associates, Georgia, VT, USA) 

and connected via Tygon tubing (0.96 mm outer diameter, Portex Fine 

Bore Polythene Tubing, Portex Limited, Kent, England) to a liquid swivel 

(375/25, Instech Laboratories, Plymouth Meeting, PA, USA) and to the 

mouse i.v. catheter.  Self-administration sessions (1 h daily) were 

conducted during 10 consecutive days. At the beginning the house light 

was on during 3 seconds and off during the rest of the session. The session 

started with a priming infusion of the drug. Mice were trained under a 

fixed ratio 1 (FR1) schedule of reinforcement. The number of reinforces 

was limited to 50 per session to avoid overdoses and each reinforce was 

followed by a 30 s time-out period where nose-poking in the active hole 

had no consequences.  A mouse was considered to acquire when the 

number of responses in the active hole was at least 5, exceeded 75% of 
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that on the inactive hole and it maintained a stable responding with less 

than 30% deviation from the mean of the total number of cocaine 

infusions obtained in two consecutive days (70% of stability). The 

patency of the intravenous catheters was evaluated at the end of the 

experiment by infusion of 0.1 ml of tiobarbital (thiopental sodium; 5 

mg/ml; i.v; B. Braun Medical, S.A. Rubí, Barcelona Spain). If signs of 

anaesthesia were not appear within 3 seconds, the mouse was removed 

from the experiment. 
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