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ABSTRACT 

Chronic exposure to stress, especially in early life, has been associated 

with the onset and the severity of several psychiatric disorders in adults. 

Moreover, early-life stress induces maladaptive long-lasting brain effects 

that increase the likelihood of developing substance use disorders or 

depression. It is known that early-life stress affects in different way 

women and men, however, this phenomenon is poorly explored. 

Understand the mechanistic connections among early-life stress and 

development of substance use disorders and depression, could help to 

develop new therapeutic targets against these public health problems. 

Here, we sought to investigate the effects of early-life stress in cocaine 

addiction behaviour and the molecular alterations induced by both 

factors, cocaine exposure and early stress. For this reason, we tested the 

impact of early-life stress induced by maternal separation with early 

weaning in CD1 male and female mice at different phases of cocaine 

self-administration. We also investigated in brain regions associated 

with stress, reward and impulsivity, the subsequent alterations on 

AMPA receptor subunit composition and other molecules associated 

with neuroplasticity process. Our results yield that maternal separation 

with early weaning has behavioural effects in males while females appear 

to be resilient to this kind of early-life stress. Additionally, maternally 

separated males express despair-like behaviour, higher cocaine intake, 

increased vulnerability to the acquisition of cocaine self-administration 

and incapacity to extinguish the cocaine self-administration behaviour. 

Molecular analyses of ventral tegmental area, nucleus accumbens and 

medial prefrontal cortex show sex-induced alterations in the 

composition of the AMPA receptor but also alterations after cocaine 



   

exposure. Maternal separation with early weaning and cocaine exposure 

also alters the expression of GluA1, GluA2, pCREB and CREB in these 

brain areas. 

Altogether, our results displayed changes in neuroplastic molecules that 

play a crucial role in depression and the regulation of the rewarding 

effects of cocaine, helping to elucidate the mechanisms involved in the 

progression from cocaine use to cocaine abuse in both women and men. 

  



   

RESUM 

L’exposició crònica a l’estrès, particularment durant els primers anys de 

vida, s’ha relacionat amb l’aparició i amb la gravetat de varies malalties 

psiquiàtriques en a l’etapa adulta. A més, l’estrès de la vida primerenca 

indueix efectes cerebrals que poden perdurar fins a l’edat adulta 

augmentant la probabilitat de desenvolupar trastorns d’ús de 

substàncies i depressió. L’estrès de la vida primerenca afecta de forma 

diferent a homes i dones, malgrat això, aquet fenomen roman poc 

explorat. Entendre els mecanismes que connecten l’estrès de la vida 

primerenca i el desenvolupament de l’addicció i depressió, pot ajudar a 

la creació de noves teràpies contra aquests problemes de salut pública. 

En aquest treball, es pretén investigar els efectes de l’estrès de la vida 

primerenca sobre l’addició a la cocaïna i les alteracions moleculars 

provocades per ambdós factors, cocaïna i estrès. Per aquest motiu, es 

va estudiar l’impacte de l’estrès induït per la separació maternal amb 

deslletament precoç en ratolins CD1 mascles i femelles a diferent fases 

de l’auto-administració de cocaïna. També s’han investigat les 

alteracions a la composició del receptor AMPA i altres molècules 

relacionades amb la neuroplasticitat a regions cerebrals que modulen 

l’estrès, la recompensa i la impulsivitat. Els nostres resultats mostren 

que la separació maternal amb deslletament precoç té efectes al 

comportament dels mascles mentre que les femelles semblen ser 

resistents a aquest tipus d’estrès de la vida primerenca. A més, els 

mascles separats de la mare mostren un comportament semblant a la 

depressió, consumeixen més cocaïna i expressen major vulnerabilitat a 

l’adquisició de l’addicció a la cocaïna, així com una incapacitat d’extingir 

el comportament d’auto-administració de la droga. 



   

Els anàlisis moleculars de l’àrea tegmental ventral, el nucli accumbens i 

l’escorça prefrontal medial mostren alteracions induïdes pel sexe en la 

composició del receptor AMPA, però també alteracions degudes a 

l’exposició a la cocaïna. La separació maternal amb deslletament precoç 

i l’exposició a la cocaïna també alteren l’expressió de GluA1, GluA2, 

pCREB i CREB en aquestes zones cerebrals. 

En conjunt, els nostres resultats demostren canvis en les molècules 

neuroplàstiques associats amb la depressió i la regulació dels efectes 

gratificants de la cocaïna, ajudant a dilucidar els mecanismes implicats 

en la progressió de l’ús de cocaïna a l’abús, tant en homes com en dones. 

  



   

RESÚMEN 

La exposición crónica al estrés, particularmente durante la primera etapa 

de la vida, se ha asociado con el desarrollo y la severidad de una gran 

variedad de trastornos psiquiátricos en la edad adulta. Además, el estrés 

que ocurre en la primera etapa de la vida induce alteraciones cerebrales 

que pueden incrementar la probabilidad de desarrollar adicción o 

depresión. El estrés temprano puedo afectar de diferente forma a 

mujeres y hombres, sin embargo, este fenómeno no se ha explorado a 

profundidad. Entender los mecanismos que conectan el estrés de la 

etapa temprana con el desarrollo de adicción y depresión, puede 

colaborar a la creación de nuevas terapias para tratar estos problemas 

de salud pública. En este trabajo estudiamos los efectos que tiene el 

estrés de la etapa temprana en la adicción a la cocaína, así como las 

alteraciones moleculares inducidas por ambos factores, la cocaína y el 

estrés. Por este motivo, evaluamos el efecto de la separación maternal 

con destete temprano en las diferentes fases de la auto administración 

de cocaína, en ratones CD1 tanto hembras como machos. También 

exploramos las modificaciones en la composición del receptor AMPA 

y de otras moléculas asociadas a la neuroplasticidad, en regiones 

cerebrales que modulan el estrés, la recompensa y la impulsividad. 

Nuestros resultados muestran que la separación maternal con destete 

temprano tiene efectos conductuales en machos, mientras que las 

hembras parecen ser resilientes a esta clase de estrés. Además, los 

machos separados de la madre muestran una conducta similar a la 

depresión, mayor consumo de cocaína, mayor vulnerabilidad a adquirir 

la conducta de auto administración de cocaína, así como una 

incapacidad de extinguir esta conducta.  



   

Los análisis moleculares del área ventral tegmental, núcleo accumbens 

y corteza prefrontal media muestran alteraciones debidas al sexo en la 

composición del receptor AMPA y también modificaciones después de 

la exposición a la cocaína. La separación maternal con destete temprano 

y la exposición a la cocaína, cambia la expresión de GluA1, GluA2, 

pCREB y CREB en las áreas cerebrales estudiadas.  

En conjunto, nuestros resultados muestran modificaciones en 

moléculas asociadas a neuroplasticidad, involucradas en el desarrollo de 

depresión y en la regulación de los efectos reforzantes de la cocaína, 

ayudando a elucidad el mecanismo involucrado en el progreso de uso a 

abuso de cocaína tanto en mujeres como en hombres.  
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1. Childhood: a critical period for human development 

According to the Convention of the Rights of the child, a child means 

every human being below the age of eighteen years unless, under the 

law applicable to the child, the majority is attained earlier (UN General 

Assembly, 1989). A broader definition given by industrialising 

countries, childhood is a period of innocence, vulnerability and 

development covering since birth until adulthood, which is often set at 

18 years (Evanz, 2017).  

Even though the definition is just a social construction, what we really 

know is that childhood is a critical window of brain plasticity in the 

lifespan, in which the experiences will have strong effects on the 

behaviour and function of the neural circuits (Figure 1) (Hartley and 

Lee, 2015; Knudsen, 2004; Sylva, 1997). 

 

Figure 1. The ability of environmental experiences to change brain integrity and 

function across the lifespan. Obtained from: Brain Architecture, <www. 

developingchild.harvard.edu>. 
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Therefore, early-life experiences will have positive or negative long-

lasting consequences that will affect the brain function, cognitive and 

emotional development (Krugers et al., 2017). 

There are some conditions that must be accomplished to determine that 

experience will have consequences on the circuit during a critical period: 

a) The data sent to the neural circuitry need to be reliable and 

precise to trigger the function of the circuit (Knudsen, 2004). 

b) The circuitry must have a balance between excitatory and 

inhibitory signalling to encode the data received (at least at the 

onset of the critical period plasticity) (Fagiolini and Hensch, 

2000; Teicher et al., 2016). 

c) It has to be the activation of several mechanisms related to 

plasticity (Figure 2), for example: modification of the axonal 

or dendritic morphology, formation or elimination of synapses 

and strengthening of synaptic connections that were potentiated 

by the experienced, by the insertion of cell adhesion molecules 

in synapsis (Knudsen, 2004). 

1.1. Adverse early-life experiences: child 

maltreatment 

As mention before, adverse early-life experiences can have long-lasting 

effects that could persist until adulthood. Several studies have been 

demonstrated that adverse events during childhood, could increase the 

risk to develop in a future, several psychiatric disorders and also a great 
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variety of physical health problems (Nelson and Gabard-Durnam, 2020; 

Tarantola, 2018).  

Adversity is defined as a violation of the expectable environment that 

takes the form of biological hazards, psychosocial hazards, of complex 

exposures of both hazard types, with negative effects on development 

(Nelson and Gabard-Durnam, 2020). 

 

Figure 2. Brain plasticity mechanisms during a sensitive period. Obtained from: 

Knudsen (2004). 

During childhood, the most common source of adversity is the child 

maltreatment (Hyman et al., 2008). According to the World Health 

Organization (WHO), child maltreatment is all forms of physical 

and/or emotional ill-treatment, sexual abuse, neglect or negligent 

treatment, commercial or other exploitation, resulting in actual or 

potential harm to the child’s health, survival, development or dignity in 
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the context of a relationship of responsibility, trust or power (WHO, 

2006).  

The worldwide statistics show that over 1 billion children ages 2 to 17 

years have experienced violence in 2015 (Hillis et al., 2016; WHO, 

2016). Moreover, epidemiological data showed that at least 64% 

children in Asia, 56% in Northern America, 50% in Africa, 34% in Latin 

America, and 12% in Europe, suffer violence (Hillis et al., 2016). 

Child maltreatment can be classified in four types: physical abuse, sexual 

abuse, emotional/psychological abuse, and neglect (WHO, 2006). 

1.1.1. Physical abuse 

Physical abuse involves intentional physical aggression against a child 

by an adult, that harm the child’s health, survival, development or 

dignity (Abbasi et al., 2015; WHO, 2006). Examples could be hitting, 

beating, kicking, shaking, biting, strangling, scalding, burning, poisoning 

and suffocating (Abbasi et al., 2015; WHO, 2006).  

1.1.2. Emotional and psychological abuse 

This kind of violence involves the production of psychological and 

social defects in the growth of a child as a result of the parent or 

caregiving’ behaviour (Abbasi et al., 2015; WHO, 2006). Types of these 

acts include: the restriction of movement, frightening, yelling, coarse 

and rude attitude, humiliation, inattention, harsh criticism, denigration, 

ridicule and other forms of hostile treatment (Abbasi et al., 2015; WHO, 

2006). Moreover, this kind of abuse comprises the coercing observation 
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of violent acts or the incidentally witnessing of violence between two or 

more persons (WHO, 2016). 

1.1.3. Sexual abuse 

Sexual abuse is defined as the participation of a child in sexual activity 

to get physical gratification or financial profit of the person who is 

obligating the act, who could be an adult or older adolescent (Abbasi et 

al., 2015; WHO, 2006). Forms of child sexual abuse are asking or 

pressuring a child to participate in sexual activities, exhibiting the genitals 

to a child, showing pornography to a child, viewing or physical contact 

with the child's genitals and producing child pornography (Abbasi et al., 

2015).  

1.1.4. Neglect 

Child neglect is the act or omission of a parent or another caregiver to 

provide the adequate needs for the development and the well-being of 

the child (Abbasi et al., 2015; WHO, 2006). The neglect could be 

divided into two groups: physical neglect and emotional neglect. 

Physical neglect is the failure to provide the basic physical needs like 

food, clothing shelter, personal hygiene and medical care (Cohen et al., 

2017). Emotional neglect is the inadequate givenness of the emotional 

needs that a child requires, such as lacking in attention, love and nurture 

(Cohen et al., 2017). 

1.2. Child maltreatment in numbers 

According to WHO, there are every year an estimated 41,000 deaths 

attributed to homicide in children under 15 years old (WHO, 2016) and 
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around 90% involve parents as perpetrators (Children’s Bureau, 2018). 

However, the most shocking data is that the most common victimizer 

is the mother (39,4 %), followed by the father with 21.4% (Children’s 

Bureau, 2018).  

According to the child help organization, between four or five children 

die as a result of child violence or neglect (Childhelp, 2020). However, 

this number of deaths could be underestimated because most of the 

children deaths are wrongly attributed to falls, burns, drowning or other 

causes (Abbasi et al., 2015). The WHO reported that 23% child were 

physical abuse, 36% emotional abuse, 26% sexual abuse and 16% suffer 

neglect (Figure 3) (WHO, 2016). 

 

Figure 3. Global prevalence of child maltreatment. Obtained from: Violence Info – 

Child maltreatment, <http://apps.who.int/violence-info/_embed/global-

prevalence-card-of-child-maltreatment>. 
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Despite these statistics, Cohen (2017) reported that neglect is the most 

common and silenced type of child maltreatment in many countries, 

because it is not so evident like the injuries caused by physical abuse or 

sexual abuse. According to this data, one in five children suffers 

emotional and/or physical neglect (Cohen et al., 2017). Besides, more 

than 15% of mistreated children are victims of two or more 

maltreatment types, and the most common combination is physical 

abuse and neglect (Children’s Bureau, 2018). 

1.3. Consequences of child maltreatment 

Although child homicides statistics are chilling, deaths represent only a 

small proportion of the problems caused by child abuse (WHO, 2016, 

2006).  

Every year, millions of children are victims of non-fatal abuse and 

neglect (WHO, 2016, 2006). Additionally, child maltreatment also has 

lifelong consequences (Cohen et al., 2017).  

It is known that exposure to child maltreatment increase risk factors to 

develop other health problems and also raise risk-taking behaviours 

later in life (Figure 4). Thus, child maltreatment is a crucial factor that 

contributes to a diverse physical and mental health problems, leading a 

lot of consequences for the victim, the society, as well as a great 

economic impact in the public health including costs of hospitalization, 

mental health treatment, child welfare, and longer-term health costs 

(Abbasi et al., 2015; Cohen et al., 2017; WHO, 2016, 2006).  

Among all the negative consequences that child maltreatment has, stress 

is one of the principal concern, due to extreme stress can impair the 
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development of the nervous system (Abbasi et al., 2015). Early-life 

stress increases the reactivity to future stress but also is associated with 

cognitive deficits in adulthood (Lupien et al., 2009). 

 

Figure 4. Potential health consequences of child maltreatment. Black circles represent 

the direct effects; white circles show the indirect effects due to the adoption of high-

risk behaviour. Obtained from: WHO (2016). 

1.3.1. The stress system 

The hypothalamic-pituitary-adrenal (HPA) axis, is the principal 

neuroendocrine system that regulates stress response and other 
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functions (Lupien et al., 2009). This axis involves the interaction 

between the hypothalamus, the pituitary gland and the adrenal gland 

(Figure 5) (Daskalakis et al., 2013; Lupien et al., 2009).  

 

Figure 5. The hypothalamic-pituitary-adrenal axis. Obtained from: Lupien et al. 

(2009). 

The activation of this axis starts with the release of corticotropin-

releasing hormone (CRG) and arginine vasopressin (AVP) from the 

paraventricular nucleus of the hypothalamus (Lupien et al., 2009; Squire, 

2008). The CRG and AVP induce liberation of the adrenocorticotropin 

hormone (ACTH) from the pituitary gland, increasing the synthesis of 

glucocorticoids in the adrenal cortex (Lupien et al., 2009). These 
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glucocorticoids bind to the glucocorticoid receptors (GR) and 

mineralocorticoid receptor (MR) localized in the anterior pituitary, 

hypothalamus, hippocampus and frontal cortex, acting as a negative 

feedback. In contrast to these brain areas, the amygdala activates the 

HPA in order to set in motion the stress response necessary to deal with 

the threat (Lupien et al., 2009). Moreover, these glucocorticoids act as 

transcription factors for several genes and alterations in glucocorticoids 

levels or function, affects the maturation of neurons, myelination, 

neuronal structure and synapse formation (Lupien et al., 2009).  

Clinical and preclinical data have thrown two hypotheses related to 

stress and brain. The first one is the neurotoxicity hypothesis. 

According to this hypothesis, chronic exposure to glucocorticoids 

decreases the capacity of neurons to resist insults, being more 

vulnerable to be affected by several factors (Lupien et al., 2009). Animal 

studies showed that increased levels of glucocorticoids stress-stimulate 

secretion induce adrenal gland enlargement, atrophy of apical dendrites 

in the hippocampus and also increase the glutamate levels in the 

hippocampus and the medial prefrontal cortex (mPFC), increasing the 

vulnerability of the ageing brain to neuronal damage (Lowy et al., 1995). 

With this hypothesis, the authors conclude that reduced hippocampal 

size is the result of being exposed for several years to chronic stress or 

depressive symptoms (Lupien et al., 2009).  

The second hypothesis related to early-life stress is the vulnerability 

hypothesis. This hypothesis also remarks that stress can damage the 

hippocampus. However, in contrast with the first hypothesis, this 

proposes that smaller hippocampal volume is a risk factor, in trauma-
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experienced individuals, that increase vulnerability to future 

pathological stress responses (Gilbertson et al., 2002).  

Additionally to the alterations observed in the hippocampus, increased 

amygdala response (van Harmelen et al., 2013), altered amygdala 

volume (van Harmelen et al., 2013) and reduction in corticolimbic grey 

matter in the prefrontal cortex (PFC) (Gorka et al., 2014), have been 

observed in adults with history of childhood maltreatment.  

As a consequence of these brain alterations maltreatment-induced, 

circuits involved in emotional regulation and reward anticipation, have 

been affected, and several psychiatric disorders could be developed 

(Teicher et al., 2016). Evidence showed that early-life stress induced by 

childhood neglect, physical or sexual abuse, are crucial factors that 

increase the risk for the onset of “internalizing disorders”, such as 

depression and anxiety, and “externalizing disorders”, such substance 

abuse, attention deficit hyperactivity disorder, and delinquency 

(Charney and Manji, 2004; George et al., 2010; Teicher et al., 2016). 

Experienced one or more maltreatment-related adverse childhood 

experiences increase 54% the probability to develop depression (Dube 

et al., 2003b), 62% for anxiety disorders (Gorka et al., 2014) and 64% 

for addiction to illicit drugs (Dube et al., 2003a). 

Other studies showed that the hippocampus from maltreated 

individuals who committed suicide showed modifications in the 

neuron-specific GR but not in non-maltreated individuals who died by 

suicide (Charney and Manji, 2004). Besides, 80 to 90% of individuals 

who died from suicide had been diagnosed with severe depression 

(Charney and Manji, 2004). 
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1.3.2. The reward system 

The principal brain structures that comprise the reward system are the 

PFC, amygdala, hippocampus, Ventral Tegmental Area (VTA) and 

Nucleus Accumbens (NAc) (Figure 6).  

 

Figure 6. The reward system in the rodent brain. Obtained from: Russo and Nestler 

(2013). 

The main neurons in the VTA are the midbrain dopamine neurons that 

project to the PFC, central amygdala, basolateral amygdala, 

hippocampus and the NAc, a part of the ventral striatum (Russo and 

Nestler, 2013). In the NAc, the principal neurons are the gamma 

aminobutyric acid (GABA) medium spiny neurons (MSNs), which 

innervate the VTA by a direct pathway (Dopamine receptors 1 [D1R]-

type MSNs) or indirectly via ventral pallidum (Dopamine receptor 2 

[D2R]-type MSNs). The NAc also receives glutamatergic projections 

from the PFC, amygdala and hippocampus. All of these circuitry 

functions are modulated principally by GABAergic interneurons. 
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Additionally, the PFC, amygdala and hippocampus, formed 

glutamatergic connections between them (Russo and Nestler, 2013). 

Childhood maltreatment is associated with alteration in blood flow to 

the PFC, substantia nigra and NAc, reduced striatum volume, 

attenuated striatal response to reward, as well as changes in neuron 

trajectory on the NAc (Teicher et al., 2016). 

These alterations in the reward system could predispose to suffer 

depression or develop a substance use disorder (SUD), also known as 

drug addiction (Teicher et al., 2016; Teicher and Samson, 2016). 

2. The neurobiology of addiction 

According to the world statistics of drug consumption (Figure 7), there 

are more than 271 million people who use drugs (UNODC, 2019). 

Nevertheless, as over 35 million, or almost 13% suffer from drug use 

disorders (UNODC, 2019). This percentage corresponds to a global 

prevalence of drug use disorders of 0.71% among the population aged 

15-64 (UNODC, 2019). For Europe, the statistics showed that 29% of 

adults (15-64 years old) have tried illicit drugs during their lives 

(EMCDDA, 2019).  

A drug is a natural or synthetic substance that is designed to produce a 

specific set of psychological or physiological effects on the human body 

(Houck and Siegel, 2015). There are a group of drugs produced, 

legitimacy and prescribed for particular illnesses, injuries, or other 

medical problems (Houck and Siegel, 2015). However, this kind of 

drugs could develop pleasurable effects making that people take them 

for a recreative purpose (Houck and Siegel, 2015). 
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Figure 7. The number for global drug users. Adapted from: UNODC (2016). 

Additionally, some substances have no legitimate medical purpose but 

are produced an ingested entirely for their psychoactive effects (Houck 

and Siegel, 2015). This group of drugs produced with the exclusive 

purpose of abuse are called abused drugs, drugs of abuse or illicit drugs 

(Houck and Siegel, 2015). 

Illicit drugs are substances that stimulate or inhibit the central nervous 

system or also could induce hallucinogenic effects (Uutela, 2001). As a 

result, these drugs are prohibited under international drug control 

treaties (Ritchie and Roser, 2018). 

The Global Burden of Disease Study 2017 estimated that 166,613 

deaths around the world are attributed directly to drug dependency and 

overdoses; however, other 585,000 globally deaths are caused by illicit 

drug use as a risk factor (Ritchie and Roser, 2018; UNODC, 2019). The 
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illicit drugs are classified into four principal groups: opioids, cocaine, 

amphetamines and cannabis (Ritchie and Roser, 2018).  

2.1. Cocaine 

Among the illicit drugs, cocaine is the second illicit drug most 

commonly used after cannabis (UNODC, 2019). According to the 

WHO, there are 18,1 million people who are cocaine users in 2017, 

which correspond to 0,4% of the global population aged 15-64 

(UNODC, 2019).  

As same as the global data, cocaine is the second illicit drug most 

consumed in Europe with an estimation of 18.1 million cocaine users 

(12.4 million males and 5.7 million females), being the most commonly 

used illicit stimulant drug in Europe (EMCDDA, 2019). One of the 

countries with higher cocaine use is Spain with 2,2% prevalence among 

adults (15-64 years old) and 2,8% occurrence in young adults (Figure 

8), being more used by men than women (EMCDDA, 2019).  

Moreover, a study looking for illicit drugs and their metabolites in 

wastewater to provide data of drug use at a municipal level, showed that 

some Spanish cities (Barcelona, Castellón, Madrid, Santiago and 

Valencia) had higher levels of cocaine metabolites in wastewater 

samples than the levels reported in other European cities participating 

in the study.  

There are many adverse health consequences related with cocaine 

consumption, however, one of the principals concerns is the developing 

of cocaine addiction or also known as cocaine use disorder (CUD) 

(Wagner and Anthony, 2002). The estimation says that around 20% of 
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the cocaine consumers will shift from cocaine use to CUD (Wagner and 

Anthony, 2002). 

 

Figure 8. Prevalence of cocaine use during 2017 among young adults in Spain. 

Obtained from: UNODC (2019). 

SUD, including CUD, is a chronically relapsing disorder characterized 

by (Koob and Le Moal, 2008): the compulsion to seek and take the drug, 

the loss of control over drug intake, the emergence of a negative 

emotional when access to the drug is prevented.  

2.1.1. Mechanism of action 

All the drugs of abuse have in common the induction of dopamine 

release at the reward brain regions, however, each one has a specific 

mechanism of action (Volkow et al., 2016). 
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Cocaine binds to the dopamine, serotonin and norepinephrine 

transporters, blocking the reuptake of these neurotransmitters into 

presynaptic neurons (Hummel and Unterwald, 2002; Squire, 2008). As 

a consequence of the reuptake inhibition, enhanced activity of these 

neurotransmitters will be evident due to the elevated concentrations of 

them at the synaptic cleft (Hummel and Unterwald, 2002). 

The increased dopaminergic activity at the mesocorticolimbic system 

directly affects neurological function, creating a conditioned response 

for use and pleasure, a pattern knowing as cocaine addiction or CUD 

(Penberthy et al., 2010).  

One of the major challenges for CUD-clinical treatment is the high 

relapse rate (more than 45%) even after long periods of abstinence 

(D’Ascenzo et al., 2014; Sondheimer and Knackstedt, 2011). 

Several studies have indicated that cocaine induces aberrant 

neuroplastic changes in the mesolimbic system, affecting different 

neurotransmitter systems including the glutamatergic function (Gass 

and Olive, 2008); such alterations may be related to CUD and cocaine 

relapse (Gass and Olive, 2008). 

2.1.2. Neuroplastic changes 

Increasing consensus suggests that addiction to drugs assumes learning 

and memory mechanisms normally related to natural rewards, ultimately 

producing long-lasting neuroadaptations in the mesocorticolimbic 

system (Stuber et al., 2010).  
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Several studies evidence that cocaine is capable to trigger the reopening 

of a “sensitive period” and activate mechanisms juvenile forms of 

plasticity at molecular, cellular and circuitry levels for altering axonal or 

dendritic morphologies, making or eliminating synapses, or changing 

the strengths of synaptic connections (Dong and Nestler, 2014; 

Knudsen, 2004). These neuroplastic changes are triggered in brain 

reward regions including the mPFC, the VTA, and the ventral striatum 

(also known as NAc) (Koob et al., 2014). Therefore, cocaine addiction 

is basically an acquired behavioural state in vulnerable individuals after 

repeated exposition to cascades of emotional and motivational 

experiences (Dong and Nestler, 2014). 

Besides, changes in each brain region are associated with the three-

stages of drug addiction cycle (Koob et al., 2014; Squire, 2008). These 

three stages are: binge/intoxication, withdrawal/negative effects, and 

preoccupation/anticipation (Figure 9) (Koob et al., 2014; Volkow et 

al., 2016).  

As mention before, the NAc is a key component of the reward system 

and is involved in the mediation of addiction-related behaviour (Dong 

and Nestler, 2014). Clinical and preclinical evidence showed that 

cocaine induces alterations in the glutamatergic synaptic function at the 

NAc (D’Ascenzo et al., 2014; Hemby et al., 2005). These accumbal 

modifications have been related to the drug-seeking behaviour (Hemby 

et al., 2005). 
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Figure 9. Stages of the addiction cycle. Obtained from: Volkow, Koob and McLellan 

(2016). 

2.1.1. Long-term potentiation 

On hand with this, animal models showed that cocaine alters long-term 

potentiation (LTP) and long-term depression (LTD) at glutamatergic 

synapses in the NAc (D’Ascenzo et al., 2014). The LTP is a persistent 

phenomenon that increases synaptic strength that participates in 

learning and memory in several brain regions (Squire, 2008).  
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The LTP induction depends on the elevation of calcium (Ca2+) 

intracellular concentration at pre- and/or postsynaptic neurons (Purves 

et al., 2004; Squire, 2008), and most of this Ca2+depends on the 

activation of the ionotropic glutamate receptors (Purves et al., 2004; 

Squire, 2008).  

Among the glutamate receptors, we can mention the N-methyl-D-

aspartate (NMDA) and the alfa-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptors, which are colocalized at the 

dendritic spine of the postsynaptic neuron. In standard conditions, only 

the NMDA receptor is Ca2+permeable. However, if the postsynaptic 

neuron is at normal resting membrane potential, the NMDA receptor 

is blocked by physiological concentrations of magnesium (Mg2+) 

avoiding the entrance of Ca2+ (Purves et al., 2004; Squire, 2008). 

The activation of AMPA receptors allows the entrance of sodium 

mediating the depolarization of the membrane. Consequently, the 

removal of Mg2+ from the NMDA receptors is induced and allows the 

entry of Ca2+ to the postsynaptic neuron. This increased Ca2+ 

concentration triggers the LTP induction and the activation of several 

Ca2+ dependent signalling cascades (Purves et al., 2004; Squire, 2008).  

The signal transduction cascades involve the activation of phosphatases 

like the Ca2+/calmodulin-dependent protein kinase (CaMKII) and 

protein kinase C (PKC) (Purves et al., 2004; Squire, 2008). These 

enzymes induce the insertion of new AMPA receptors into the 

postsynaptic membrane, increasing the sensitivity to glutamate (Purves 

et al., 2004; Squire, 2008). However, these changes are inducing a 

temporal strengthening of the synapse. 
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Long-lasting changes of synaptic plasticity require the activation of 

transcription factors such as cAMP response element-binding (CREB), 

to activate the expression of other genes that regulate synaptogenesis, 

survival, growth of new axons, the formation of new dendritic spines 

and refinement of synaptic connections (Lonze and Ginty, 2002; Merz 

et al., 2011). 

2.2. AMPA-subtype glutamate receptor 

As previously exposed, synaptic activity induces the initiation of the 

LTP, a phenomenon mediated by glutamate receptors. It is known that 

stimulation of glutamatergic synapses evocates the formation of 

something called “silent synapses” (Barria, 2009; Kerchner and Nicoll, 

2008). 

Silent synapses are excitatory glutamatergic synapses whose 

postsynaptic membrane contains only NMDA receptors, no AMPA 

receptors (Barria, 2009; Kerchner and Nicoll, 2008). Therefore, 

although glutamate binds to NMDA receptors, the absence of 

functional postsynaptic AMPA receptors, keeps the synapse incapable 

to mediate postsynaptic responses (Barria, 2009; Kerchner and Nicoll, 

2008). 

In this sense, cocaine has been proposed as an experience capable to 

induce new silent synapses but also to unsilencing the existing ones, via 

recruitment of AMPA receptors resulting in postsynaptic strengthening 

of synaptic transmission (Dong and Nestler, 2014). 

Cocaine-induced formation of silent synapses is dependent of CREB 

and FosB activation (Figure 10) (Brown et al., 2011; Russo et al., 
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2010). These genes produce the insertion of new NMDA receptors 

enriched in GluN2B subunit, the type of NMDA receptors related to 

nascent and immature synapses (Koya et al., 2012). 

 

Figure 10. Scheme of a silent synapse-based hypothesis of cocaine-induced synaptic 

formation following repeated cocaine exposure. Obtained from: Dong and Nestler 

(2014). 

However, cocaine exposure activates cellular cascades which induce the 

maturation of these synapses, establishing an addicted behaviour (Dong 

and Nestler, 2014). Besides, long-term cocaine withdrawal could also 

induce the maturation of these synapses by recruiting an especial type 

of calcium-permeable AMPA receptors (Lee et al., 2013). 

AMPA receptors are made up of four subunit proteins (GluA1, GluA2, 

GluA3 and GluA4) and are normally assembled by GluA2 in complex 

with GluA1 or GluA3 (Bowers et al., 2010). However, GluA2-lacking 

AMPA receptors are calcium-permeable and are capable to induce a 

higher synaptic strengthening (Bowers et al., 2010). 

Animal studies show that extended access to cocaine self-administration 

(SA) increases the number of GluA2-lacking AMPA receptors in several 

brain regions, depending on the three stages of cocaine addiction 
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(Bowers et al., 2010; Conrad et al., 2008; Kalivas, 2009; Pierce and Wolf, 

2013), being regulators of behaviours related to this addiction (Goffer 

et al., 2013; Martínez-Rivera et al., 2017). 

2.2.1. Nucleus accumbens 

Huang et al. (2009) report increased levels of GluA1 and GluA2 in the 

NAc of male rats after cocaine exposure, specifically at the shell MSNs. 

In line with this, extended access to cocaine SA in rats increase the 

GluA2-lacking AMPA receptors in the NAc, contributing to cocaine-

seeking (Conrad et al., 2008; Kalivas, 2009; Pierce and Wolf, 2013).  

Moreover, Hemby et al. (2005) reported in cocaine self-administered 

rhesus monkeys, elevations in both of these subunits (GluA1 and 

GluA2) in the NAc, and these modifications were proposed as 

responsible of cocaine reinstatement (Hemby et al., 2005). Human post-

mortem studies demonstrated elevations of GluA2 in the NAc of 

cocaine overdose victims (Hemby et al., 2005). However, no 

significative changes were observed in GluA1 protein expression 

(Hemby et al., 2005).  

As mention before, CUD-induced neuroplastic changes facilitate 

cocaine relapse even long abstinence periods. Animal studies showed 

that extinction training, an inhibitory learning that decreases cocaine-

seeking behaviour in the absence of cocaine, evocate alterations in 

GluA1 and GluA2 AMPA subunits in the NAc of self-administered rats 

(Choi et al., 2011). Choi et al. (2011) corroborated that increased GluA1 

level has a positive relation with the level of extinction achieved during 

SA, confirming that GluA1 facilitates elimination of cocaine seeking. It 
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is possible that GluA1 could restore glutamatergic tone in this brain 

area, decreasing the propensity of cocaine relapse by the restore of the 

cortical-accumbal tone by the upregulation of AMPA receptor function 

(Choi et al., 2011). 

After prolonged withdrawal, Conrad et al. (2008) observed in rats, an 

up-regulation of the synaptic GluA2-lacking AMPA receptors in the 

NAc after cocaine SA (during withdrawal). The higher conductance of 

these new receptors induced an increased reactivity of accumbal 

neurons to cocaine-related cues, inducing drug craving and relapse, 

concluding that these GluA2-lacking AMPA receptors are responsible 

for the incubation of cocaine craving (Conrad et al., 2008).  

As well, increased levels of surface/intracellular ratios of GluA1 and 

GluA2 were observed in the NAc of cocaine-sensitized rats (Boudreau 

and Wolf, 2005). There was a positive correlation between the degree 

of behavioural sensitization to cocaine and the GluA1 and GluA2 

surface/intracellular ratios, demonstrating that cocaine sensitization 

requires redistribution of AMPA receptors in this brain area (Boudreau 

and Wolf, 2005).  

This AMPA receptor redistribution are induced by the activation of 

D1R as demonstrated by Chao et al. (2002). Chao et al. (2002) observed 

that the incubation of MSNs and interneurons with SKF 81297 (D1R 

agonist) stimulates the cell surface of GluA; this effect was reduced by 

the administration of D1R antagonist SCG 23390 (Chao et al., 2002). 

Besides, the GluA1 externalization needs the protein kinase A (PKA)-

phosphorylation of this subunit (Mangiavacchi and Wolf, 2004). Based 

on these results, Boudreau and Wolf (2005) propose that AMPA 
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receptors redistribution is one of the mechanisms responsible for the 

increased vulnerability of cocaine-seeking reinstatement. 

In addition to this observations, it was also reported that 

microinjections of AMPA into the NAc (shell and core) evocates dose-

dependently cocaine-seeking behaviour and also that antisense 

oligonucleotides against GluA1 mRNA blockade AMPA- and cocaine-

primed reinstatement (Ping et al., 2008). This help us to conclude that 

NAc is fundamental in reinstatement. 

In line with this, previous studies have already shown that AMPA 

receptors antagonists locally administered in discrete brain areas or 

systemically administered, reduced cocaine intake and cocaine seeking 

behaviour. Previous studies have shown that infusions of cyanquixaline 

(CNQX) (AMPA glutamate receptor antagonist) into the NAc decrease 

levels pressing for cocaine in rats (Suto et al., 2009a), reduce motivation 

for cocaine after abstinence period and blocked the cocaine 

reinstatement-induced by intra-PFC cocaine infusion (W.-K. Park et al., 

2002). Moreover, this effect of CNQX was selective for cocaine (Doyle 

et al., 2014). 

Other studies have also reported that CNQX modulate cocaine-induced 

SA (Bäckström and Hyytiä, 2003) or the reinstatement to cocaine 

seeking (Bäckström and Hyytiä, 2006).  

2.2.2. Ventral Tegmental Area  

The extensive research about the effects of cocaine in the VTA show 

that repeated exposure to this psychostimulant induce an elevation of 

extracellular dopamine, decrease sensitivity of D2 autoreceptors and 
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elevate levels of tyrosine hydroxylase (TH) (the rate-limiting enzyme in 

dopamine synthesis) (Churchill et al., 1999).  

Additionally, preclinical studies confirmed that cocaine-evoked changes 

in the AMPA-receptor composition at the VTA potentiates the 

excitatory transmission and firing of dopamine neurons (Lüscher, 

2013a, 2013b), modifying the AMPA receptor composition in this brain 

area. Moreover, Churchill et al. (1999) showed that repeated cocaine 

administration yields long-term augmentation in the protein level of 

GluA1, in the VTA of rats behavioural sensitized to cocaine but no 

changes in GluA2; this change was evident at 1 day of withdrawal. In 

line with this, overexpression of GluA1 in the VTA and glutamate 

release from PFC to VTA induce behavioural sensitization, confirming 

the importance of glutamate in the rewarding effects of 

psychostimulants (Carlezon et al., 1997; Schenk and Snow, 1994).  

Clinical studies also report an up-regulation of the mRNA and protein 

level of GluA2 in the VTA of cocaine overdose victims (Tang et al., 

2003). SA based animal models have also confirmed the involvement of 

AMPA receptor in the developmental of addiction. Choi et al. (2011) 

reported upregulation of GluA1 and GluA2 in the VTA of rats 

following cocaine SA. They observed that overexpression of GluA1 in 

this brain area, increased lever-pressing during cocaine SA reflecting an 

enhanced motivation for the drug (Choi et al., 2011).  

Besides, Mahler et al. (2013) showed that microinjections of a CNQX 

into the VTA reduce reinstatement of cocaine elicited by cues in rats, 

without affecting cocaine-primed reinstatement. However, the 

administration of NMDA antagonists did not modify cocaine 
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reinstatement concluding that VTA AMPA, but not NMDA, 

transmission is necessary for cocaine relapse (Mahler et al., 2013). 

The importance of cocaine-induced changes in AMPA receptor 

composition in VTA are also implicated in the acquisition of a drug-

dependent state, because cocaine exposure is capable to trigger LTP 

inducing changes on glutamatergic synapses (Malenka and Bear, 2004); 

this conclude in enhancing AMPA receptor-mediated transmission 

(Malenka and Bear, 2004). Argilli et al. (2008) demonstrated that a single 

cocaine injection augmented the GluA1-containing AMPA receptors 

(GluA2-lacking) at synapses, potentiating AMPA receptors function. 

Therefore, cocaine generates the switching of AMPA subunits 

increasing the high conductance of the AMPA receptors. This could be 

due to the cocaine-induced D1 receptor activation which stimulates the 

synthesis of GluA1 and other proteins that stabilize the synapsis (Argilli 

et al., 2008). 

In fact, Mameli et al. (2011) showed that cocaine invert the rules of LTP 

induction in dopamine neurons, replacing GluA2-containing AMPA 

receptors with GluA2-lacking ones which decrease the NMDA receptor 

activity. Therefore, the hyperpolarization of the membrane is more 

efficient due to the changes induced by the previous exposition of the 

drug (Mameli et al., 2011). Hence, cocaine evoked a specific form of 

synaptic plasticity based on the GluA2-lacking AMPA receptors 

(Mameli et al., 2011). 

In addition to the implications of AMPA receptor in the acquisition 

cocaine addiction, its role in relapse has also been seen. Lane et al., 

(2011) reported that cocaine-induced plasticity in the VTA perseveres 
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even cocaine is not anymore present. Then, these modifications 

contribute to cocaine-craving and relapse (Lane et al., 2011). When 

cocaine is systemically present (30 min after injection), non-TH labelled 

dendrites (GABAergic neurons) manifest increased GluA1 level (Lane 

et al., 2011). However, after 72 h, when cocaine is completely depleted 

from the system, GluA1 augment in TH-containing dendrites and in 

non-TH dendrites (Lane et al., 2011). This increased GluA1 subunit 

presence in the GABAergic neurons of the VTA, rise the excitability of 

these group of neurons leading to a progressive inhibition of VTA 

dopamine neurons, contributing to the heightened drug-seeking 

behaviour (Lane et al., 2011). Elevated AMPA receptor activation in 

GABAergic neurons results in decreased dopamine release in the NAc, 

meaning that this could be a way to counterbalance the effect induced 

by cocaine (Lane et al., 2011). In line with this hypothesis, the activation 

of the VTA GABA receptors triggers the function of the metabotropic 

glutamate receptor (mGluR) in order to reduce the number of GluA2-

lacking calcium-permeable AMPA receptors (CP-AMPArs) (Kelly et al., 

2009). This inhibition of VTA dopamine could explain the anhedonia 

and withdrawal experienced at the absence of cocaine (Miczek et al., 

2008). 

A study evaluating the vulnerability to cocaine SA show that rats with a 

high locomotor response to a novel environment (HRs) showed greater 

probability to cocaine SA than low responders to the novel context 

(LRs) (Marinelli and White, 2000). This increased vulnerability to 

cocaine SA could underlie in VTA dopamine neurons due to HRs 

showed elevated impulse activity in these group of neurons (firing rate 

and bursting activity) compared with the LRs rats (Marinelli and White, 
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2000). Moreover, the HRs evidenced significant difference in the 

dopamine D2 autoreceptor sensitivity, attributable to differences in 

excitatory glutamatergic inputs (Marinelli and White, 2000).  

2.2.3. Prefrontal cortex 

 The PFC is a brain region involved in several cognitive functions like 

attention, prioritizing the significance of stimuli, monitoring the 

temporal sequence of stimuli, referencing stimuli to internal 

representations or cues, devising abstract concepts and inhibitory 

control (Jentsch et al., 1999; Narayanan and Laubach, 2017). Another 

function in which this brain area is involved is in the reward response, 

due to the modulation of the GABAergic function in the NAc and the 

VTA dopamine neurons (Lane et al., 2011).  

Clinical studies reported an association of the activation of this brain 

area and cocaine desire. Kilts et al. (2001) observed in cocaine-

dependent subjects an increased metabolic activity in the PFC that 

correlates with cocaine craving (Kilts et al., 2001). In agreement with 

these observations, studies in self-administered rats showed that 

cocaine-induced reinstatement is dependent on the elevation of 

glutamate but no dopamine in the NAc (McFarland et al., 2003). 

Moreover, this glutamate that blocks the cocaine reinstatement, arrives 

from the glutamatergic afferents from the PFC, inactivating the AMPA 

glutamate receptor in the NAc (McFarland et al., 2003).  

Likewise, animal studies showed that GluA1-containing receptors 

elevation after cocaine exposure on dopaminergic VTA neurons (Gao 

and Wolf, 2007) and accumbal GABAergic neurons (Boudreau and 
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Wolf, 2005) is dependent of the glutamatergic transmission from the 

PFC. This GluA1 elevation is trigger by the activation of D1R, a PKA-

dependent mechanism, facilitating the LTP (Sun et al., 2005). Then, 

after cocaine exposure, increased GluA1 levels in GABAergic neurons 

in the VTA will induce a higher inhibition of VTA dopamine neurons 

(Lane et al., 2011), explaining anhedonia and withdrawal associated to 

cocaine abstinence. Therefore, studies are in agreement that 

glutamatergic projections from the PFC to the NAc is critical for the 

reinstatement of cocaine-seeking behaviour (Bowers et al., 2010). 

2.3. cAMP response element-binding 

As previously exposed, cocaine exposure induces LTP and this process 

requires new protein synthesis (Argilli et al., 2008; Heshmati, 2009). It 

was observed that gene expression after short-term cocaine exposure, 

is mostly dependent on CREB, and gene expression after long-term 

cocaine treatment is more dependent on FosB (McClung and Nestler, 

2003). 

CREB is a transcription factor that, once phosphorylated, promotes 

transcription of cAMP response element-regulated genes (De Rasmo et 

al., 2009). CREB phosphorylation is mediated by the cAMP-dependent 

PKA, a molecular element that its formation is stimulated by chronic 

cocaine use (Carlezon et al., 1998).  

Studies showed that CREB overexpression in the NAc decreases the 

rewarding effects of cocaine and makes ineffective doses of this drug 

aversive (Carlezon et al., 1998). In line with this, Barrot et al. (2002) 
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reported that sustained elevations of CREB activity in the NAc produce 

an anhedonia-like profile.  

This activation of CREB has been proposed as one neuroadaptation to 

compensate cocaine-induced dopamine release in the GABAergic 

neurons of the NAc, because CREB induces the expression of 

dynorphin (Figure 11) (Muschamp and Carlezon, 2013). In fact, a study 

in humans showed that cocaine users display the elevation of dynorphin 

mRNA and kappa-opioid receptor (KOR) in the NAc (Hurd and 

Herkenham, 1993). Dynorphin is an opioid peptide that acts at KORs 

and mediates GABA synaptic transmission (Roberto and Gilpin, 2014) 

and decreases dopamine release from VTA dopamine neurons to NAc 

(Nestler, 2004).  

 

Figure 11. Regulation of CREB and dynorphin by cocaine. Obtained from: Nestler 

(2001). 
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Therefore, CREB-mediated dynorphin augmentation due to cocaine 

exposure enhances KOR activity and reduces dopamine transmission 

in VTA and NAc (Muschamp and Carlezon, 2013), antagonizing the 

negative effect of cocaine (Carlezon et al., 1998). However, dynorphin 

elevation-dependent of continuous cocaine exposure could inhibit the 

basal dopamine release from the VTA to the NAc (Carlezon et al., 

1998). Therefore, this mechanism contributes to the sensitization to the 

reward-related properties of cocaine but also to the dysphoria seen 

during withdrawal (Carlezon et al., 1998; Nestler, 2001). 

Animal studies showed that repeated cocaine administration in mice 

decreases CREB expression (Riday et al., 2012) but increases the 

phosphorylated form of CREB (pCREB) (Mattson et al., 2005) in the 

NAc, which attenuates the rewarding effect of the drug. 

Moreover, a decreased expression of CREB in this same brain area 

reduces cocaine reinforcement and facilitates the extinction of cocaine-

seeking behaviour in a self-administered rats (Larson et al., 2011). 

Regarding the VTA, Tang et al. (2003) observed in cocaine overdose 

victims, a significant elevation of CREB protein level in the VTA. In 

accord with this observation, preclinical data showed that cocaine 

priming induced the phosphorylation of CREB in the VTA of mice, 

inducing reinstatement to conditioned place preference (CPP) 

(Kreibich and Blendy, 2004). 

Other CREB target genes are GluA1 (Olson et al., 2005) and TH 

(Nestler, 2001; Olson et al., 2005). Overexpression of CREB in the 

VTA showed an elevation of both of these genes, raising the possibility 
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that CREB may exert its effects on drug reward, via regulation of these 

genes (Olson et al., 2005). 

In sum, upregulation of CREB after cocaine administration represents 

a mechanism of “motivational tolerance and dependence” making that 

the removal of the drug left in the subjects an amotivational and 

depressed-like state (Nestler, 2004), a topic that will be discussed later. 

3. Vulnerability factors to develop drug addiction 

Between subjects, there are some factors that differentiate the 

individuals that are more prone for addiction. Some of the 

multifactional causes for a vulnerable phenotype are: genetic, 

personality traits, experience of trauma or abuse, sociocultural 

influences or various comorbidities and epidemiological observations 

(Le Moal, 2009; Volkow et al., 2019).  

3.1. The telescoping effect 

According to the European Drug Report, experience of drug is more 

frequently in males than in females (57.8 million and 38.3 million 

respectively) (EMCDDA, 2019). Moreover, men are more prone to 

psychostimulant use than women (UNODC, 2018). However, in 

women, substance use tends to progress faster than in males, a 

phenomenon known as telescoping (Haas and Peters, 2000; UNODC, 

2019).  

The telescoping effect is especially evident in the case of 

psychostimulant such as cocaine for which women show higher rates of 

cocaine use, earlier age of onset and maintain abstinence for a shorter 
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time-period than men (Johnson et al., 2019; Swalve et al., 2016; Zlebnik, 

2019). 

Moreover, the studies show the presence of sex differences in all the 

phases of drug addiction, in all stages of drug addiction (Table 1) 

(Becker et al., 2017). Therefore, it must be biological differences 

between both sexes that impact the how each responds to drugs and 

participate in compulsive behaviours like addiction (Becker et al., 2017). 

Epidemiologic studies showed that women use cocaine in higher 

quantity and frequency than men, report more symptoms at low doses 

of cocaine and showed a higher percentage of cocaine dependency 

(Chen and Kandel, 2002).  

Besides, a study evaluating differences in crack cocaine users found that 

women had an increased severity of cocaine use than men (Sanvicente-

Vieira et al., 2019). In line with this, Haas and Peters (2000) reported 

that female cocaine abusers exhibit a shorter latency from the first use 

to abuse and more admissions to treatments than men, demonstrating 

that women evolve differently in terms of cocaine addiction (Haas and 

Peters, 2000).  

Structural neuroimaging observations report that females may be more 

susceptible to the negative effects of chronic cocaine on brain volume 

and also greater neural activation to cocaine cues relative to men 

(McHugh et al., 2018). 
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Table 1. Sex differences in stages of addiction. Obtained from: Becker, McClellan and 

Reed (2017). 
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Animal studies have also demonstrated sex differences in drug 

consumption. In SA experiments, have been observed that female rats 

acquire cocaine SA behaviour at a quicker rate and higher percentage 

(Lynch, 2008), performing a greater number of infusions and 

consuming more cocaine than males (Cummings et al., 2011; Davis et 

al., 2008; Johnson et al., 2019; Peterson et al., 2014). Moreover, female 

rats show more incentive motivation for cocaine than males (Algallal et 

al., 2019), obtain more cocaine infusions during SA progressive-ratio 

schedule (Lynch and Taylor, 2004), self-administered more cocaine 

(Lynch and Taylor, 2004) and develop psychomotor sensitization to 

cocaine (Hu and Becker, 2003; Van Haaren and Meyer, 1991).  

Nevertheless, other studies have reported different results. Whilst Caine 

et al. (2004) appreciated no between-sex differences, Swalve et al. (2016) 

reported that male rats acquire at a higher percentage and in fewer 

sessions but once acquisition criteria were met, females did consume 

more cocaine.  

Regarding cocaine relapse, Doncheck et al. (2020) reported in female 

rats, a leftward shift in the dose-response curve for cocaine 

reinstatement, being more susceptible to cocaine-primed reinstatement 

than males. 

Together, animal and human studies provide compelling evidence of 

fundamental differences in the motivational properties of cocaine 

between males and females. 
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3.2. Comorbidity between addiction and 

depression 

Comorbidity refers to the co-occurrence of one disorder that could 

increase the likelihood of another to occur (Rappeneau and Bérod, 

2017; Torrens et al., 2015). In this case, we want to focus on the 

comorbidity of substance use and another mental disorder such as 

depression. 

Regarding mental disorders, the most prevalent comorbidity is 

depression and SUD, with numbers of affected up to 80% (Torrens et 

al., 2015). The relevance of this comorbidity is that individuals who 

suffer both disorders are in high risk of emergency admissions, 

increased rates of psychiatric hospitalisations and a higher prevalence of 

suicide (Torrens et al., 2015). The diagnosis of this comorbidity is 

critical because could improve considerably the treatment, clinical 

evolution, medication adherence and recovery of these patients 

(Rappeneau and Bérod, 2017).  

Major depressive disorder (MDD) is the most common psychiatric 

disorder affecting more than 264 million people worldwide (García-

Marchena et al., 2019; GBD 2017 Disease and Injury Incidence and 

Prevalence Collaborators, 2018). This disorder is characterized by 

sadness, loss of interest or pleasure, feelings of guilt or low self-worth, 

disturbed sleep or appetite, feelings of tiredness, and poor 

concentration (Matthews and Robbins, 2003; Nestler et al., 2002; 

Rappeneau and Bérod, 2017; WHO, 2017). Moreover, these core 

symptoms could finish in suicidal ideation (Patel et al., 2016). 
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Depression will affect one out of every five people in their lifetime and 

is the leading cause of disability worldwide (Ménard et al., 2016). 

Besides, depression is almost twice as common in women than men 

(Figure 12) (Nestler et al., 2002).  

 

Figure 12. Global overview of the prevalence of depression. Obtained from: 

https://ourworldindata.org/grapher/number-of-people-with-depression. 

Clinical evidence yields that subjects with major depression have 

increased vulnerability to developing SUD but in other cases, SUD 

trigger and potentiate the risk of developing major depression during 

their life than the general population (Torrens et al., 2015). The 

prevalence rate of SUD in depressive patients is almost twice than the 

general population (Nestler et al., 2002). On other hand, depression is 

3-4 times more prevalent in subjects diagnosed with SUD (Lai et al., 

2015). Therefore, these comorbid disorders interact to make each other 

worse.  

https://ourworldindata.org/grapher/number-of-people-with-depression
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Generally, there is an inaccurate diagnosis of this comorbidity, because 

it is difficult to distinguished which disorder was first, but also because 

chronic depression symptoms could be attributed to the drug use 

(García-Marchena et al., 2019). Substance use and depression are 

interlinked in different ways, which are in sometimes overlapping 

(Torrens et al., 2015). There are three possibilities of the triggering of 

this comorbidity: chance, selection bias or causal association (Torrens 

et al., 2015). 

“Chance” refers that the combination of depression and substance use 

represent two or more independent conditions. In this case, addiction 

is a behavioural disorder (i.e. compulsive loss of control, at times 

uncontrollable craving, seeking and use despite devastating 

consequences) with several additive objects (substances, gambling, sex) 

occurring in predisposed individuals in which a trait (impulsivity) 

determines the neuroplasticity induced by psychoactive substances 

(Swendsen and Le Moal, 2011). 

“Selection bias” means that depression is the risk factor to substance 

use disorder (Rappeneau and Bérod, 2017; Torrens et al., 2015). In other 

words, the individual trend to use drugs in order to deal with problems 

associated with depression (Rappeneau and Bérod, 2017; Torrens et al., 

2015). 

“Causal association” this occurs when the SUD trigger the development 

of depression (Rappeneau and Bérod, 2017; Torrens et al., 2015). This 

is also known as substance-induced disorder. In this case, depression 

could be a long-term disorder or just temporal condition, produced as 
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a consequence of intoxication or withdrawal conditions (Rappeneau 

and Bérod, 2017; Torrens et al., 2015).  

Another possibility is the presence of some factors that increase the 

likelihood of depression and substance use disorder explaining their 

association, like exposure to early-life adversity (child maltreatment) 

(Rappeneau and Bérod, 2017; UNODC, 2018). 

3.2.1. Molecular mechanism of depression 

As previously described, the mesolimbic dopamine system is associated 

with the rewarding effects of food, sex and drug of abuse (Nestler, 

2005), being this brain system the molecular pathway that MDD and 

SUD shared in common (Nestler and Carlezon, 2006). 

Many studies reports in post-mortem analysis and neuroimaging 

evaluations of depressed patients, reductions in grey-matter volume in 

the PFC and hippocampus, brain structures that mediate cognitive 

aspects of depression, such as feelings of worthlessness and guilt 

(Krishnan and Nestler, 2008). 

Besides, some neurotrophic factors in brain reward areas are involved 

in the aetiology of depression function (Nestler et al., 2002). Regarding 

the CREB function in the brain cortex, a study in patients with 

depression showed a decreased CREB level in the temporal cortex 

which was reversed with antidepressant treatment (Dowlatshahi et al., 

1998). 

Other studies have demonstrated that antidepressant administration 

increases expression of CREB mRNA and protein levels in the 
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hippocampus (D’Sa and Duman, 2002). In agreement with this 

observation, Krishnan and Nestler (2008) showed that antidepressants 

administration upregulates the expression of CREB, due to the 

stimulation of serotoninergic dependent G-protein-coupled receptors 

(Krishnan and Nestler, 2008). Meanwhile, Chen et al. (2001) 

demonstrated that CREB overexpression in hippocampus, induce the 

expression of brain derived neurotrophic factor (BDNF), evocating an 

antidepressant effect (Chen et al., 2001). The hypothesis suggested is 

that BDNF levels induced by antidepressants may improve BDNF-

mediated signalling in the hippocampus, improving the function of this 

brain area (Chen et al., 2001). 

Additionally, the upregulation of CREB activity in the NAc induced by 

stress, caused a pro-depressive phenotype in mice (Nestler, 2015). The 

increased CREB activity induces the expression of BDNF and 

dynorphin, two genes that contribute to depressive-related behaviours 

in the NAc (Nestler, 2015). In fact, dynorphin activates KORs in VTA 

neurons, inhibiting dopaminergic activity and contributing to anhedonia 

and the development of depressive symptoms (Nestler, 2015). 

Recently, GluA2-lacking AMPA receptors have been suggested as 

regulators of depression-like behaviour (Goffer et al., 2013), but also 

has been proposed that modifications in GluA2-lacking AMPA 

transmission in the VTA and NAc as a common target linking cocaine 

addiction and mood disorders (Martínez-Rivera et al., 2017). 

Sub-anaesthetic dose of ketamine, a NMDA receptor blocker, induce a 

rapid antidepressant effect (Cryan and O’Leary, 2010), also observed in 

depressed patients (Skolnick, 2008).  
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A possible mechanisms that can explain this ketamine-induced 

antidepressive effect is because of the activation of the mammalian 

target of rapamycin (mTOR), a ubiquitous protein kinase involved in 

protein synthesis, formation of dendritic spines and other synaptic 

activity in the PFC (Cryan and O’Leary, 2010). Ketamine-induced 

mTOR promote the translation of GluA1 at the postsynaptic site, 

potentiating the AMPA receptor activity (Doan et al., 2015).  

The chronic administration of maprotiline, another antidepressant, also 

up-regulates GluA1 protein expression in the NAc and hippocampus 

of mice which leads increased calcium permeability, increasing synaptic 

function in these brain areas (Tan et al., 2006).  

Moreover, fluoxetine triggers too the augmentation of AMPA activity 

inducing the phosphorylation of GluA1 in the PFC, hippocampus and 

striatum (Svenningsson et al., 2002); in contrast, serotonin depletion in 

the PFC decreases the expression of GluA1 but increase GluA2 in the 

cerebral cortex (Shutoh et al., 2000). 

In line with this, Duric et al. (2013) observed in post mortem 

hippocampus of subjects with MDD, a down regulation of the mRNA 

GluA1 level (encoded by the Gria1 gene). Moreover, the same 

observation was detected in the hippocampus of rats with depression-

like behaviour (Duric et al., 2013).  

In another stress model of depression was observed a GluA1 reduction 

in the PFC of rats, due to the degradation by the ubiquitin-proteasome 

pathways (Tan et al., 2006). This loss of glutamate receptor could 

explain the decreased glutamatergic activity that leads to the deficit of 
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PFC-mediated cognitive processes existing in depression (Tan et al., 

2006).  

In the NAc, decreased concentrations of GluA2-containing AMPA 

receptors are also associated with depressive states (Doan et al., 2015). 

According with the previous data, GluA1 knockout mice showed a 

higher vulnerability to depression, being used as a model to investigate 

the physiopathology underlying the depressive states (Chourbaji et al., 

2008). 

Although the information presented, the biological mechanism that 

underlie the association between MDD and SUD remain largely 

unknown, being necessary to explore deeply in order to improve the life 

quality of the patients living with this comorbidity (Rappeneau and 

Bérod, 2017).  

3.2.2. Trait impulsivity and depression  

Among the dopamine behavioural dependent processes, we can find 

two extremes, depression and impulsivity. We previously described that 

hedonic processing and motivation depends closely on dopamine, 

therefore, depression and impulse control disorders (like SUD), 

depends on the modulation of this neurotransmitter.  

By definition, impulsivity is a major personality and temperament 

dimension consisting of maladaptive behaviour and characterized by 

poorly conceived, prematurely expressed, unduly risky, or inappropriate 

actions often resulting in undesirable consequences (Dalley et al., 2011).  
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Impulsivity could be divided in two major processes and each one 

depends of different neural network: cognitive impulsivity and motor 

impulsivity (Houeto et al., 2016). Cognitive impulsivity is the failure to 

tolerate delays of reinforcements, preferring immediate smaller rewards 

over distant larger ones (Dalley and Ersche, 2019). Motor impulsivity 

implies the inability to withhold, stop, or postpone a response, 

developing anticipatory actions (Dalley and Ersche, 2019; Dent and 

Isles, 2014; Granö et al., 2007). 

Clinical studies reported increased impulsivity in adults with depression 

(Peluso et al., 2007) or later MDD diagnosis (Granö et al., 2007), 

suggesting impulsivity as a predictor of the development of major 

depression (Granö et al., 2007). Also, Corruble et al. (2003) described 

three characteristics of impulsivity in adults with severe depression: 

behavioural loss of control, non-planning activities and cognitive 

impulsivity.  

Additionally, depression and impulsivity increases suicide attempt as 

demonstrated by (McHugh et al., 2019). Also, Wang et al. (2015) 

showed that MDD patients with higher impulsivity were more prone to 

have suicidal ideations even when depression had been ameliorated. 

In line with these studies, some authors have evaluated the association 

between impulsivity and childhood adversity in depressed adults, 

concluding that patients with history of childhood trauma showed 

higher impulsivity and higher suicidal behaviour than the others without 

childhood adversity (Brodsky et al., 2001). 
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Additionally to depression, impulsivity is also associated with other 

behavioural traits like novelty seeking (Dalley et al., 2011). Therefore, 

impulsivity is a trait that can increase the predisposition to suffer drug 

addiction (Adams et al., 2019; Butelman et al., 2019; Jupp et al., 2020; 

Nicholls et al., 2014; Rømer Thomsen et al., 2018). 

Because of this reason, impulsivity has been proposed as a 

endophenotype to investigate the underlying neurobiological 

mechanisms for many of impulse control disorders including SUD 

(Dalley and Ersche, 2019). 

Clinical studies show that cocaine addiction includes poor inhibitory 

control for the goal-directed behaviour in the frontal cortical regions, 

which induce craving for the drug (Barrós-Loscertales et al., 2020; 

Squire, 2008).  

In the four-choice serial reaction time task, a behavioural test to assess 

waiting impulsivity, study performed in cocaine-addicted patients 

showed a trend to respond more prematurely or incorrectly than the 

healthy group (Clark et al., 2006; Dalley and Ersche, 2019). Besides, the 

cocaine group made disadvantageous decisions because they are less 

likely to choose the most probable option (Clark et al., 2006; Dalley and 

Ersche, 2019).  

Moreover, resilient cocaine users (recreational cocaine users that never 

transit to addiction) reported normal levels of impulsivity and no 

changes in brain morphology normally associated with chronic cocaine 

use (Morein-Zamir et al., 2015). An interesting observation is that these 

recreational users did not have history of severe adverse experiences 
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during childhood (Morein-Zamir et al., 2015). As exposed, early 

childhood adversity is related with immature prefrontal-limbic 

connectivity which contributes to increased impulsivity and higher 

probability to SUD (Volkow et al., 2019) 

Preclinical studies also demonstrated that increased impulsivity predicts 

the predisposition to evolves from drug use to drug abuse (Jupp et al., 

2020). In a SA paradigm, rats with high impulsivity met the acquisition 

criterion faster, in greater percentage and also consumed more cocaine 

than rats with low impulsivity (Perry et al., 2005). Moreover, in male rats 

were observed that high impulsivity goes before of the development of 

compulsive cocaine use (Belin et al., 2008) while in females rats, 

impulsivity could predict the acquisition of cocaine SA (Perry et al., 

2005). 

A genetic animal model of impulsivity, the Roman high-avoidance rats 

showed increased cocaine sensitization (Giorgi et al., 2005), higher 

number of responses in the SA paradigm (Fattore et al., 2009) and 

higher vulnerability to self-administer cocaine (Fattore et al., 2009). All 

of these behavioural alterations were associated with decreased volume 

and function of some mesocorticolimbic areas related with the 

development and persistence of cocaine addiction (Fattore et al., 2009; 

Giorgi et al., 2019; Río-Álamos et al., 2019).  

Regarding sex differences in impulsivity, evidence showed that both 

women and female rats express higher impulsive actions than males 

(Weafer and de Wit, 2014). 
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Anker et al. (2008) reported greater impulsive action for cocaine seeking 

in cocaine self-administering rats; on other wise, Perry et al. (2008) 

indicates that impulsive choice is a better predictor for cocaine 

reinstatement in female rats than in males. These results evidenced that 

women are more sensitive to the chronic effects of cocaine on impulsive 

action.  

Although the molecular substrates of impulsivity and SUD is not fully 

understood, abnormal activity in the mesolimbic system has been 

reported in impulsive subjects, suggesting an increase dopamine 

sensitivity in the VTA (Dalley and Roiser, 2012). Moreover, NAc and 

other nucleus in the ventral striatum, incorporates cortical and limbic 

inputs to modulate the inhibitory control of reward-related behaviours 

throughout D2R (Dalley and Roiser, 2012). Then, elevated D2R 

activation-cocaine induced could inhibit the inhibitory response control 

by the PFC (Dalley and Roiser, 2012). 

Concerning glutamate, the VTA has an important role in goal-directed 

behaviour, including drug-seeking behaviour and this process is 

dependent of the glutamatergic inputs from the PFC (Heshmati, 2009). 

Once again, AMPA function alterations were associated with 

impulsivity but also with this personality trait and cocaine use. 

Nakamura et al. (2000) showed that the administration of NBQX 

(disodium salt hydrate), a selective competitive AMPAr antagonist, 

decreased the impulsivity in a dose-dependently way in rats. On other 

hand, Barkus et al. (2012) reported in a GluA1 knock out mice, an 

impulsivity phenotype, faster acquisition in the food SA paradigm and 

decreased capacity to extinguish the SA behaviour.  
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3.3. Early-life adversity 

As exposed in the first chapter, early-life stress during prenatal and 

postnatal periods, is associated with negative consequences, including 

maladaptive long-lasting brain effects (Ducci et al., 2009; Hyman et al., 

2008). Being victim of abuse or negligence showed an increase risk for 

developing psychiatric disorders (Lippard and Nemeroff, 2020). For 

example, history of childhood adversity increase in 28.8% the possibility 

of depression, 16.5% the risk of illicit drug use (Anda et al., 2006). 

Human studies showed that individuals that had experienced of early 

life adversity showed several functional alterations in the reward 

circuitry like decreased activity in the basal ganglia and attenuation of 

the ventral striatum activation (Birnie et al., 2020) 

Related to illicit drugs, it has been observed that 20% of cocaine users 

become addicts (Wagner and Anthony, 2002), but the likelihood of 

shifting from cocaine use to CUD increases two folds in individuals 

with a history of childhood maltreatment (Ducci et al., 2009). Other 

studies showed that childhood maltreatment negatively impacts cocaine 

relapse (Hyman et al., 2008). In general population, the cocaine relapse 

rate is approximately 45% (Back et al., 2010), however, individuals who 

have suffered childhood maltreatment, the probability to relapse 

increases rising 90% (Hyman et al., 2008). 

Although clinical studies help to understand the consequences of early-

life adversity and cocaine addiction in brain function or structure, 

animal studies are necessary in order to investigate the underlying 

molecular and cellular mechanisms behind the cognitive and emotional 

alterations in individuals exposed to early-life adversity (Krugers et al., 



INTRODUCTION 

 

 

73 

2017). Moreover, animal models allow to identify the neural targets, 

critical period modulators, why not everyone who is exposed regularly 

to a drug becomes addicted and therapeutic solutions for adverse 

experiences in humans (Nelson and Gabard-Durnam, 2020; Volkow et 

al., 2019). 

4. Animal models of early-life adversity 

In the field of life science, at least 59% of the animal studies employs 

mouse models to investigate the implications on human health, because 

almost 99% of mouse genes resemble the human genome (Dutta and 

Sengupta, 2016).  

Moreover, the observations in rodent experimental findings in early-life 

stress models and results from maltreated individuals showed a strong 

parallelism (Teicher et al., 2016). For example, individuals with history 

of maltreatment who committed suicide, showed a epigenetic 

modifications of the neuron-specific glucocorticoid receptor gene in the 

hippocampus as well as rodents exposed to early-life stress (Suderman 

et al., 2012).  

Therefore, mice give comparable results to humans, being really useful 

to identified molecular changes and epigenetic mechanisms associated 

with early-life stress (Schmidt, 2010; Teicher et al., 2016).  

4.1. Relation between mice age and human age 

At this point, it is necessary to understand the equivalences in mouse 

age and human being age (Figure 13).The mean mouse lifespan is 18-

24 months while the average life expectancy of a human being is 80 

years (Dutta and Sengupta, 2016; Mulder et al., 2018).  
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If we take in count the entire lifespan of both, 9 mouse days is 

equivalent to 1 human year, however, depending on the developmental 

stage, this comparison varies (Dutta and Sengupta, 2016; Mulder et al., 

2018). At the early life, mice have a shorter and accelerated life in 

comparison with the human being. 

 

Figure 13. Approximate mouse/human age comparisons. From birth to 1 month, 

mice develop 150 times faster than human beings; 1-6 months, mice mature 45 times 

faster: more than 6 months, mice age 25 times faster. Adapted from: The jackson 

laboratory (2017), figure V.3. 

4.1.1. Childhood 

During the first month, a mouse matures 150 times faster than a human 

being, therefore a mouse of 28 days is comparable to a child of 11.5 

years of age (Mulder et al., 2018).  

The transition from childhood to adulthood, the puberty, involves the 

maturation peak of the HPA axis, which is characterized by alteration 

in gonadotropin levels in circulation and elevated levels of sex steroids 

(Dutta and Sengupta, 2016). In mice, the firsts signs of puberty are 

reported at the 4 weeks of age (~postnatal day [PD] 28) (Dutta and 
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Sengupta, 2016); however, the average age at which mice reach puberty 

is about PD 42 (1.5 months) and the mean puberty age in the human 

being is about 11.5 years (Dutta and Sengupta, 2016). 

4.1.2. Adulthood 

The age at which mice or other animals attain sexual maturity is defined 

as adulthood (Dutta and Sengupta, 2016). However, in humans there 

are other psychological and social concepts that are associated with this 

stage.  

The sexual maturity in mice is reached at 8-12 weeks of age, with an 

average of 10 weeks (~PD 70). In humans, a physical change that allows 

to differentiate between the adolescence and adulthood is the close of 

the growth plates in the scapula, which is around 20 years of age (Dutta 

and Sengupta, 2016).  

Reproductive senescence is characterized by the termination of the 

fertility cycle. In mice, although the biomarkers of ageing are not yet 

detected, the cease of reproductive functions begin in middle age (10-

14 months) which correlates with the human age of 38-47 years of age 

(The jackson laboratory, 2017). In humans, the mean age of women 

reproductive senescence is around 51 years old (Dutta and Sengupta, 

2016).  

4.1.3. Senescence 

The period in which biomarkers of aging can be detected in almost all 

animals is the senescence or old age. In mice, senescence is determined 

by at least 18 months until the end of the lifespan (around 24 months) 
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(Dutta and Sengupta, 2016; The jackson laboratory, 2017). In human, 

the old age start more or less at 56 years old (The jackson laboratory, 

2017). 

4.2. Maternal Separation as a model of early-life 

adversity 

As previously exposed, the effects of several factors in the human child 

development could be studied in mice from the day of birth up to post-

natal day (PD) 28. There are several animal models to explore early-life 

stress and/or early-life adversity, however, most of them have in 

common the alteration in the amount and/or quality of maternal care, 

due to is the principal factor that could has impact in the early postnatal 

period of humans and also other animals (Krugers et al., 2017). 

The most common animal paradigm to study the early-life adversity is 

the maternal separation (Baracz et al., 2020; George et al., 2010; 

Vetulani, 2013). This model consist on separating the pups from the 

dam repeatedly over the first postnatal days, allowing to evaluates the 

consequences of early-life adversity during the postnatal or neonatal 

period (Schmidt, 2010).  

Maternal separation is a reliable animal model of early life neglect 

(George et al., 2010), but also a good model of major depression 

disorder (Planchez et al., 2019; Vetulani, 2013).  

There are several studies that employs different periods of maternal 

separation but the most popular experimental procedure of maternal 

separation consists of a 3 h daily separation from the second to the 

PD12 (Planchez et al., 2019). 
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George et al (2010) performed several studies evaluating if 3 h of 

maternal separation from PD 2 to PD 17, had long-lasting effects on 

behaviour. The results showed no significant effect of maternal 

separation on several behavioural tests. Therefore, they tried with 3 h 

of separation from PD 2 to PD 17 and weaned at PD 17. Early weaning 

showed the reduction of compensatory maternal care after maternal 

separation; however, the results continue to be inconsistent. For these 

reasons, they developed a new model joining longer periods of maternal 

separation and early weaning, in order to reduce the maternal contact 

but ensuring the safety and viability of the offspring (George et al., 

2010). The final model was named the maternal separation with early 

weaning (MSEW), and includes periods of 4 h of maternal separation, 

from PD 2 to PD 5 and 8 h of separation from PD 6 to 16. Offspring 

was subsequently weaned at PD 17, instead PD 21. The combination of 

these variables ensures a good reproducibility and repeatability of the 

results. 

At a behavioural level, this kind of experimental manipulation induces 

behavioural abnormalities such as learning and memory performance 

deficits, depressive-like behaviours and anxiety-like behaviours, higher 

reactivity to stress during adulthood, anhedonia and a proclivity for 

increased drug consumption in future develop stages (Planchez et al., 

2019; Tractenberg et al., 2016).  

5. Maternal Separation with Early Weaning 

5.1. Behavioural outcomes 

5.1.1. Maternal care 
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As previously argued, maternal care is critical during the postnatal 

period. This behaviour makes reference to the behaviour performed by 

the dam to nourish and protect her litter during its early development 

(Orso et al., 2019). There are a variety of measures to allow evaluates 

the maternal care, such as: licking/grooming, arched-back nursing, 

blanket-nursing/passive nursing, nest building, harmful/adverse 

caregiving (off-nest behaviour) (Orso et al., 2019). 

Evaluation of the arched-back nursing, blanket posture and off-nest 

behaviour in MSEW mice reveals that MSEW mothers exhibited the 

arched-back nursing and the blanket posture more often than the 

standard nest (SN) mothers (Gracia-Rubio et al., 2016b). In the case of 

the off-nest measure, MSEW mothers spent less time out of the nest 

than SN mothers (Gracia-Rubio et al., 2016b). Moreover, no changes 

on body weight, male/female ratio, mortality, morbidity or metabolic 

derangements, were observed in MSEW pups (George et al., 2010; 

Gracia-Rubio et al., 2016b).  

As a consequence of the disruption of the maternal care, studies report 

increased basal levels of corticotropin-releasing factor (CRF), higher 

levels of corticosterone, ACTH, and CRF, inducing a hyperactivity of 

the HPA axis. These alterations underlie the development of stress-

induced mental health disorders such as anxiety-like and depression-like 

behaviours (Baracz et al., 2020).  

5.1.2. Locomotor activity 

In other hand, locomotor assays are used to determine the total motor 

activity of an animal over a given time period (Carter and Shieh, 2015). 
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The level of net activity can be altered by depression in human patients 

or also in animal models (Planchez et al., 2019).  

Measured of spontaneous locomotor activity showed that MSEW mice 

of both sexes, performed decreased deambulations and rearings during 

adolescence period (Gracia-Rubio et al., 2016b), however, no significant 

differences were observed during adulthood (Gracia-Rubio, 2016).  

Analysis of open field behaviour, a classical test to provide a qualitative 

and quantitative measurement of exploratory and locomotor activity in 

rodents (Valvassori et al., 2017), revels that MSEW mice moves faster 

and covers more area than the controls (George et al., 2010). This result 

demonstrate that MSEW animals showed hyperactivity compared with 

the control mice (Valvassori et al., 2017). 

5.1.3. Anxiety-like behaviour 

Moreover, the open field test is also used to test anxiety-like behaviour 

due to the animal is exposed to an unknown environment whose escape 

is prevented by surrounding walls (Gogas et al., 2007). Studies also 

showed that MSEW mice spent more time in the centre of the open 

field than the controls (George et al., 2010). This result display a higher 

novelty-seeking and risk-taking behaviour, due to rodents typically 

prefer not to be in the centre and tend to walk close to the walls (Gogas 

et al., 2007; Valvassori et al., 2017).  

Another behavioural test to measure anxiety is the elevated plus maze 

(EPM). This test uses nonpainful, non-aversive stimuli to induce fear 

and anxiety, reducing the motivational and perceptual states (Gogas et 

al., 2007). The apparatus consist on four elevated arms (two open and 
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two close) in the shape of a “plus” signal (Gogas et al., 2007). Normal 

animal behaviour is avoiding the open arms, spending relatively more 

time in the closed arms (Carter and Shieh, 2015). Evidence show that 

MSEW mice have decrease time and entries in open arms than SN 

animals during adolescence and also during adulthood (Gracia-Rubio et 

al., 2016b). In line with these, George et al (2010) also reported that 

higher number of open arm entries was significantly lower for MSEW 

than control animals, but no significant effect of MSEW on average 

time spent in a closed arm. Together, these results showed that MSEW 

mice showed an increased anxiety-like behaviour. 

5.1.4. Despair-like behaviour 

Common test for assessing despair-like behaviour include forced swim 

test and tail suspension test (TST) (Planchez et al., 2019). These 

behaviour test evaluates a hopelessness state in rodents, placing them in 

an uncomfortable situation from which is impossible to scape (Planchez 

et al., 2019; Valvassori et al., 2017). At the beginning of both test, there 

is a period of active behaviour (swimming or struggling) during the 

animal tries to scape (Carter and Shieh, 2015; Planchez et al., 2019). 

However, after this period of motor agitation, animals exhibit 

immobility, indicating the animal had learned that escape is impossible 

(Valvassori et al., 2017). This immobility is taken as an indication of 

behavioural despair and is commonly considered to reflect depression-

like states (Planchez et al., 2019; Valvassori et al., 2017). From an 

anthropomorphically view, this behaviour is interpreted as loss of hope 

in a stressful situation (Valvassori et al., 2017). 
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Gracia-Rubio et al. (2016) reported that MSEW adolescent and adult 

CD1 mice spent increased immobile time in the TST compared with 

the SN group. Portero-Tresserra et al (2018) also observed increased 

immobility time in adolescent C57BL/6 mice that experienced MSEW. 

In the forced swim test, results showed that MSEW mice spent 

significantly more time immobile than the control group (George et al., 

2010). 

In sum, these studies exhibited that MSEW induced long lasting 

behavioural changes that increased depressive-like symptoms in mice, 

being a good animal model of depression (Ménard et al., 2016; Vetulani, 

2013). 

5.1.5. Anhedonia  

Anhedonia is the inability or diminished capacity to feel pleasure from 

normally rewarding stimuli and is a core symptom of depression (Cryan 

and Slattery, 2010).  

The most common model to measure anhedonia in rodents is the 

sucrose/saccharin preference test (Carter and Shieh, 2015). In general, 

rodents have the choice between water solution or sucrose/saccharin 

solution (Carter and Shieh, 2015; Planchez et al., 2019). Normally, 

animals show preference for the saccharin solution, which is 

significantly reduced in models of depression (Carter and Shieh, 2015; 

Planchez et al., 2019). 

Saccharin preference test showed that MSEW mice have decreased 

preference for saccharine compared with the SN animals during the 

adolescence period, however, during adulthood they did not observe 
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significative difference between the groups (Gracia-Rubio et al., 2016b). 

In line with this, Frank et al. (2019) also reported significantly lower 

sucrose preference in maternally separated rodents and higher 

submissive behaviour in resident intruder and dominant-submissive 

tests.  

On other hand, Matthews and Robbins (2003) showed that maternal 

separation alter the response to heroin and raclopride, a selective 

antagonist of D2R, showing that this kind of early-life stress induce a 

predisposition to anhedonia.  

5.1.6. Addiction 

We said that MSEW shower higher novelty-seeking and risk-taking 

behaviour and this behaviour has been associated with predisposition 

to rewarding and addictive behaviours (Valvassori et al., 2017). 

Moreover, as exposed in point 5.1.4, MSEW is also an animal model of 

depression-like behaviour, a factor that can trigger or intensify the 

desire to drug use (Koob and Le Moal, 2008, 2001; Rappeneau and 

Bérod, 2017).  

Animal models have shown that early-life stress exposure increases the 

consumption of several drugs, including cocaine (Bagley et al., 2019b).  

Several studies report that maternal separation enhances the acquisition 

of cocaine SA (Lynch et al., 2005; Moffett et al., 2006), higher cocaine-

induced hyperlocomotion (Kikusui et al., 2005), increases cocaine intake 

and elevates the number of responses during the reinstatement phase 

(Lynch et al., 2005). 
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Lynch, Mangini and Taylor, (2005) showed that early-life stress 

potentiates cocaine seeking in male- and female- rats (Lynch et al., 

2005); however, during the extinction phase of cocaine SA, stressed 

males showed a higher levels of responding than stressed females 

(Lynch et al., 2005). 

Mice (both sexes) exposed to maternal separation evidenced greater 

cocaine-induced locomotor stimulation than mice no maternally 

separated (Kikusui et al., 2005). However, only maternally separated 

males, no females, developed behavioural sensitization to cocaine 

challenges (Kikusui et al., 2005). An important observation is that 

females were more sensitive to the effects of acute cocaine injections, 

expressed higher levels of GR and dopamine transporter (DAT) in the 

NAc, independently of the maternal separation procedure (Kikusui et 

al., 2005). 

In contrast, Gracia-Rubio et al. (2016) reported that mice exposed to 

maternal separation diminished cocaine-induce sensitization and no 

changes in the rewarding effects of cocaine (CPP) in adolescent mice, 

while Viola et al. (2016) stated that maternal separation potentiates 

cocaine-induced CPP in animals at PD 45, together with decreased gene 

expression of BDNF. 

Gracia-Rubio et al. (2016) also observed that maternally separated mice 

expressed a reduction in D2R in the NAc and elevated expression of 

the transcriptional factor Nurr1 in the VTA (Gracia-Rubio et al., 2016a). 

These alterations were accompanied by increased dopamine turnover 

and protein expression of DAT in the NAc of maternally separated 

mice exposed to cocaine (Gracia-Rubio et al., 2016a). In line with this 
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observation, Romano-López et al. (2015) showed that maternal 

separation facilitates alcohol ingestion due to deregulation of the 

dopaminergic system in the PFC and the NAc, increasing the dendritic 

length, the expression of D2R and the tyrosine TH levels. 

Finally, cocaine-induced CPP decreased the gene expression of miR-

212 and elevated the expression of Mecp2 gene level in the PFC of 

animals reared normally, while MSEW CPP-experienced, did not 

showed alteration neither mir-212 nor Mecp2 (Viola et al., 2016). 

Therefore, maternal separation disrupts compensatory mechanisms in 

the PFC associated with cocaine rewarding effects, leading to increased 

cocaine-induced CPP (Viola et al., 2016).  

Taken together, these evidence display that maternal separation 

increases behavioural and neurochemical responsiveness to cocaine and 

interacts with sex to impact the psychostimulant and rewarding effects 

of cocaine (Bagley et al., 2019b, 2019a). Therefore, MSEW is a reliable 

animal model to understand why early-life adversity increases the 

vulnerability to substance use disorders.  

5.1.7. Glutamatergic synaptic plasticity 

Maternal separation can induce long-lasting effects in several brain 

pathways. Hsu et al. (2003) observed that this kind of early-life stress 

modifies the hippocampal GABA receptors function and subunit 

expression during adulthood. These maternally separated rats 

maintained an immature GABAergic phenotype accompanied by 

increased activity in response to swim stress (Hsu et al., 2003). 
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Pickering et al. (2006) determined changes induced by maternal 

separation in the hippocampus and PFC of rats. They observed lower 

mRNA expression of NMDA NR2B, AMPA GluA1 and GluA2 

subunits in the hippocampus but any changes in the PFC. Two 

hypotheses were proposed to explain these alterations. The first one is 

that the expression of these genes changed as a homeostatic mechanism 

in order to adapt to the chronic stress exposition; the second one is that, 

the overactivation of glutamate receptors in the hippocampus due to 

chronic stress, the neurons died by the increased excitotoxicity 

(Pickering et al., 2006). 

In contrast, other study reported impairment in the LTP and increased 

protein expression of GluA1, GluA2, postsynaptic density protein 95 

and CAMKII in the mPFC of maternally separated rats (Chocyk et al., 

2013). These results correlated with higher anxiety in the light/dark 

exploration test and decrease in spine density in apical and basal 

dendrites of pyramidal neurons of the mPFC (Chocyk et al., 2013). 

Ganguly et al. (2019) evaluated the effects of maternal separation on 

cocaine-induced CPP in adolescent male- and female rats. They 

observed a male-specific effect of maternal separation, due to only 

males formed a preference for a cocaine-paired environment in a 

subumbral dose (10 mg/kg). This behavioural change was in line with a 

loose of tumour necrosis factor (TNF)-mediated GluA2-containing 

AMPA receptors expression in the PFC and NAc (Ganguly et al., 2019). 

In line with this, another study also observed sexual dimorphism in the 

expression of GluA1 and GluA2 mRNA levels in the hippocampus and 

amygdala of rats (Katsouli et al., 2014). 
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In addition to the modifications induced to the AMPA receptor 

composition, cocaine exposure and MSEW also alters molecular 

substrates of plasticity (Bowers et al., 2010). Among the molecular 

changes reported that emerge in abstinence period, we can mention the 

CREB and the BDNF (Bowers et al., 2010). 

Dixon et al. (2019) reported changes in BDNF expression in the 

hippocampus, VTA and PFC of maternally separated rats (Dixon et al., 

2019). This could explained the higher vulnerability to addiction, due to 

increased BDNF in the VTA of rats turns the GABA inhibitory system 

to excitatory signalisation, increasing the probability of drug abuse 

(Enoch, 2011). 

Lippmann et al. (2007) showed an increased BDNF level in the VTA as 

well as a decreased expression in the striatum and hippocampus of 

maternally separated rats. An interesting observation is that reduce 

BDNF in the hippocampus (Duman and Monteggia, 2006) and elevated 

BDNF in the VTA (Eisch et al., 2003), induce a depression-like 

phenotype in rats. Bian et al. (2015) also reported increases immobility 

time in the forced swim test and TST, together with reduced mRNA 

and protein levels of BDNF in the hippocampus.  

Related with CREB, rodents show that CREB overexpression in the 

NAc decreases rewarding effects of cocaine (Carlezon et al., 1998). A 

study evaluating long-term effects of maternal separation on the 

depression related behaviour reported a decrease in BDNF and CREB 

protein levels in the hippocampus (Shu et al., 2015). These molecular 

modifications were in hand with decreases in sucrose preference and 

spontaneous locomotor activity (Shu et al., 2015).  
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However, there are other authors that failed to find CREB 

modifications in the NAc induced by maternal separation (Sachs et al., 

2018), VTA (Lippmann et al., 2007), NAc (Lippmann et al., 2007) or 

hippocampus (Lippmann et al., 2007). Nevertheless, it must exist 

alteration in this transcription factor, due to CREB regulates BDNF 

transcription in a phosphorylation-dependent manner in the brain 

(Lippmann et al., 2007).  

A possibility is that the studies cited, measured CREB but no the 

changes in the phosphorylation of this important transcription factor, 

which are more relevant to its role as a transcription activator 

(Lippmann et al., 2007). Confirming this observation, Bian et al. (2015) 

reported that maternal separation did not modify the protein level of 

CREB but induced a significative decline in pCREB, which is the active 

form. 

5.1.8. Sex differences in behaviour 

A recent review about the impact of early-life stress in rodent studies 

(Orso et al., 2019) showed that only 46.2% of rat studies and 29.4% of 

mice studies performed sex difference comparison. Moreover, only 

38.4% of the studies in rats and 64.7% in mice, used only male animals 

(Orso et al., 2019).  

Tractenberg et al. (2016) also evaluates the characteristics of several 

mice studies in which the maternal separation protocol was used. They 

reported that 52.08% included both sexes, 41.66% employed only 

males, 2.08% used only females, and 4.16% did not report the sex of 

the animals. Besides, in this study they sum the behavioural and 
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physiological findings by sex and strain, however, for a practical 

purpose, we grouped the results of all the strains in one graph (Figure 

14). 

 

Figure 14. Sex differences for behavioural and physiological findings from separation 

models in mice. Adapted from: Tractenberg et al. (2016). 

Analysis of the data show that 71.1% of the studies in maternally 

separated mice evaluating anxiety were performed in males, and only 

28.9% of the measures were done in female mice. Here, the results seem 

to be homogenous, due to the great percentage of the measures showing 

increased anxiety-like behaviour in males (56.3%) and female mice 

(69.2%).  

The sex-specific evidence for depression-like behaviour was derived 

predominantly from studies with male mice (82.6%) rather than female 

mice (17.4%). In this case, the results are heterogeneous because 

maternal separation trend to increase the depression-like behaviour in 
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males (68.4%) while in females the 50% reported increased- and 50% 

decreased depression-like behaviour.  

Once again, in studies evaluating memory performance, most of the 

data come from males (75%) and a small percentage from females 

(25%). However, in both cases, the trend is that maternal separation 

induces memory impairments.  

Orso et al. (2019) remarks the importance to use both sexes, because 

there is a lot of evidence that demonstrated that dams tend to spend 

more time actively nourishing males than female pups. Therefore, the 

alterations in maternal care could affect in a different way the stress 

response of the pups depending on the sex (Orso et al., 2019). 
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HYPOTHESIS  

Considering the theoretical frame that we have exposed in the 

introduction, we hypothesized that early-life stress, induced by MSEW, 

evocates several molecular alterations in the AMPA receptor subunits 

composition and other molecules related to neuroplasticity which 

persist until adulthood. Because of these alterations, animals exposed to 

early-life stress will show higher vulnerability to impulse control 

disorders including CUD.  

OBJECTIVES 

The overall objective of this thesis was to assess in mice, the influence 

of MSEW on cocaine abuse during adulthood, and the alterations on 

GluA2, GluA1, CREB and pCREB, induced by early-life stress and/or 

cocaine exposure. To this end, we used experimental approaches to 

explore this possibility, including behavioural studies and biochemical 

analysis. 

In order to achieve our main aim, the following specific objectives are 

proposed: 

Objective 1 

To study in male mice, the long-term effects of MSEW on the molecular 

substrate related to neuroplasticity and depressive-like behaviour, as 

well as the contribution of such molecular alterations during the 

acquisition and reinstatement of cocaine SA behaviour. 

a) To describe behavioural consequences of MSEW in the 

reinforcing effects of cocaine using the operant SA 



HYPOTHESIS AND OBJECTIVES 

 94 
 

paradigm during acquisition, extinction and reinstatement 

phases. 

b) To evaluate changes induced by MSEW on the basal levels 

of GluA1, GluA2, CREB and pCREB, in the VTA and 

NAc. 

c) To determine changes on GluA1, GluA2, CREB and 

pCREB in the VTA and the NAc, after the acquisition and 

reinstatement phases of cocaine SA paradigm. 

Objective 2 

To investigate sex differences in the effects of MSEW during the 

acquisition of cocaine SA behaviour and the molecular changes induced 

by cocaine exposure and/or early-life stress. 

a) To study differences between males and females previously 

exposed to MSEW in the acquisition of cocaine SA 

behaviour.  

b) To evaluate if MSEW induces sex-specific changes on the 

basal levels of GluA1, GluA2, CREB and pCREB in the 

VTA and NAc. 

c) To explore changes on the levels of GluA1, GluA2, CREB 

and pCREB in the VTA and NAc after the acquisition of 

cocaine SA, as a possible explanation for the telescoping 

effect.  
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Objective 3 

To study the MSEW consequences on emotional alterations and the 

underlying molecular changes in the mPFC of male and female mice. 

a) To study the MSEW effects on despair-like behaviour using 

the TST. 

b) To analyse the MSEW effects on Gria1 and Gria2 mRNA 

levels in the mPFC. 

c) To determine a correlation between despair-like behaviour 

and Gria2 expression.  

Objective 4 

To explore sex-variations in the impulsivity of MSEW mice in order to 

explain the difference in the acquisition of cocaine SA, as well as the 

molecular alterations of AMPA receptor subunit composition in the 

mPFC. 

a) To assess changes in the impulsivity for food and cocaine 

seeking using the operant SA. 

b) To determine alterations of GluA1 and GluA2 in the mPFC 

of cocaine self-administering mice.
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1. Animals 

CD1 adult mice aged 10 weeks used as breeders (Charles River, 

Barcelona, Spain), were received at the animal facility, UBIOMEX, 

PRBB. The animals were placed in pairs in standard cages in a 

temperature- (21 ± 1ºC) and humidity- (55% ± 10%) controlled room 

and subjected to a 12 h light/dark cycle with the lights on from 8:00 to 

20:00 h, with ad libitum access to food and water. Ten days later, the 

males were removed, and we maintained the same conditions for the 

pregnant females. We carried the experiments out under the guidelines 

of the European Communities Directive 88/609/EEC regulating 

animal research. All procedures were approved by the local ethical 

committee (CEEA-PRBB) and all efforts were made to minimise the 

animal suffering and to decrease the number of animals used.  

2. Rearing conditions 

The rearing conditions were as previously described (Castro-Zavala et 

al., 2020; Gracia-Rubio et al., 2016b; Portero-Tresserra et al., 2018). 

New-born mice were randomly assigned to the experimental groups: 

SN or MSEW. The day of birth was considered the PD 0. Animals in 

the MSEW were separated from their mothers for 4 h per day (9:00 to 

13:00 h) from PD 2 to PD 5, and 8 h per day (9:00 to 17:00 h) from PD 

6 to PD 16. For the separation, the mother was removed and placed in 

another cage and room, leaving the pups in their home box. To maintain 

the body temperature of the pups, home boxes were placed upon 

electric blankets until the mother was duly returned. Animals in the SN 

remained with their mother until weaning (PD 21), whilst animals in the 

MSEW were weaned at PD 17. In both cases (SN and MSEW), cages 

were cleaned on PD 10. We distributed the pups of each litter between 
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the different experimental groups in order to avoid a litter effect. 

MSEW procedure does not affect body weight (Gracia-Rubio et al., 

2016b; Portero-Tresserra et al., 2018), mortality (George et al., 2010), 

morbidity (George et al., 2010), or the male/female ratio (Koob and 

Zorrilla, 2010) 

3. Drugs  

Cocaine was purchased from Alcatel (Ministry of Health, Madrid, 

Spain) and was dissolved in sterile physiological saline (0.9%). A 1 

mg/kg infusion dosage of cocaine was used for the acquisition phase of 

the SA procedure and 10 mg/kg (i.p) to induce reinstatement. 

4. Behavioural tests 

4.1. Tail suspension test  

Mice underwent the TST on PD 60 as previously described (Gracia-

Rubio et al., 2016b). Briefly, each mouse was suspended 50 cm above a 

benchtop for 6 minutes (using adhesive tape attached 1cm from the tip 

of the tail). The time (s) that the animal was immobile during this 

interval was recorded. 

4.2. Cocaine self-administration 

Surgery. Surgeries were performed on PD 53-57. The surgery for the 

intravenous catheter implantation was performed following 

anaesthetization with a mixture of ketamine/xylazine (50 mg/mL, 10 

mg/mL, administrated in a volume of 0.15 mL/10g), animals were 

implanted with the jugular catheter. We treated animals with analgesic 

(Meloxicam 0.5 mg/kg; i.p., administrated in a volume of 0.10 mL/10g) 
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and antibiotic solution (Enrofloxacin 7.5 mg/kg; i.p., administrated in a 

volume of 0.03 mL/10 g). After surgery, animals were housed 

individually, placed over electric blankets, and allowed to recover.  

Acquisition. At least 3 days after surgery, we trained animals on a fixed 

ratio 1 to self-administer cocaine (1.0 mg/kg per infusion) during 10-

day sessions (2 h each). The number of nosepokes (responses during 

time in and time out) and the number of infusions (responses during 

time in), in the active- and the inactive hole, were counted. We 

considered mice to have acquired stable SA behaviour when the 

following criteria were met on 2 consecutive days: ≥5 responses on the 

active hole and ≥ 65% of responses on the active hole.  

Extinction. Only the animals meeting acquisition criteria continued to 

the extinction phase. The experimental conditions were the same as in 

the acquisition phase with the exception that the active hole had no 

consequences, and the stimulus light was always turned off. The 

extinction criteria were: ≤30% of active responses than the day of 

maximum consumption during the acquisition phase, on two 

consecutive days. The patency of the i.v. catheters was evaluated at the 

end of the first extinction session by an infusion of 0.1 mL of tiobarbital 

(thiopental sodium; 5 mg/mL; i.v.; B. Braun Medical, S.A. Rubí, 

Barcelona, Spain). If we observed no signs of anaesthesia within the first 

3s, we excluded the mouse from the experiment. 

Reinstatement. We induced reinstatement by a cocaine priming injection 

(10 mg/kg; i.p) only in the animals meeting extinction criteria (24 h after 

reaching criteria). Immediately after being injected, we placed the mice 

in the SA box to begin the reinstatement test. The reinstatement session 



MATERIALS AND METHODS 

 102 
 

was identical to the acquisition sessions, although the animals did not 

receive the drug infusions.  

4.3. Food self-administration 

Four days before testing commenced (PD56), SN and MSEW mice 

were food-restricted, being fed accordingly to the 95% of their body 

mass daily. Food restriction lasted the duration of food-maintained 

operant behaviour. Water was available ad libitum during the 

experimental phase. The animals were trained, on a fixed ratio 1, to 

nosepoke for food pellets (Grain-Based Rodent #5001, Test Diet, 

Sawbridgeworth, UK) for 10-day sessions (2 h each). The nosepoke 

number in the active- and the inactive hole (responses during time in 

and time out) and the pellet number (responses during time in) were 

counted.  

4.4. Percentage of response efficiency and motor 

impulsivity 

The evaluation of motor impulsivity could be divided into two 

processes: impulsive action and impulsive choice (Dalley et al., 2011; 

Dalley and Ersche, 2019). Impulsive action is measured by the 

incapacity to self-restraint and perform anticipatory actions, known as 

a failure of motor inhibition (Dalley et al., 2011; Dalley and Ersche, 

2019). 

Adapting the formula employed by Hynes et al. (2018) to our SA 

paradigm, we calculated the percentage of response efficiency as an 

indirect measure of impulsivity. A 100% response efficiency represents 
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enough responses to obtain the reinforcement (one food pellet/one 

nosepoke or one cocaine infusion/one nosepoke). Therefore, decreased 

response efficiency means an increased impulsive response.  

For the cocaine SA, we used the following formula: 

% 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

=
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑐𝑎𝑖𝑛𝑒 𝑖𝑛𝑓𝑢𝑠𝑖𝑜𝑛𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑛𝑜𝑠𝑒𝑝𝑜𝑘𝑒𝑠
× 100 

In the case of food SA, we calculated the percentage of response 

efficiency as follows:  

% 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

=
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑜𝑜𝑑 𝑝𝑒𝑙𝑙𝑒𝑡𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑛𝑜𝑠𝑒𝑝𝑜𝑘𝑒𝑠
× 100 

As a result, mice with high percentage response efficiency scores were 

considered less impulsive, while mice with low percentage response 

efficiency were considered more impulsive (Hynes et al., 2018). 

5. Biochemical assays 

5.1. Animal Sacrifice and Sample Collection 

Animals were sacrificed by cervical dislocation. Brains were immediately 

removed from the skull and placed in a cold plaque. Samples were 

dissected at different times. For Article 1, VTA and NAc samples from 

SN and MSEW mice, were obtained in basal conditions (drug-naïve), 

after acquisition (the last day of the acquisition phase) and on 

reinstatement day (30 minutes after the reinstatement session). For 
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Article 2, we dissect the NAc and the VTA from drug-naïve and drug-

experienced mice of both sexes (30 minutes after the final acquisition 

day). For Article 3, we obtained the mPFC in drug-naïve condition, after 

cocaine SA (drug-experienced) and after TST (PD60). 

Samples taken after acquisition were exclusively from the mice that 

acquired the cocaine SA behaviour. In all the cases, the samples were 

immediately stored at -80ºC until the biochemical analysis was 

performed.  

5.2. Western Blot  

To evaluate the expression of GluA2, GluA1, CREB and pCREB, 

samples were homogenized in cold lysis buffer (NaCl 0.15 M, EDTA 

0.001 M, Tris pH 7.4 0.05 M, TX-100 1%, Glycerol 10%), 

supplemented with protease inhibitor (Complete ULTRA Tablets Mini 

EASYpack, Roche, Mannheim, Germany) and phosphatase inhibitor 

(PhosSTOP EASYpack, Roche, Mannheim, Germany). Protein 

samples (16 μg) were mixed with 5X loading buffer (TRIS pH 6.8 0.153 

M, SDS 7.5%, Glycerol 40%, EDTA 5 mM, 2-β-mercaptoethanol 

0.025%, bromophenol blue 0.025%), loaded and run on SDS-PAGE 

10% and transferred to PVDF membranes (Millipore, Bedford, MA, 

USA). Membranes were blocked with bovine serum albumin (BSA) 5% 

for 1 h at room temperature and incubated overnight at 4ºC with 

primary antibodies (Table 2). To detect primary antibodies, we used 

fluorescent secondary antibodies (Table 2) incubated for 1 h at room 

temperature. Images were acquired on a Licor Odyssey Scanner and 

quantified using Image Studio Lite software v5.2 (LICOR, USA).  
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Table 2. Antibodies used in western blot 

Antibody # Catalogue RRIDs Dilution Company 

GluA2 AB1768 AB_2313802 1:1000 Milipore 

GluA1 ABN241 AB_2721164 1:1000 Milipore 

β-tubulin 556321 AB_396360 1:5000 
BD 

Biosciences 

goat anti-mouse IgG 

H&L (IRDye 800) 
ab216772 AB_2857338 1:2500 Abcam 

goat anti-rabbit IgG 

H&L (DyLight 680) 
611-144-002 AB_1660962 1:2500 Rockland 

 

For Article 1, the expression of GluA2, GluA1, CREB, pCREB and β-

tubulin, was evaluated in the VTA and NAc of males. The different 

groups were: SN-basal, MSEW-basal, SN-acquisition, MSEW-

acquisition, SN-reinstatement and MSEW-reinstatement (n=5, run in 

triplicate). Data were normalised to control group (SN) to ascertain the 

changes due to MSEW, and cocaine exposure at different phases or the 

combination of both factors. 

For Article 2, the expression of GluA2, GluA1, CREB, pCREB and β-

tubulin was evaluated in the VTA and NAc of males and female mice. 

The groups were: SN drug-naïve males, SN drug-experienced males, 

MSEW drug-naïve males, MSEW drug-experienced males, SN drug-

naïve females, SN drug-experienced females, MSEW drug-naïve 
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females and MSEW drug-experienced females (n=5 per group, run in 

duplicate or triplicate). Firstly, we analysed the levels of GluA2, GluA1, 

CREB and pCREB (in drug-naïve animals), only normalizing to β-

tubulin (optical density, OD). Subsequently, data were normalized to 

the control group (SN drug-naïve) of each sex in order to ascertain the 

fold change due to MSEW, cocaine exposure or the combination of 

both variables.  

For Article 3, the expression of GluA1, GluA2 and β-tubulin were 

evaluated in the mPFC of males and females. The groups were: SN 

drug-naïve males, SN drug-experienced males, MSEW drug-naïve 

males, MSEW drug-experienced males, SN drug-naïve females, SN 

drug-experienced females, MSEW drug-naïve females and MSEW 

drug-experienced females (n=4-5 per group, run in triplicate). Data 

were normalized to the SN naïve males in order to determine the fold 

change due to sex, MSEW, cocaine exposure or the interaction between 

variables. 

5.3. RNA isolation and real-time PCR 

For this procedure, we used mPFC samples of SN and MSEW mice 

(males and females), at basal condition or after the TST. We extract the 

RNA using trizol as previously described (Cardenas-Perez et al., 2018). 

RT-PCR was performed by High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems, Foster City, CA) using random 

primers and following standardized protocols. 
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5.4. Quantitative PCR for Gria1 and Gria2 

For the qPCR, we use cDNA of mPFC samples (20 ng), Light Cycler 

SBYR green 480 Master Mix (Roche LifeScience, Product No. 

04707516001) and the specific primers (Table 3) for Gria1, Gria2 and 

36B4 as housekeeping gene (Integrated DNA Techologies, Inc.). The 

qPCR was performed in LightCycler ® 480 Instrument II (Roche 

LifeScience) using next program: 95°C-10s, 60°C-20s, 72°C-10s for 45 

cycles. 

Table 3. Primers for qPCR 

  Primer sequence (5’3’) 

Gria1 Forward ACA ACT CAA GCG TCC AGA ATA G 

Gria1 Reverse CAT AGC GGT CAT TGC CTT CA 

Gria2 Forward CCT TTC TTG ATC CTT TAG CCT ATG A 

Gria 2 Reverse CTG CTG ACC AGG AAT AAA ACT ACA CT 

36B4 Forward TCC AGG CTT TGG GCA TCA 

36B4 Reverse CTT TAT CAG CTG CAC ATC ACT CAG A 

 

6. Statistical analysis 

In all the cases, we analysed data for conditions of normality 

(Kolmogorov-Smirnov`s test), sphericity (Mauchly`s test) and 

homoscedasticity (Levene`s test). 
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For Article 1, we analysed data regarding the infusions during the 

acquisition phase using a two-way repeated measures ANOVA (rearing 

and days). In the case of nosepokes during the acquisition of cocaine SA, 

a three-way repeated measures ANOVA was applied (rearing, hole and 

days). For the extinction phase, a two-way repeated measures ANOVA 

was calculated for each group (SN and MSEW) based on the following 

factors: rearing and hole. In the case of reinstatement, we analysed the 

nosepokes registered on the last extinction day compared with the 

nosepokes on reinstatement day. For this comparison, a three-way 

repeated measures ANOVA was calculated with rearing, hole and days 

(last extinction day vs reinstatement day) as factors of variation. In the 

case of percentages, Fisher`s exact test was used. The results of total 

cocaine intake, day of acquisition and day of extinction, were calculated 

using an unpaired two-tailed Student´s t-test. We analysed western blot 

results through a two-way ANOVA with rearing and phase (control, 

acquisition and reinstatement) as independent factors, and the 

expression of target proteins as a dependent variable.  

For article 2, data for infusions were analysed by means of a four-way 

repeated measures ANOVA based on the following factors: days, hole 

(active or inactive), sex and rearing. Data for acquisition day, total cocaine 

intake and acquisition percentage were analysed using two-way 

ANOVA with sex and rearing as inter-subject variables. For western blot 

results, the OD of drug-naïve animals was analysed using a student´s t 

test using rearing as a variable. Subsequently, the fold change of each 

molecule was analysed using a three-way ANOVA with rearing, sex and 

phase as independent factors. When F achieved p<0.05, the ANOVA 

was followed by the Bonferroni post-hoc test if a main effect and/or 
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interaction was observed. All possible post-hoc comparisons were 

evaluated. All statistical analyses were performed using SPSS Statistics 

v23. Data were expressed as mean ± SEM and a value of p<0.05 was 

considered significant. 

For Article 3, data from the TST, qPCR, average of response efficiency 

and western blot results of drug-naïve mice were analysed using a two-

way ANOVA with rearing and sex as independent factors. Western blot 

results of drug-naïve and drug-experienced animals were analysed using 

a three-way ANOVA with rearing, sex and treatment as factors. Data of 

percentage of response efficiency were analysed using a three-way 

ANOVA repeated measures with rearing, sex and days as factors of 

variation.  

In all the cases, the ANOVA was followed by the Bonferroni post-hoc 

tests only if F achieved p<0.05. All statistical analyses were performed 

using SPSS Statistics v23. Data were expressed as mean ± SEM and a 

value of p<0.05 was considered statistically significant.  
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ABBREVIATIONS 

AMPArs: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 

acid receptors 

CSF: Lumbar cerebrospinal fluid 

GABA: Gamma-aminobutyric acid 

GluA1: AMPA receptor subunit 1 

GluA2: AMPA receptor subunit 2 

Gria1: Glutamate Ionotropic Receptor AMPA Type Subunit 1 gen 

Gria2: Glutamate Ionotropic Receptor AMPA Type Subunit 2 gen 

MDD: Major depression disorder 

NAc: Nucleus accumbens 

mPFC: medial prefrontal cortex 

MSEW: Maternal separation with early weaning 

PD: Postnatal day 

PFC: Prefrontal cortex 

RRID: Research Resource Identifier 

SA: Self-administration 

SN: Standard nest 
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SUD: Substance use disorder 

TST: Tail suspension test 

VTA: Ventral tegmental area 
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ABSTRACT 

Impulsivity is a key trait in the diagnosis of major depressive disorder 

(MDD) and substance use disorder (SUD). MDD is a chronic illness 

characterized by sadness, insomnia, and loss of interest. SUD is a 

chronic and relapsing disorder characterized by the consumption of 

drugs despite their negative consequences. Among drugs of abuse, 

cocaine is the most consumed psychostimulant. Animal studies 

demonstrated that increased impulsivity predicts predisposition to 

acquire cocaine self-administration (SA) behaviour with an increased 

cocaine-intake. Moreover, early-life stress represents a vulnerability 

factor to develop depressive disorders and drug addiction. Maternal 

separation with early weaning (MSEW) is an animal model that allows 

examining the impact of early-life stress on cocaine abuse. In this study, 

we aimed to explore changes in MSEW-induced impulsivity to 

determine potential associations between depression-like and cocaine-

seeking behaviours in male and female mice. We also evaluated possible 

alterations in the AMPA receptors (AMPArs) composition and 

glutamatergic neurotransmission. We exposed mice to MSEW and the 

behavioural tests were performed during adulthood. Moreover, GluA1, 

GluA2 mRNA and protein expression were evaluated in the medial 

Prefrontal Cortex (mPFC). Results showed higher impulsive cocaine-

seeking in females, independently the MSEW, as well as an increase in 

GluA1 and GluA2 protein expression. Moreover, MSEW induced 

downregulation of Gria2 and increased the GluA1/GluA2 ratio, only in 

male mice. In conclusion, female mice expressed higher mPFC 

glutamatergic function, which potentiated their impulsivity during 

cocaine SA. Also, data indicated that MSEW alters glutamatergic 
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function in mPFC of male mice, increasing the glutamatergic 

excitability. 

Keywords: cocaine self-administration, depression-like behaviour, 

Gria1, Gria2, GluA1, GluA2 
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INTRODUCTION 

Impulsivity is a major personality and temperament dimension 

consisting of maladaptive behaviour and characterized by poorly 

conceived, prematurely expressed, unduly risky, or inappropriate 

actions often resulting in undesirable consequences (Granö et al. 2007; 

Dent and Isles 2014; Dalley and Ersche 2019). Therefore, this 

personality trait can increase predisposition to suffer drug addiction 

(Nicholls et al. 2014; Rømer Thomsen et al. 2018; Adams et al. 2019; 

Butelman et al. 2019; Jupp et al. 2020) and other psychiatric disorders 

like major depressive disorder (MDD) (Dent and Isles 2014; Dalley and 

Ersche 2019). Depression is the most common psychological disorder 

affecting more than 264 million people worldwide (James et al. 2018). 

This disorder is characterized by sadness, loss of interest or pleasure, 

feelings of guilt, low self-worth, disturbed sleep or appetite, tiredness, 

and poor concentration (WHO 2017), 

Impulsivity has been also proposed as an endophenotype to investigate 

the underlying neurobiological mechanisms for many impulse control 

disorders including substance use disorder (SUD) (Dalley and Ersche 

2019). Among illicit drugs, cocaine is one of the most consumed 

psychostimulants with more than 18 million users (UNODC 2019). 

Clinical studies show that cocaine addiction includes poor inhibitory 

control for goal-directed behaviour in the frontal cortical regions, 

evidencing an impulse control disorder which induces drug craving 

(Barrós-Loscertales et al. 2019). In line with this, preclinical studies 

demonstrated that increased impulsivity predicts predisposition for 

drug use to evolve towards drug abuse (Jupp et al. 2020).  
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Animal studies show that rats with high impulsivity met the acquisition 

criterion faster, in greater percentage and also consumed more cocaine 

than rats with low impulsivity (Perry et al. 2005). In females rats, it was 

observed that impulsivity could predict the levels of acquisition of 

cocaine self-administration (SA) (Perry et al. 2005). Moreover, in male 

rats, high impulsivity predicts the development of compulsive cocaine 

use (Belin et al. 2008). Additionally, in a genetic animal model of 

impulsivity, Roman high-avoidance rats showed increased cocaine 

sensitization (Giorgi et al. 2005), higher number of responses in the SA 

paradigm (Fattore et al. 2009) and higher vulnerability to self-administer 

cocaine (Fattore et al. 2009). All of these behavioural alterations were 

associated with decreased volume and function of some 

mesocorticolimbic areas related with the development and persistence 

of cocaine addiction (Fattore et al. 2009; Giorgi et al. 2019; Río-Álamos 

et al. 2019).  

Several studies have also demonstrated that cocaine exposure induces 

changes in the glutamatergic system, including the AMPA receptors 

(AMPArs) subunit composition (Bowers et al. 2010; Castro-Zavala et 

al. 2020a; Castro-Zavala et al. 2020b). AMPArs are made up of four 

subunit proteins (GluA1-A4) and generally composed of GluA2 in 

complex with GluA1 or GluA3 (Bowers et al. 2010). Therefore, 

previous works showed increased AMPArs function after cocaine 

exposure, because of the induction of long-term potentiation (Kauer 

and Malenka 2007). This high activity of AMPArs could be explained 

by the insertion of GluA2-lacking AMPArs, because this kind of 

receptors are calcium-permeable, have greater channel conductance and 

trigger calcium-dependent signalling cascades (Bowers et al. 2010). 
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Regarding impulsivity and the vulnerability to cocaine abuse, Nakamura 

et al (2000) showed that the administration of NBQX, an AMPArs 

antagonist, decreased impulsivity in a dose-dependently way in rats. 

Additionally, Barkus et al. (2012) making use of a GluA1 knock-out 

mice model with an impulsive phenotype, reported a faster acquisition 

in the food SA paradigm and a decreased capacity to extinguish the SA 

behaviour. These studies evidenced the key role played by the AMPArs 

in the modulation of impulsivity.  

As previously mentioned, there is also a close relationship between 

impulsivity and MDD. In fact, GluA2-lacking AMPArs were suggested 

to be a common link between depression and SUD (Goffer et al. 2013; 

Martínez-Rivera et al. 2017; Castro-Zavala et al. 2020b). Clinical studies 

reported increased impulsivity in adults with a later MDD diagnosis, 

suggesting impulsivity as a predictor of the development of major 

depression (Granö et al. 2007). Also, Corruble et al. (2003) described 

three characteristics of impulsivity in adults with severe depression: 

behavioural loss of control, non-planned activities and cognitive 

impulsivity. In line with these studies, some authors have evaluated the 

association between impulsivity and childhood adversity in depressed 

adults (Brodsky et al. 2001). These studies reported that those patients 

with history of childhood trauma showed higher impulsivity and higher 

suicidal behaviour than the ones without childhood adversity (Brodsky 

et al. 2001). 

Maternal separation with early weaning (MSEW) is an animal model that 

allows researchers to reproduce the effects of childhood adversity 

(George et al. 2010; Vetulani 2013; Bian et al. 2015). Moreover, MSEW 

induces a depression phenotype that permits the examination of the 
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impact of early-life stress on cocaine use or abuse (Liu et al. 2018; 

Vannan et al. 2018; Castro-Zavala et al., 2020b). We have previously 

reported, using a model of MSEW, an increased depression- and 

anxiety-like behaviour(Gracia-Rubio et al. 2016b; Portero-Tresserra et 

al. 2018), higher acquisition in the cocaine SA paradigm in males but 

not in females (Castro-Zavala et al. 2020b) and increased GluA1/GluA2 

in the NAc and VTA of males exposed to MSEW and cocaine SA 

(Castro-Zavala et al. 2020b). Moreover, we also observed an increased 

acquisition percentage in females, which was independent of the early-

life stress (Castro-Zavala et al. 2020b), being in accordance with the 

telescoping effect observed in women regarding drug use disorders 

(Haas and Peters 2000). 

In this context, this work aimed to explore the changes in impulsivity 

induced by the MSEW model in males and females CD1 mice. 

Moreover, we determined a possible association between depression-

like behaviour, impulsive cocaine-seeking, as well as alterations of 

AMPArs subunit (mRNA and protein levels). To achieve these goals, 

we evaluated impulsivity for cocaine intake (as a percentage of response 

efficiency) in the SA paradigm. We also determined GluA1 and GluA2 

protein expression and evaluated Gria1 and Gria2 mRNA expression in 

the medial prefrontal cortex (mPFC), a brain area involved in inhibitory 

control of behaviours.  
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MATERIALS AND METHODS 

Animals 

Sixteen male and sixteen female CD1 adult mice of 10 weeks of age 

were used as breeders (Charles River, Barcelona, Spain). Animals were 

received at our animal facility, UBIOMEX, PRBB. The animals were 

placed in pairs in standard cages at a temperature- (21 ± 1ºC) and 

humidity- (55% ± 10%) controlled room and subjected to a 12 h 

light/dark cycle; with the lights on from 8:00 to 20:00 h and ad libitum 

access to food and water. Ten days later, the males were removed from 

the cages. Once offspring had been weaned, mice were assigned 

randomly to the cocaine SA, food SA or to naïve condition. A different 

group of mice was used to perform the tail suspension test (TST). The 

total number of animals used for this work was 189. Experimenters 

were blinded to the different experimental procedures. The experiments 

were carried out in accordance with the guidelines of the European 

Communities Directive 88/609/EEC regulating animal research. The 

local ethical committee (CEEA-PRBB) approved all procedures, and 

every effort was made to minimize animal suffering and discomfort as 

well as the number of animals used.  

Rearing conditions 

The rearing conditions were as previously described (Gracia-Rubio et 

al. 2016b; Portero-Tresserra et al. 2018; Castro-Zavala et al. 2020a; 

Castro-Zavala et al. 2020b). New-born mice were randomly assigned to 

the experimental groups: standard nest (SN) and MSEW (Figure 1A). 

The day of birth was considered the postnatal day (PD) 0. Animals in 
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the MSEW were separated from their mothers for 4 h per day (9:00 to 

13:00 h) from PD2 to PD5, and 8 h per day (9:00 to 17:00 h) from PD6 

to PD16. As for the separation, the mother was removed and placed in 

another cage and room, leaving the pups in their home box. To maintain 

the body temperature of the pups, home boxes were placed upon 

electric blankets until the mother was duly returned. Animals in the SN 

remained with their mother until weaning (PD21), whilst animals in the 

MSEW were weaned at PD17. In both cases (SN and MSEW), cages 

were cleaned on PD10. We distributed the pups of each litter between 

the different experimental groups in order to avoid a litter effect. 

MSEW procedure does not affect body weight (Gracia-Rubio et al. 

2016a; Portero-Tresserra et al. 2018), mortality (George et al. 2010), 

morbidity (George et al. 2010) or the male/female ratio (Koob and 

Zorrilla 2010). 

Tail suspension test  

Mice underwent the TST on PD60 as previously described (Gracia-

Rubio et al. 2016b). Briefly, each mouse was suspended 50 cm above a 

benchtop for 6 minutes (using adhesive tape attached 1cm from the tip 

of the tail). The time (s) that the animal was immobile during this 

interval was recorded. 

Drugs 

Cocaine hydrochloride was purchased from Alcatel (Ministry of Health, 

Madrid, Spain) and was dissolved in sterile physiological saline (0.9%, 

NaCl solution). A dose of 1 mg/kg/infusion was used for the 

acquisition phase of the SA procedure. 
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Apparatus for self-administration experiments 

The SA experiments were carried out in mouse operant chambers 

(Model ENV-307A-CT, Medical Associates, Cibertec S.A., Madrid, 

Spain) containing two holes; one was defined as active and the other as 

inactive. Nose-poking into the active hole produced a reinforcement 

(cocaine infusion or a food pellet) that was paired with two stimulus 

lights, one of which was placed inside the nose-poke and the other 

above the active hole. Mice received a maximum of 150 reinforcements, 

and each reinforcement was followed by a 15 s time-out period, in 

which no cocaine infusions were delivered. Nose-poking into the 

inactive hole had no consequences. The side on which the 

active/inactive hole was placed was counterbalanced. 

At the beginning of each session, the house light was ON for 3 s and 

OFF for the rest of the experiment. The session started with a food 

pellet release or a cocaine priming injection and 4 s presentation of the 

light cue, situated above the active hole. 

Cocaine self-administration  

The SA experiments were conducted as described (Ferrer-Pérez et al. 

2019; Castro-Zavala et al. 2020a; Castro-Zavala et al., 2020b). Briefly, 

when the SN (males n=23, females n=23) and MSEW (males n=30, 

females n=20) animals reached PD53, a jugular-vein catheter 

implantation was performed. The surgery was done following 

anaesthetization with a mixture of ketamine/xylazine (50 mg/mL, 10 

mg/mL, administrated in a volume of 0.15 mL/10g). Animals were 

treated with analgesic (Meloxicam 0.5 mg/kg; i.p, administrated in a 
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volume of 0.10 mL/10g) and antibiotic solution (Enrofloxacin 7.5 

mg/kg, i.p., administrated in a volume of 0.03 mL/10 g). After surgery, 

animals were housed individually, placed over electric blankets, and 

allowed to recover. At least 3 days after surgery, animals were trained, 

on a fixed ratio 1, to self-administer cocaine (1.0 mg/kg per infusion). 

During 10-day sessions (2 h each), the amount of nosepokes in the 

active- and the inactive hole (responses during time in and time out) and 

the infusion number (responses during time in) were counted. Mice 

were considered to have acquired a stable SA behaviour when the 

following criteria were met on 2 consecutive days: ≥5 responses in the 

active hole and ≥ 65% of responses in the active hole. All animals 

accomplished the 10 sessions independently of the day of acquisition. 

Food self-administration 

Four days before testing commenced (PD56), mice SN (males n=10, 

females n=18) and MSEW (males n=10, females n=12) were food-

restricted and for that, mice were fed accordingly to the 95% of their 

body mass daily. Food restriction lasted the duration of food-

maintained operant behaviour. Water was available ad libitum during the 

experimental phase. The animals were trained, on a fixed ratio 1, to 

nosepoke for food pellets (Grain-Based Rodent #5001, Test Diet, 

Sawbridgeworth, UK) for 10-day sessions (2 h each). The nosepoke 

number in the active- and the inactive hole (responses during time in 

and time out) and the pellet number (responses during time in) were 

counted.  
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Percentage of response efficiency and motor impulsivity 

The evaluation of motor impulsivity could be divided into two 

processes: impulsive action and impulsive choice (Dalley et al. 2011; 

Dalley and Ersche 2019). Impulsive action is measured by the incapacity 

to self-restraint and perform anticipatory actions, known as a failure of 

motor inhibition (Dalley et al. 2011; Dalley and Ersche 2019). 

Adapting the formula employed by Hynes et al. (2018) to our SA 

paradigm, we calculated the percentage of response efficiency as an 

indirect measure of impulsivity. A 100% response efficiency represents 

enough responses to obtain the reinforcement (one food pellet/one 

nosepoke or one cocaine infusion/one nosepoke). Therefore, decreased 

response efficiency means an increased impulsive response.  

For the cocaine SA, we used the following formula: 

% 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

=
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑐𝑎𝑖𝑛𝑒 𝑖𝑛𝑓𝑢𝑠𝑖𝑜𝑛𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑛𝑜𝑠𝑒𝑝𝑜𝑘𝑒𝑠
× 100 

In the case of food SA, we calculated the percentage of response 

efficiency as follows:  

% 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

=
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑜𝑜𝑑 𝑝𝑒𝑙𝑙𝑒𝑡𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑛𝑜𝑠𝑒𝑝𝑜𝑘𝑒𝑠
× 100 

As a result, mice with high percentage response efficiency scores were 

considered less impulsive, while mice with low percentage response 

efficiency were considered more impulsive (Hynes et al. 2018). 
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Animal Sacrifice and Sample Collection 

Animals were sacrificed by cervical dislocation. Brains were immediately 

removed from the skull and placed in a cold plaque. Samples were 

dissected at different phases: without any behavioural test (drug-naïve), 

after cocaine SA (drug-experienced) and after TST (PD60). The drug-

experienced animals are exclusively the mice that acquired the cocaine 

SA behaviour. mPFC was dissected and immediately stored at -80ºC 

until the biochemical analysis was performed. Samples from naïve- and 

drug-experienced mice were used for the western blot. For the qPCR, 

we utilised samples from mice that completed the TST. 

Western Blot for GluA1 and GluA2 

To evaluate the expression of GluA1 and GluA2, samples were 

homogenized in cold lysis buffer (NaCl 0.15 M, EDTA 0.001 M, Tris 

pH 7.4 0.05 M, TX-100 1%, Glycerol 10%), supplemented with a 

protease inhibitor (Complete ULTRA Tablets Mini EASYpack, Roche, 

Mannheim, Germany) and a phosphatase inhibitor (PhosSTOP 

EASYpack, Roche, Mannheim, Germany). Protein samples (20 μg) 

were mixed with 5X loading buffer (TRIS pH 6.8 0.153 M, SDS 7.5%, 

Glycerol 40%, EDTA 5 mM, 2-β-mercaptoethanol 0.025%, 

bromophenol blue 0.025%), loaded and run on SDS-PAGE 10% and 

transferred to PVDF membranes (Millipore, Bedford, MA, USA). 

Membranes were blocked with BSA 5% for 1 h at room temperature 

and incubated overnight at 4ºC with primary antibodies (Table 1). 

Primary antibodies were detected with fluorescent secondary antibodies 

(Table 1), incubated for 1 h at room temperature. Images were acquired 

on a Licor Odyssey Scanner and quantified using Image Studio Lite 
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software v5.2 (LICOR, USA). The expression of GluA1, GluA2 and β-

tubulin were evaluated in the mPFC of the different groups: SN drug-

naïve males, SN drug-experienced males, MSEW drug-naïve males, 

MSEW drug-experienced males, SN drug-naïve females, SN drug-

experienced females, MSEW drug-naïve females and MSEW drug-

experienced females (n=4-5 per group, run in triplicate). Data were 

normalized to the SN naïve males in order to determine the fold change 

due to sex, MSEW, cocaine exposure or the interaction between 

variables. 

RNA isolation and real-time (RT)-PCR 

RNA extraction from mPFC samples was performed using trizol as 

previously described (Cardenas-Perez et al. 2018). RT-PCR was 

performed by High-Capacity cDNA Reverse Transcription Kit 

(Applied Biosystems, Foster City, CA) using random primers and 

following standardized protocols. 

Quantitative PCR for Gria1 and Gria2 

For the qPCR, we use cDNA (20 ng), Light Cycler SBYR green 480 

Master Mix (Roche LifeScience, Product No. 04707516001) and the 

specific primers (Table 2) for Gria1, Gria2 and 36B4 as housekeeping 

gene (Integrated DNA Techologies, Inc.). The qPCR was performed in 

LightCycler ® 480 Instrument II (Roche LifeScience) using next 

program: 95°C-10s, 60°C-20s, 72°C-10s for 45 cycles. 
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Statistical Analysis 

Data were analysed for conditions of normality (Kolmogorov-

Smirnov`s test), sphericity (Mauchly’s test) and homoscedasticity 

(Levene’s test). Data from the TST, qPCR, average of response 

efficiency and western blot results of drug-naïve mice were analysed 

using a two-way ANOVA with rearing and sex as independent factors. 

Western blot results of drug-naïve and drug-experienced animals were 

analysed using a three-way ANOVA with rearing, sex and treatment as 

factors. Data of percentage of response efficiency were analysed using 

a three-way ANOVA repeated measures with rearing, sex and days as 

factors of variation. When F achieved p<0.05, the ANOVA was 

followed by the Bonferroni post-hoc test if a main effect and/or 

interaction was observed. All possible post-hoc comparisons were 

evaluated. Statistical analyses were performed using SPSS Statistics v23. 

Data are expressed as mean ± SEM and a value of p<0.05 was 

considered significant. 

RESULTS 

Maternal separation increases depression-like behaviour only in 

male mice. 

The effects observed in the TST were evaluated in female and male mice 

during adulthood (PD60) in MSEW and control mice (Figure 2). A two-

way ANOVA of immobility time showed a significant effect of sex 

(F1,39=12.324, p<0.01), rearing (F1,39=10.291, p<0.01) and the interaction 

between these factors (F1,39=4.908, p<0.05). The sex effect evidenced 

higher immobile time in females than males (p<0.01) while the rearing 
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effect showed that MSEW mice remained immobile for a longer time 

(p<0.01). Bonferroni post-hoc test for the interaction showed that SN 

females spent more time immobile than SN males (p<0.001) and also 

that MSEW males showed a higher immobile time than SN males 

(p<0.01).  

MSEW downregulates Gria2 mRNA and increases the 

Gria1/Gria2 ratio in the mPFC of male mice. 

We sought to identify the effect of MSEW on the gene expression of 

Gria1 and Gria2 and the possible relation between depression-like 

behaviour and the levels of these genes. For this purpose, we performed 

qPCR in the mPFC of males and females after the TST. For Gria1, we 

did not find significative differences (Figure 3A). Results for the Gria2 

showed a significative main effect of rearing (F1,36=5.939, p<0.05) and 

the interaction sex × rearing (F1,36=10.577, p<0.01) (Figure 3A). The 

rearing effect showed that MSEW significantly decreased the 

transcription of Gria2 (p<0.05). The interaction sex × rearing showed a 

decreased Gria2 mRNA level in SN females in comparison with SN 

males (p<0.01). Moreover, the interaction also showed that maternally 

separated males had downregulation of Gria2 mRNA level in 

comparison with the SN males (p<0.001). For the Gria1/Gria2 ratio 

and the statistical analysis showed a significative difference for the 

interaction sex × rearing (F1,36=9.516, p<0.01) (Figure 3A). Bonferroni 

post-hoc test revealed a significant increased Gria1/Gria2 ratio 

(p<0.05) in MSEW males (p<0.01) compared to the SN males. 

Additionally, the analysis showed that MSEW females had a decreased 

Gria1/Gria2 ratio than the MSEW males (p<0.05).  
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Depressive-like behaviour correlates with Gria2 mRNA levels in 

the mPFC of mice. 

The relationship between change in Gria2 mRNA and the immobility 

time during the TST was determined using Pearson correlation 

coefficient. There was a significant correlation (r=-0.4518, p<0.01, 

n=40) between Gria2 and the depression-like behaviour among the 

subjects (Figure 3B). Linear regression suggests that Gria2 mRNA level 

could be predicted from the depression-like behaviour (F1,38=9.744, 

p<0.01) (y=-0.002244x+1.075) (Figure 3C). 

Increased GluA1 and GluA2 protein expression in female 

compared to male mice. 

Because of the differences observed in the Gria1 and Gria2 mRNA of 

mice, we decided to evaluate whether these changes were also 

manifested in the functional form of these genes. Hence, we detected 

the protein expression of GluA1 (Figure 3D), GluA2 (Figure 3E) and 

the GluA1/GluA2 ratio (Figure 3F), using western blotting in male and 

female mPFC of drug-naïve mice. The two-way ANOVA showed a 

main sex effect for GluA1 (F1,16=8.006, p<0.05) and GluA2 (F1,16=7.087, 

p<0.05). In both cases, the sex effect evidenced that females showed an 

increased protein expression compared to males. No changes were 

found for the GluA1/GluA2 ratio. 

Females show higher impulsive cocaine-seeking independently 

of the early-life stress. 

In order to determine if depressed animals exposed to MSEW showed 

different impulsivity for cocaine, we performed the cocaine SA 
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procedure and calculated the average of the percentage of response 

efficiency along the acquisition phase (Figure 4A). The two-way 

ANOVA for the average of the response efficiency showed a main 

effect of sex (F1,92=8.016, p<0.01) and the interaction sex × rearing 

(F1,92=5.011, p<0.05). The sex effect indicated a lower response 

efficiency in female mice, meaning that females showed higher 

impulsivity to seek cocaine than males (p<0.01). The interaction sex × 

rearing revealed that maternally separated male mice had lower response 

efficiency than SN males (p<0.01), suggesting that MSEW increases 

impulsivity for cocaine-seeking but only in males. This interaction also 

evidenced that SN females showed higher cocaine-seeking impulsivity 

(decreased response efficiency) than SN males (p<0.01), behaving in 

the same way than the MSEW males and the MSEW females. 

Cocaine but not natural reward SA is affected by early-life stress 

in male mice.  

To evaluate if the MSEW-induced increased impulsivity was specific for 

cocaine, we performed a food SA in another set of animals. Once again, 

we calculated the average of the percentage of response efficiency along 

the acquisition phase (Figure 4B). The two-way ANOVA did not show 

sex effect, rearing effect or the interaction between these two factors, 

suggesting that changes in impulsivity induced by MSEW affected 

cocaine-related impulsivity rather than responses related to natural 

reward.  
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Chronic cocaine exposure does not modify the expression of 

GluA1, GluA2 or the GluA1/GluA2 ratio in the mPFC of mice. 

In order to evaluate changes in the expression of GluA1 (Figure 5A), 

GluA2 (Figure 5B) or the GluA1/GluA2 ratio (Figure 5C) due to 

cocaine exposure, we determined the levels of these proteins in the 

mPFC of mice that accomplish the cocaine SA. We also compared the 

values of these animals with the values of the drug-naïve mice. Three-

way ANOVA revealed a sex effect for GluA1 (F1,32=31.094, p<0.001) 

and GluA2 (F1,32=6.905, p<0.05). In both cases, this main effect showed 

that females had higher protein expression than males. Moreover, 

statistical analysis showed a sex × rearing interaction for GluA1. The 

Bonferroni post-hoc test for the interaction specified that: SN females 

showed a higher GluA1 level than the SN males (p<0.05), MSEW 

females, higher than MSEW male mice (p<0.001) and also that MSEW 

females had increased protein expression than the SN females (p<0.05). 

For the GluA1/GluA2 ratio we did not find any significative 

differences.  

DISCUSSION 

The present study shows that early-life stress induces a depressive-like 

behaviour in adult male mice whilst MSEW-exposed females seem to 

be resilient to this type of stress. Moreover, glutamatergic 

neurotransmission in the mPFC was differently affected due to rearing 

conditions and sex. Thus, Gria2 levels in the mPFC of MSEW male 

mice were different than in the SN males, showing that MSEW affected 

both sexes differently. However, in the case of GluA2, protein levels 

were not different between the SN males than to those exposed to early-
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life stress (MSEW). As measured in the cocaine SA, female mice showed 

increased impulsivity for cocaine-seeking independently of the early-life 

stress exposure. However, males were significantly affected by the 

MSEW, which increased their impulsivity for cocaine-seeking. 

Moreover, we observed that the MSEW-increased impulsivity in males 

was specific for cocaine because all the groups showed similar 

percentages of response efficiency in the food SA. Results from western 

blot in drug-naïve animals showed that female mice expressed higher 

levels of GluA1 and GluA2 in the mPFC, which could explain why they 

manifest higher impulsivity to cocaine intake and resilience to early-life 

stress. In sum, our results show a sex-dependent effect in the impulsivity 

to cocaine consumption and this effect seems to be cocaine-specific. 

In previous work, we have also reported that only males were negatively 

affected by the MSEW in the acquisition of cocaine SA (Castro-Zavala 

et al. 2020a), showing increased excitability in the nucleus accumbens 

(increased GluA1/GluA2 ratio), while MSEW-exposed females did not 

express changes. In the present study, we do confirm that females show 

resilience to this type of stress.  

The mPFC is a region that modulates cognitive and executive functions, 

including inhibitory control (Narayanan and Laubach 2017). Recent 

studies show that maternal separation in mice induces depression-like 

behaviours as well as a reduction of serotonin and dopamine levels in 

the frontal cortex (Récamier-Carballo et al. 2017). Additionally, animal 

models of depression suggest a reduced glutamate level in the PFC of 

depressed mice (Belin et al. 2008), as well as reduced glutamate and 

glutamate/glutamine levels in depressed rats (Li et al. 2008). Clinical 

evidence reported increased Gria2 mRNA levels in PFC in patients with 
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major depression of both sexes, and no changes in Gria1 expression 

(Kleinman et al. 2015). Additionally, it was reported reduced 

glutamate/glutamine and GABA levels in the PFC of depressed patients 

(Hasler et al. 2007). These previous studies are in accordance with the 

fact that the glutamatergic system, especially in the frontal cortex, plays 

a key role in the modulation of the depressive phenotype. 

Our present results showed a negative correlation between Gria2 in the 

mPFC and depression-like behaviour, meaning that a decreased Gria2 

correlates with increased immobility time in the TST. Our biochemical 

analysis also showed a significative reduction in the Gria2 levels of mice 

exposed to MSEW of both sexes. Additionally, we observed a 

significant reduction in the Gria2 mRNA levels of MSEW-exposed 

male mice that evidences a significant mood alteration. However, we 

did not observe significant differences in GluA1 or GluA2 protein level 

in MSEW exposed mice. Our results are in accordance with Ganguly et 

al. (2019) who reported that males maternally separated showed 

decreased in mPFC-Gria2 expression compared to control males. 

Likewise, they observed that females in general, showed higher GluA2 

protein level than male mice, similar to our findings. 

In accordance with our results, a study using a model of depression in 

rats evidenced a dysregulation in glutamate neurotransmission but 

without changes in the levels of GluA1 or GluA2 in the mPFC of 

depressed rats (Treccani et al. 2016). Additionally, other authors 

reported no changes in Gria1 mRNA level in the mPFC of depressed 

mice (Belin et al. 2008) in agreement with our results.  
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Epidemiologic studies showed that childhood adversity increased the 

risk of depression by 28.4% but also to illicit drug use by 16.5% (Anda 

et al. 2006). Animal studies exploring how stressful situations influence 

addiction-like behaviours described that acute and chronic stress alters 

the phosphorylation of GluA2, affecting the function of the AMPA 

receptor but no the GluA1/GluA2 ratio in the nucleus accumbens and 

hippocampus (Ellis et al. 2017; Caudal et al. 2010; Caudal et al. 2016). 

This evidence could explain why we not able to find differences in the 

GluA1/GluA2 ratio. It is possible that MSEW-exposed male mice 

showed decreased-induced phosphorylation of GluA2, which did not 

modify the GluA2 levels, but altered indirectly the excitability of the 

AMPA receptor function, in accordance with our original hypothesis.  

Caffino et al. (2015) report that a single cocaine exposure in adolescent 

rats can reduce the number of dendritic spines without any changes of 

GluA1 or GluA2 in the total mPFC homogenate. Other studies 

employing the cocaine SA paradigm reported that disruption of the 

GluA2 phosphorylation potentiated the acquisition of cocaine SA (Ellis 

et al. 2017). In the current work, the biochemical analysis yielded a sex 

× rearing interaction for the GluA1, but any alteration induced per se by 

the drug exposure (Figure 5A). However, these results indicate that 

MSEW females have increased GluA1 than SN females and MSEW 

males. The behavioural results for the cocaine SA evidenced that 

females, independently of the early-life stress exposure have increased 

impulsivity (less response efficiency).  

Clinical studies evaluate the levels of glutamate in lumbar cerebrospinal 

fluid (CSF) in subjects diagnosed with personality disorder and healthy 

volunteers (Coccaro et al. 2013). They observed a direct correlation 
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between CSF glutamate levels and impulsivity and/or aggression, 

confirming the key role-playing by glutamate in the regulation of 

impulsivity (Coccaro et al. 2013). Moreover, it was observed that 

cocaine-dependent patients showed a negative correlation between the 

activation of the frontoparietal network (network related with the 

inhibition control) and the dependence severity (Barrós-Loscertales et 

al. 2019). In the present study, we observed that female mice have 

higher GluA1 protein expression at basal level (Figure 3D), which could 

be interpreted as greater glutamatergic activity in the mPFC than males. 

This fact could explain why females showed higher impulsivity than 

males due to increased glutamatergic activity in this brain area that 

seems to be related to the impulsivity regulation. Our hypothesis is in 

line with the association between the positive correlation between 

impulsivity and the number of AMPArs observed in the post-mortem 

anterior cingulate cortex of alcoholics (Kärkkäinen et al. 2013). 

Following our suggestion, it could be expected that MSEW males 

exposed to cocaine, show an increase in the levels of GluA1. However, 

as discussed above, there is a possibility that the differences in the 

response efficiency during the cocaine SA between the SN males and 

the MSEW male mice can be explained by changes in the 

phosphorylation of GluA2. In the case of the MSEW females, the 

increased basal level of GluA1 could be compensating the 

hyperphosphorylation of GluA2, avoiding further increases on 

impulsivity for cocaine-seeking due to MSEW. Our hypothesis is in 

accordance with previous studies showing that methylphenidate 

enhances the response inhibition in rats because of the increased 

expression of AMPArs in the PFC (Zhang et al. 2017); that increased 
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AMPArs contributes to modulate the activity of the NMDA receptor 

in order to learn to inhibit a response (Hayton et al. 2010). 

Our results are also in line with recent findings in which mutant mice 

lacking GRIP1 in the mPFC, a scaffolding protein that stabilizes GluA2 

at the surface, showed increased GluA2-containing AMPArs in the cell 

membrane, and increased cocaine intake during the SA paradigm 

(Wickens et al. 2019). Moreover, they observed that these effects were 

cocaine specific and GRIP1 does not influence natural reward-seeking, 

as we observed in the current work. 

Taken together, our results propose that female mice exhibit increased 

basal mPFC glutamatergic function, which potentiates impulsivity to 

cocaine consumption during the SA. Additionally, MSEW alters the 

functionality of the glutamatergic circuits in male mice, increasing the 

glutamatergic excitability (GluA1/GluA2) in an indirect way. We also 

propose that MSEW-exposed males showed higher GluA2-containing 

AMPArs due to the altered GluA2 phosphorylation, which avoid the 

internalization of this subunit. Additionally, we suggest that early-life 

stress affects several molecular mechanisms avoiding the ability to 

stabilize GluA2 in the synaptic surface. Our study evidences the 

underlying molecular mechanisms of the glutamatergic system 

regulating impulse control disorders, like cocaine use disorder and their 

relationship with the depression phenotype. 

In addition, the present study provides novel evidence regarding the 

molecular mechanisms altered in the glutamatergic system in the 

prefrontal cortex of mice exposed to early-life stress during the first 
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postnatal days. These alterations could underlie the higher cocaine 

motivation due to modifications in the inhibition control.  
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FIGURE LEGENDS 

Figure 1. Schematic representation of the experimental schedule. 

(A) Schematic representation of the MSEW model and the (B) timeline 

in which the experiments were performed.  

Figure 2. Effects of MSEW on the TST. Total immobility time in SN 

and MSEW adult male and female mice. Sex main effect of the ANOVA 

(★★p<0.01). Bonferroni post-hoc comparison for the interaction sex 

× rearing is indicated with the lines (##p<0.01, ###p<0.001). Data are 

expressed as mean ± SEM (n=10-12 per group). 

Figure 3. mRNA and protein levels of two AMPArs subunits in 

the mPFC of SN and MSEW drug-naïve mice. (A) Heatmap 

representing mRNA expression of Gria1, Gria2 and Gria1/Gria2 ratio 

in the mPFC of SN and MSEW mice relative to SN males as determined 

by qPCR. (B) Scatter blot illustrating the negative correlation between 

Gria2 and depression-like behaviour in mice. (C) Linear regression 

representing the relationship between depression-like behaviour and 

Gria2 expression in mice (Y= -0.0022X + 1.075). Mean fold change 

relative to SN males of (D) GluA1, (E) GluA2 and (F) GluA1/GluA2 

protein levels in the mPFC of drug-naïve mice. Sex main effect of the 

ANOVA (★p<0.05). For the qPCR (n=10 per group, run in duplicate) 

and for the western blot (n=5 per group, run in triplicate). Data are 

expressed as mean ± SEM. 

Figure 4. Percentage of response efficiency in the SA paradigm of 

SN and MSEW mice. Percentage of response efficiency as an indirect 

measure of impulsivity in the (A) cocaine SA (n=20-30 per group) or 
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the (B) food SA procedure (n=10-18 per group). Sex main effect of the 

ANOVA (★★p<0.01). Bonferroni post-hoc comparison for the 

interaction sex × rearing is indicated with the lines (##p<0.01). High 

response efficiency scores mean less impulsivity whereas low response 

efficiency signifies more impulsivity. Data are expressed as mean ± 

SEM. 

Figure 5. Fold change of GluA1, GluA2 and GluA1/GluA2 ratio in 

the mPFC of SN and MSEW mice. Mean fold change relative to SN 

males drug-naïve of (A) GluA1, (B) GluA2 and (C) GluA1/GluA2 

levels in the mPFC. Representative western blot showing protein levels 

of (D) GluA1 and (E) GluA2 in the mPFC. The protein of interest in 

red and tubulin in green. Sex main effect of the ANOVA (★p<0.05, 

★★★p<0.001). Bonferroni post-hoc comparison for the interaction 

sex × rearing (#p<0.05, ###p<0.001). Data are expressed as mean ± 

SEM (n=5, run in triplicate). 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 

 

  



RESULTS 

 190 

Table 1. Antibodies 

Antibody # Catalogue RRIDs Dilution Company 

GluA2 AB1768 AB_2313802 1:1000 Milipore 

GluA1 ABN241 AB_2721164 1:1000 Milipore 

β-tubulin 556321 AB_396360 1:5000 
BD 

Biosciences 

goat anti-mouse IgG 

H&L (IRDye 800) 
ab216772 AB_2857338 1:2500 Abcam 

goat anti-rabbit IgG 

H&L (DyLight 680) 
611-144-002 AB_1660962 1:2500 Rockland 

 

Table 2. Primers for qPCR 

  Primer sequence (5’3’) 

Gria1 Forward ACA ACT CAA GCG TCC AGA ATA G 

Gria1 Reverse CAT AGC GGT CAT TGC CTT CA 

Gria2 Forward CCT TTC TTG ATC CTT TAG CCT ATG A 

Gria 2 Reverse CTG CTG ACC AGG AAT AAA ACT ACA CT 

36B4 Forward TCC AGG CTT TGG GCA TCA 

36B4 Reverse CTT TAT CAG CTG CAC ATC ACT CAG A 
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Early-life adversity has long-lasting effects that persist until adulthood, 

affecting the brain function, cognitive and emotional development 

(Krugers et al., 2017). Moreover, child abuse and neglect are risk factors 

to develop emotional disorders such as depression or SUD (Nelson and 

Gabard-Durnam, 2020; Tarantola, 2018).  

Epidemiological studies show that people diagnosed with depression 

are more prone to use drugs to ameliorate their symptoms (Torrens et 

al., 2015). However, SUD also trigger and potentiate the risk of 

developing depression (Torrens et al., 2015). This shows the impact that 

understanding of such comorbidity has on the evolution of both 

diseases. In humans, experienced maltreatment during childhood 

increase 54% the probability to develop depression and 64% to suffer 

addiction to illicit drugs (Dube et al., 2003a). In this regard, cocaine is 

the most consumed psychostimulant worldwide and the chance to 

become an addict increases two fold in individuals with a history of 

childhood maltreatment (Ducci et al., 2009). Moreover, they have a 90% 

of probability to relapse in CUD after treatment compared with the 

45% in people without childhood maltreatment (Hyman et al., 2008). 

Growing evidence yield that early-life adversity-induced synaptic 

plasticity in the mesocorticolimbic pathway that contributes to these 

pathological behaviours (Eagle et al., 2019; Salamone and Correa, 2012). 

The components of this pathway (mPFC, NAc and VTA, among 

others) are closely related in goal-directed actions, integrating excitatory 

(glutamatergic) and neuromodulator input along with local inhibitory 

control to reward-related processes (Turner et al., 2018).  
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Recently, disruptions in AMPA receptors composition in the brain 

reward system have been associated with motivational symptoms of 

depression and substance abuse, being proposed as a common target 

linking addiction and mood disorders (Goffer et al., 2013; Martínez-

Rivera et al., 2017). 

Animal models are a useful tool to understand maladaptation underlying 

pathological behaviours. In rodents, MSEW is a reliable animal model 

of early-life stress (George et al., 2010) and depression-like behaviour 

(Vetulani, 2013), allowing to explore the consequences that these 

phenomena have in addictive behaviours (Gracia-Rubio, 2016; Gracia-

Rubio et al., 2016b, 2016a; Portero-Tresserra et al., 2018). 

Although the evident impact that early-life stress has in the developing 

of addictive behaviour, the molecular mechanisms are still not fully 

understood. Therefore, it is necessary to explore the neurobiological 

effects to find a possible clinical target to avoid the deleterious 

consequences of this kind of stress and develop a more effective 

therapeutic interventions for this important comorbidity (depression 

and addiction). 

Hence, this thesis pursued to evaluate the long-term effects of MSEW in factors 

related to neuroplasticity, depression and cocaine addiction behaviour, as well as their 

underlying molecular mechanisms. 
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1. Behavioural consequences of MSEW in male mice 

during the acquisition, extinction and reinstatement 

phases of the cocaine SA paradigm. 

To understand the consequences of early-life stress experiences in 

cocaine addictive behaviour, we decided to perform the MSEW 

procedure in CD1 mice. MSEW reproduce in animals, the effects of 

childhood maltreatment or neglect experienced by humans. In addition, 

we select the SA procedure as strategy for voluntary cocaine 

consumption in a dose of 1.0 mg/kg mice. 

In humans, approximately 20% of cocaine users become addicts 

(Wagner and Anthony, 2002), but the likelihood of shifting from 

cocaine use to CUD increases two folds in individuals with a history of 

childhood maltreatment (Ducci et al., 2009). Previous studies showed 

that maternal separation enhances the acquisition of cocaine SA 

(Moffett et al., 2006), increases cocaine intake (Lynch et al., 2005) and 

elevates the number of responses during the reinstatement phase 

(Lynch et al., 2005). Here, we find that MSEW increases the reinforcing 

effects of cocaine in the SA paradigm including cocaine intake, number 

of nosepokes and infusions performed during the acquisition phase. 

Moreover, we observed that MSEW increased the percentage of 

addicted animals in the cocaine SA, in a similar way observed in the 

human population with history of childhood maltreatment. While the 

percentage of SN mice acquiring cocaine SA was 32%, the rate 

increased to 51% in MSEW mice the percentage of the acquisition. 

Clinical research reveal that childhood maltreatment negatively impacts 

cocaine relapse even after long periods of abstinence (Hyman et al., 
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2008). Our results show that MSEW decreased the capacity to 

extinguish the cocaine-seeking behaviour. In the SN group, the 100% 

of the animals extinguished cocaine SA behaviour, while only 65% of 

the MSEW mice achieved the extinction criteria. Moreover, along all 

the days of the extinction phase, MSEW mice showed a higher number 

of responses, evidencing an increased cocaine-seeking than the SN 

group. 

Regard to the relapse rate, epidemiological studies report cocaine 

relapse rate around 45% in general population (Back et al., 2010). 

However, for individuals who have suffered childhood maltreatment 

the figure rises to around 90% (Hyman et al., 2008). Although our 

results show a similar reinstatement percentage for both groups of mice 

(92% in MSEW vs. 86% in SN), cocaine-seeking behaviour during 

reinstatement was higher in the MSEW group.  

Previously, Romano-López et al. (2015) showed that maternal 

separation induced several changes in the PFC and in the NAc of rats, 

suggesting a deregulation of the dopaminergic system that facilitates 

addictive behaviours. They reported that maternal separation rises the 

NAc dopamine D2R expression, TH levels and the dendritic length 

(Romano-López et al., 2015). 

In our laboratory, we also displayed alterations in the mesolimbic 

dopamine system in the MSEW model (Gracia-Rubio et al., 2016a). 

Gracia-Rubio et al. (2016a) reported decreased expression of D2R in 

the NAc and higher expression of Nurr1 in the VTA, a transcriptional 

factor that activates the dopamine synthesis and the transcription of 

DAT protein, vesicular monoamine transporter and TH (Bissonette and 
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Roesch, 2016). Moreover, the results yield that following cocaine-

induced CPP, the levels of Nurr1 in the VTA decreased significatively 

(Gracia-Rubio et al., 2016a), in accordance with clinical studies 

reporting decreased Nurr1 expression in midbrain dopaminergic 

neurons of cocaine abusers (Bannon et al., 2002). 

Moreover, Larsen et al. (2016) reported that Nurr1 gene shows a CpG 

islands with higher GC content in the promoter region meaning that 

DNA methylation regulates the transcription of this gen (Larsen et al., 

2016). In line with this, Anier et al. (2014) observed maternal separation-

induced hypermethylation of genes related with cocaine-induced 

neuroplasticity in the NAc of adult rats, being in accordance with our 

recent and previous results.  

Therefore, our results support that changes induced by maternal 

separation in the mesolimbic dopamine system contribute to generate 

detrimental neuroadaptations in the brain that increases cocaine 

addictive behaviour. 

2. Changes in AMPA composition and CREB activity in 

the NAc and VTA of MSEW male mice, after the 

acquisition or reinstatement of cocaine SA. 

Using the same MSEW paradigm, Gracia-Rubio et al. (2016b) reported 

anhedonia, higher anxiety- and depressive-like behaviour in mice. In line 

with such data, Goffer et al. (2013) reported an increased GluA1 

expression in the NAc of depressive rats, pointing to GluA2-lacking 

AMPA receptors as regulators of depressive-like behaviours (Goffer et 

al., 2013). Moreover, a higher depression vulnerability was associated 

with increased GluA1/GluA2 ratio (increased AMPAr function) and 
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decreased GluA2 levels in the NAc of socially-stressed mice (Vialou et 

al., 2010). Fittingly to these observations, we observed that MSEW mice 

had reduced GluA2 expression but increased GluA1/GluA2 ratio and 

GluA1 in the NAc.  

Concerning to cocaine exposition, studies in rats show increased GluA1 

levels and higher GluA1/GluA2 ratio in the NAc after repeated cocaine 

exposure (Boudreau and Wolf, 2005). However, we did not find 

significative differences when we compared the GluA1, GluA2, 

GluA1/GluA2 basal levels with the ones measured after acquisition or 

reinstatement in the NAc. 

On other hand, Conrad et al. (2008) demonstrated that GluA2-lacking 

AMPA receptors are associated with augmented excitability of NAc 

neurons, increased cocaine craving and a higher reinstatement of 

previously extinguished cocaine-seeking behaviour. Likewise, Ping et al. 

(2008) reported a positive association between cocaine-reinstatement 

rate and GluA1 expression in the NAc of rats. 

In accordance with previous reports, we observed that MSEW mice, the 

group of animals with higher GluA1 expression, clearly stated a higher 

cocaine-seeking behaviour during all the phases (acquisition, extinction 

and reinstatement).  

As exposed at the beginning of this thesis, CREB is a transcriptional 

factor involved in the modulation of the rewarding effects of cocaine 

(Carlezon et al., 1998) and the etiology of depression (Nestler et al., 

2002). CREB activity induces the expression of BDNF and dynorphin, 

two genes that contribute to depressive-related behaviours (Nestler, 



DISCUSSION 

 199 

2015). In fact, dynorphin activates KORs in VTA neurons, inhibiting 

dopaminergic activity and contributing to anhedonia and the 

development of depressive symptoms (Nestler, 2015). To this effect, 

Gustafsson et al. (2008) showed that maternal separation in rats induces 

an increased expression of dynorphin in the NAc. Additionally, the gene 

disruption of prodynorphin or the KOR induce a potentiation of the 

rewarding effects of cocaine in mice (McLaughlin et al., 2003).  

Being in accordance with the evidence, our data display increased 

pCREB expression in the NAc of MSEW mice compared with the SN 

group. This higher CREB activity participates in the pro-depressive 

phenotype of this animals. We did not find cocaine-induced changes in 

CREB or pCREB expression in the MSEW mice. 

Corresponding to the SN group, we observed that following the 

acquisition of the cocaine SA behaviour, the expression of CREB in the 

NAc was reduced. Larson et al. (2011) reported that reduced CREB 

expression in NAc, accelerated the extinction of cocaine-seeking in the 

SA paradigm, whilst augmented CREB enhances cocaine 

reinforcement. This help to explain why the percentage of extinction in 

the SN mice was higher than the obtained by the MSEW animals. 

Evaluating the alterations in the VTA, our results show that MSEW 

mice express lower basal GluA2 levels and higher GluA1/GluA2 basal 

ratio in comparison with the SN group, suggesting enhanced excitability 

of VTA dopaminergic neurons MSEW-induced. This is supported by 

previous studies in rodents which showed that enhanced excitability of 

VTA dopaminergic neurons is associated with a higher vulnerability to 

cocaine SA, depressive-like behaviour and cocaine addiction (Martínez-
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Rivera et al., 2017), similar to the phenotype observed in our MSEW 

mice. 

Regarding cocaine-induced changes, previous studies in rats have 

reported no modifications (Tang et al., 2004) or increased expression of 

GluA1 in the VTA following cocaine consumption (Choi et al., 2011). 

In our case, we observed a significant GluA1 decrease after the 

acquisition of cocaine SA in this brain region. This alteration could 

represent a compensatory effect to attenuate dopamine release induced 

by the drug. Additionally, we also observed increased levels of GluA1 

after cocaine reinstatement in comparison to the GluA1 after 

acquisition phase. 

Finally, the acquisition of cocaine SA reduced the levels of CREB and 

pCREB in the VTA of mice, whereas cocaine-primed reinstatement 

induced an increase of CREB and pCREB levels in the same brain 

structure. Such results are in accordance with previous studies showing 

that cocaine priming increased pCREB and induced reinstatement in 

cocaine-conditioned animals (Kreibich and Blendy, 2004). Moreover, 

Kreibich et al. (2009) showed that chronic stress exposure enhances 

cocaine rewarding effects (Kreibich et al., 2009), a process that seems 

to be mediated by CREB (Kreibich and Blendy, 2004). Accordingly, our 

results show that early-life stress induced by MSEW, reduce CREB 

levels and increase the pCREB/CREB ratio in the VTA, which go hand 

in hand with higher cocaine intake during SA acquisition.  

Based on our results, we propose that MSEW enhances NAc-

glutamatergic function due to the reduction in GluA2, increased GluA1 

expression and a higher GluA1/GluA2 ratio. Moreover, this enhanced 
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glutamatergic activity will elevate pCREB levels in the NAc of MSEW 

mice, as well as dynorphin levels in the NAc. Such facts could potentiate 

the inhibitory function of GABAergic neurotransmission from the NAc 

to the VTA, inhibiting the release of dopamine from the VTA neurons. 

This could explain the fact that MSEW mice increased the cocaine 

intake during the acquisition phase, to could achieve greater drug-

reinforcement effects. 

As a result of the enhanced GABAergic function (augmented 

inhibition), MSEW mice will show depressive-like behaviour, higher 

acquisition rates and tolerance to the rewarding effects of cocaine, being 

more susceptibility to cocaine-seeking. However, animals reared in 

standard conditions, generated a protective mechanism to counteract 

the deleterious effects of the drug. This homeostatic mechanism was 

the reduction of CREB in the NAc, in order to facilitates the extinction 

of cocaine SA behaviour. Nevertheless, this compensatory mechanism 

was not developed in the MSEW mice.  

Due to the changes observed in the VTA of MSEW mice (reduced 

GluA2 and increased GluA1/GluA2 ratio), we suggest that MSEW 

mice display an enhanced excitability of VTA dopaminergic neurons, 

probably to compensate for the higher GABAergic inhibition from the 

NAc. This enhanced excitability contributes to the depressive-like 

phenotype of MSEW mice and their higher vulnerability to cocaine SA. 

Concerning cocaine, it is well known that this psychostimulant induces 

LTP in excitatory synapses in the VTA; such adaptations have a pivotal 

role in the incubation of cocaine craving and cocaine-seeking (Lüscher, 

2013a). Likewise, studies in rodents have shown that cocaine abstinence 
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produces a stronger activation of dopamine pathways due to 

hyperactivity in dopamine neurotransmission.  

Based on this information, we propose that during the extinction phase, 

GluA1 levels promote the incubation of cocaine craving, enhancing the 

plasticity in this brain area. Because of this AMPA subunit elevation 

during the abstinence, the activation of dopamine neurons in the VTA 

will be facilitated, resulting in a stronger cocaine-seeking during the 

reinstatement phase. 

In accordance with our hypothesis, previous studies showed that 

CNQX administrated locally in discrete brain areas or systemically, are 

able to reduce cocaine intake and cocaine seeking behaviour. Infusions 

of CNQX into the core of the NAc decreased levels pressing for 

cocaine in rats (Suto et al., 2009b) and blocked the reinstatement of 

cocaine seeking induced by intra-PFC cocaine infusion in rats (Park et 

al., 2002). Additionally, Mahler et al. (2013) showed that microinjections 

of CNQX/AP-5 into the VTA of rats reduced cocaine seeking elicited 

by cues in rats (Mahler et al., 2013). Other studies have also reported 

that CNQX systemically administered (ip) modulated cocaine-induced 

SA (Bäckström and Hyytiä, 2003) or reinstatement to cocaine seeking 

(Bäckström and Hyytiä, 2006). These data clearly state the participation 

of the glutamatergic neurotransmission through AMPA receptors in 

different processes related to cocaine-induced motivation and seeking 

behaviour. 
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3. MSEW-induced sex differences in the acquisition of 

cocaine SA behaviour. 

Clinical and preclinical research have identified sex differences in 

substance use and addiction-related behaviours (Giacometti and Barker, 

2020). Although SUD are more common in men, women progress more 

rapidly from recreational use to abuse due to the telescoping effect 

(Haas and Peters, 2000; UNODC, 2019).  

Additionally, when taking the same drug dose, the blood concentrations 

of drugs are different in men and women, which may contribute to the 

vulnerability to drug misuse and neurobehavioral consequences of drug 

intake (Giacometti and Barker, 2020). 

Besides, as comment in chapter 3, there is an important comorbidity 

between depression and SUD, and both disorders interact to make each 

other worse (Torrens et al., 2015). Statistics show that depression and 

anxiety trend to be more common among women than among men 

(UNODC, 2018). Even though, the preclinical studies evaluating 

depression-like behaviour was performed predominantly in male mice 

(82.6%) rather than female mice (17.4%).  

Moreover, evidence show that childhood adversity has different impact 

in women and men (Goodwill et al., 2019). Therefore, it is necessary to 

explore the impact of early-life adversity during the early postnatal 

period and the sex-driven determinants in vulnerability or resilience to 

depression or addiction.  

For this reason, we explore MSEW-induced differences in the 

acquisition of cocaine SA in male and female CD1 mice.  



DISCUSSION 

 204 

In our study, the reinforcing effects of cocaine were more powerful in 

the female mice compared to their male counterparts in the SA 

paradigm. We observed that females showed a faster and higher 

percentage of SA behaviour acquisition, in addition to greater cocaine-

seeking and intake, thus displaying a different progression and higher 

vulnerability to cocaine addiction. These results are in line with clinical 

data reporting that women were more susceptible to cocaine use than 

men (Lynch et al., 2002). Also, preclinical studies demonstrated that 

females have higher reinforcing effects of cocaine in the SA (Caine et 

al., 2004; Cummings et al., 2011; Davis et al., 2008; Johnson et al., 2019; 

Lynch, 2008; Peterson et al., 2014).  

It is known that childhood adversity is a risk factor to develop drug 

addiction, but the way in which affects women and men is different 

(Haas and Peters, 2000; UNODC, 2018). Animal studies evaluating the 

effects of neonatal isolation in rats reported higher cocaine 

consumption in females, independently of the isolation procedure 

(Kosten et al., 2007, 2004; Lynch et al., 2005). Here, we also observed 

that females, independently of the maternal separation procedure, 

obtained more cocaine than males. In fact, SN females consumed a 

greater quantity of cocaine than SN males. 

Previous data reported that isolated males rodents consume more 

cocaine than the control males (Kosten et al., 2007, 2004; Lynch et al., 

2005). In line with this, Newman et al. (2018) reported that social 

isolation stress potentiates motivation and leads to increased infusions 

during cocaine SA only in male mice.  
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A recent study showed that continuous social defeat stress increased or 

attenuated cocaine SA in male mice, depending on the social stress 

response (high and low responders) (Arena et al., 2019). Therefore, the 

individual response to stress experience contributes to developing 

different reward-seeking phenotype (Arena et al., 2019). Besides, 

authors suggest that this could be led by changes in neural mechanisms 

that will induce vulnerability or resilience to the stress experience (Arena 

et al., 2019).  

In agreement with these observations, our results yield that MSEW 

males performed a higher number of infusions, consumed more cocaine 

and acquire the cocaine SA behaviour earlier than the SN males. 

Nevertheless, females were not affected by the MSEW in the number 

of infusions, percentage of acquisition, total cocaine intake or the day 

of acquisition. In fact, MSEW reduced the number of infusions in 

females. Therefore, our study revealed that MSEW enhances cocaine-

seeking behaviour and cocaine intake, albeit solely in male mice.  

As conclusion, male mice were negatively affected by the MSEW, while 

females appeared to be more resilient to this kind of early-life stress, as 

previously suggested by Kikusui et al. (2005).  

4. Sex-dimorphic molecular changes induced by chronic 

cocaine exposure and/or early-life stress in the NAc and 

VTA. 

Albeit the existence of the telescoping effect, much of the work 

evaluating drug-seeking behaviours and cocaine-induced molecular 

changes, have been conducted in men and male rodents (Giacometti 

and Barker, 2020). 
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For this reason, we evaluated sex-differences in AMPA receptor subunit 

composition as well as sex-differences in cocaine-induced neuroplastic 

changes. 

An increasing number of studies have reported that cocaine exposure 

induces LTP in the VTA and NAc (Hemby et al., 2005; Nestler, 2001). 

LTP induction triggers the exocytosis of perisynaptic AMPA receptors 

in the membrane in order to induce a transient activation of the NMDA 

receptors (Andrásfalvy et al., 2004). These new AMPARs contain 

GluA1 subunits (GluA2-lacking AMPARs) (Yang et al., 2010, 2008) are 

responsible for the full expression of the LTP (Yang et al., 2008). Once 

inserted, the subunit GluA1 is rapidly changed by GluA2 to stabilize the 

new synapse (Adesnik and Nicoll, 2007; Yang et al., 2008). Evidence 

show cocaine-induced translocation of GluA2 for GluA1 in the NAc; 

this cocaine-induced GluA1 increase contributes to seeking behaviour 

(Conrad et al., 2008; Kalivas, 2009; Pierce and Wolf, 2013). In 

accordance with such results, we observed that animals with increased 

GluA1 basal expression in the NAc (females) showed increased cocaine 

seeking.  

Our results also show that MSEW males, but no females, registered a 

positive GluA1 fold change and higher GluA1/GluA2 ratio in NAc 

than the SN males, but also than MSEW females. Such molecular 

alterations may explain why only males exposed to this early-life stress 

registered increase number of infusions and cocaine intake during SA. 

In line with our results, Fosnocht et al. (2019) observed that social 

isolation stress during adolescence, increases responding for cocaine in 

male mice but not in females, but also that cocaine exposure after 
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adolescent stress increases c-Fos expression in the NAc independently 

of the sex. Therefore, they suggest that this increased behavioural 

responsivity to cocaine could be regulated by the glutamatergic system 

(Fosnocht et al., 2019).  

One neuroadaptation reported to compensate cocaine-induced 

dopamine release is the activation of CREB in the GABAergic neurons 

of the NAc, which induce dynorphin expression (Muschamp and 

Carlezon, 2013). CREB-mediated dynorphin augmentation reduces 

dopamine release within the NAc, acting on KOR in the VTA 

(Muschamp and Carlezon, 2013). Our results show that males after 

cocaine SA, expressed higher CREB activation (pCREB/CREB) in the 

NAc than females. 

Like cocaine, chronic stress also activates the CREB pathway 

promoting depressive like-behaviour (Covington et al., 2011). Sustained 

elevations of CREB activity in the NAc produces anhedonia-like profile 

(Barrot et al., 2002). Even our results showed no significant effect of 

the MSEW, we observed that maternally separated mice tended to show 

increased CREB activation (pCREB/CREB) in the NAc, in accordance 

with our earlier observation that MSEW induces depressive-like 

behaviour (Gracia-Rubio et al., 2016b).  

In addition to the alterations in the NAc, we evaluated changes in the 

VTA, which play a key role in the reinforcing effects of cocaine (Nestler, 

2001). Cocaine-evoked VTA synaptic plasticity is mediated by changes 

in glutamatergic synapses, and the new protein synthesis is triggered by 

cocaine-induced LTP (Heshmati, 2009). Some studies have reported 

that cocaine SA increases GluA1 and GluA2 in rats and that GluA1 
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overexpression in the VTA enhances level-press behaviour in the same 

paradigm (Choi et al., 2011). Our results yield higher GluA1 in females 

after acquisition than acquired males. Additionally, we observed that 

MSEW increase the GluA1/GluA2 ratio in the VTA of males, but not 

in females. Furthermore, MSEW drug-naïve males show lower GluA2 

than the SN drug-naïve males and even lower than the MSEW drug-

naïve females.  

Our results revealed that cocaine SA acquisition induced a negative fold 

change of GluA1 and GluA1/GluA2 ratio in VTA of males, whereas 

the cocaine exposure did not modify GluA1 or GluA1/GluA2 ratio in 

females. In this way, GluA1 transcription is regulated by CREB (Olson 

et al., 2005), and CREB activation modulates the rewarding effects of 

cocaine in the VTA (Tang et al., 2003). Moreover, TH, the rate-limiting 

enzyme in dopamine synthesis, is another target gene for CREB in the 

VTA (Nestler, 2001; Olson et al., 2005). Accordingly, our results show 

that drug-experienced males registered lower pCREB than drug-naïve 

males, and, consequently, GluA1 expression. The same relation 

(pCREBGluA1) was present for females- and males- drug-

experienced. Results yield that levels of pCREB and GluA1 were 

increasing in females after acquisition in comparison with the levels of 

males drug-experienced. 

Based in our results, we propose that the increased expression of NAc 

GluA1 basal level in female mice, allow them to generate a faster and 

stronger cocaine-induced LTP, thus explaining why females acquire 

cocaine SA behaviour earlier and in higher percentage than males. 

Moreover, the MSEW-induced male-specific increase of GluA1, yield 
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the idea that GluA1 is a key marker indicating a higher vulnerability to 

develop cocaine addictive behaviour. 

We also observed an enhanced MSEW-induced excitability of NAc 

neurons in males due to the increase GluA1 and GluA1/GluA2 

expression in these animals, which would lead to a higher GABAergic 

inhibition of VTA dopaminergic neurons. These observations sustain 

our hypothesis formulated in the Objective 1.  

Regarding cocaine exposure, our results evidenced that only males 

showed increase pCREB/CREB ratio after chronic cocaine exposure. 

This is in accordance with our suggestion in Objective 1 of the existence 

of a compensatory mechanism in the males after cocaine exposure to 

avoid the negative effects of the drug.  

This homeostatic mechanism could be to induce dynorphin synthesis 

and amortise the cocaine-induced dopamine release in the VTA. As 

consequence, the dysphoric effects in males would seem to be stronger 

than in females, which may be considered a protective measure against 

cocaine addiction. Such a hypothesis is supported by a recent study 

showing females to be less sensitive than males to the KOR-mediated 

reward-decreasing effect, due to higher VTA TH levels, which increase 

dopamine synthesis and protect them against the suppression of 

dopamine release and anhedonia (Conway et al., 2019). This hypothesis 

is also in agreement with the results showing that tonic dopamine levels 

in the NAc were not different due to sex or social stress factors (Holly 

et al., 2012). However, after cocaine exposure (i.p), stressed animals 

showed important changes of dopamine levels in NAc compared with 
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the non-stressed rats, but cocaine-induced dopamine elevation lasted 

longer in females (Holly et al., 2012).  

Respect to the VTA results, our results allow to suggest that the 

increased cocaine-seeking in females after a chronic exposure is due to 

the higher GluA1, which would induce deep neuroplasticity changes 

than in males, understanding why females progress faster to addiction.  

We also propose that males, especially those exposed to MSEW, 

showed enhanced excitability of the VTA dopaminergic neurons, most 

probably to compensate the higher GABAergic inhibition from the 

NAc, as mention in Objective 1.  

Additionally, we observed that MSEW induced male-specific increased 

function of the AMPA receptor, thus explaining why MSEW only 

affects the acquisition of cocaine SA in males. 

Due to changes in AMPA receptor function and to the higher basal 

excitability of VTA neurons (GluA1/GluA2), cocaine consumption 

would induce a higher dopamine release in males (especially MSEW 

males) than in females. This is in agreement with the results of Holly et 

al. (2012) in which male rats exposed to social stress showed a greater 

change from baseline dopamine levels in response to cocaine, in 

comparison with non-stressed males. However, between stressed and 

non-stressed females, no statistical difference was found (Holly et al., 

2012). 

In order to reduce the cocaine-induce higher dopamine release in the 

VTA, males showed decreased CREB activation (pCREB), GluA1 

expression, and possibly TH synthesis, and finally dopamine firing. 
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Besides, our results yield that pCREB and GluA1 levels were increase 

in females after acquisition in comparison with the levels of males drug-

experienced. 

Therefore, chronic cocaine exposure induces a higher pCREB and 

GluA1 in females in comparison with males, leaving the AMPA 

receptor more susceptible to be activated, helping to understand the 

telescoping effect. 

5. Underlying molecular changes of MSEW-induced 

emotional alterations in the mPFC of males and female 

mice. 

As stated earlier, our hypothesis assumes that MSEW males have greater 

glutamatergic function in the NAc, triggering higher GABAergic 

inhibition from the NAc to the VTA. Then, males, especially those 

exposed to MSEW, display an enhanced excitability of VTA 

dopaminergic neurons to compensate this inhibition.  

Normally, VTA dopaminergic projections to the PFC, inhibit 

glutamatergic PFC neurons (Pirot et al., 1992). Therefore, reduced 

dopamine firing in the VTA implies greater glutamatergic activity from 

the PFC to the NAc.  

Therefore, we want to explore MSEW-induces changes in gene 

expression of AMPA receptor subunits Gria1 and Gria2 (codifies for 

GluA1 and GluA2, respectively). Additionally, we explore the 

correlation between levels of these gene and despair-like behaviour. 
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To achieve this, we measure the immobility time in the TST to measure 

despair-like behaviour in MSEW female and male mice.  

Recent studies show that maternal separation in mice induces 

depression-like behaviours as well as a reduction of serotonin and 

dopamine levels in the frontal cortex (Récamier-Carballo et al., 2017). 

Our results show that MSEW induces a despair-like behaviour in adult 

male mice, whilst females seem to be resilient to this type of stress. 

Animal models of depression suggest a reduced glutamate level in the 

PFC of depressed mice (Belin et al., 2008), as well as reduced glutamate 

and glutamate/glutamine levels in depressed rats (Li et al., 2008). 

Together with this, clinical evidence reported increased Gria2 mRNA 

levels in PFC of patients with major depression, and no changes in 

Gria1 expression (Kleinman et al., 2015). Additionally, it was reported 

reduced glutamate/glutamine and GABA levels in the PFC of 

depressed patients (Hasler et al., 2007). These previous studies are in 

accordance with the fact that the glutamatergic system, especially in the 

frontal cortex, plays a key role in the modulation of the depressive 

phenotype. 

Our results for the gene expression of Gria1, reveal no significant 

differences between groups. However, results for Gria2 show that 

MSEW reduce Gria2 expression compared with the SN group. This 

result is in accordance with Ganguly et al. (2019) who reported that 

males maternally separated showed decreased mPFC-Gria2 expression 

compared to control males. 
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Moreover, we obtained that SN females showed decrease level of Gria2 

compared with the SN males. Finally, we observed a significant 

reduction in the Gria2 mRNA levels of MSEW exposed male mice 

respect the SN males that evidences a significant mood alteration.  

For this reason, we correlate levels of Gria2 with immobility time in the 

TST. Our results yield a negative correlation between Gria2 in the 

mPFC and despair-like behaviour, meaning that a decreased Gria2 

correlates with increased immobility time in the TST.  

We also explored the functional form of the gene, the protein levels of 

GluA1 and GluA2. We observed that females showed higher GluA1 

and GluA2 than males, in hand with previous report of Ganguly et al. 

(2019) showing that females in general have higher GluA2 protein level 

than male mice. However, we did not observe MSEW-induced 

differences in the protein level of these AMPA receptor subunits 

(GluA1, GluA2 or GluA1/GluA2 ratio). 

Epidemiologic studies showed that childhood adversity increased the 

risk of depression by 28.4% but also to illicit drug use by 16.5% (Anda 

et al., 2006). Animal studies exploring how stressful situations influence 

addiction-like behaviours described that acute and chronic stress alters 

the phosphorylation of GluA2, affecting the function of the AMPA 

receptor but no the GluA1/GluA2 ratio in the NAc and hippocampus 

(Caudal et al., 2016, 2010; Ellis et al., 2017).  

This evidence could explain why we were not able to find differences in 

the GluA1/GluA2 ratio of MSEW male mice. It is possible that 

MSEW-exposed male mice showed decreased-induced phosphorylation 
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of GluA2, which did not modify the GluA2 levels, but altered indirectly 

the excitability of the AMPA receptor function in the mPFC, in 

accordance with our original hypothesis.  

6. Sex-differences in cocaine-induced impulsivity in 

MSEW mice and mPFC alterations of the AMPA 

receptor composition after cocaine SA. 

The role of personality or cognitive factors in drug abuse has been a 

particular topic of interest (Adinoff and Stein, 2011). Recently, 

impulsivity has received considerable attention due to the relevance in 

drug risk (Adinoff and Stein, 2011) or the development of other 

psychiatric disorders like depression (Dent and Isles 2014; Dalley and 

Ersche 2019). Because of this reason, this personality trait has been 

proposed as a endophenotype to investigate the underlying 

neurobiological mechanisms for many of impulse control disorders 

(Dalley and Ersche, 2019). Additionally, Brodsky et al. (2001) showed 

higher impulsivity and depression diagnosis in subjects with history of 

childhood trauma (Brodsky et al., 2001).  

Studies showed that drug addicted individuals tend to show heightened 

impulsivity (Adinoff and Stein, 2011). This suggest the hypothesis that 

impulsivity may precede drug use and may increase an individual’s risk 

of use and abuse (Adinoff and Stein, 2011). 

The mPFC is a region that modulates cognitive and executive functions, 

including inhibitory control (Narayanan and Laubach, 2017). Clinical 

studies show that cocaine addiction includes poor inhibitory control for 

the goal-directed behaviour in the frontal cortical regions, which induce 

craving for the drug (Barrós-Loscertales et al., 2020; Squire, 2008).  
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Moreover, drug-induced impulsive behaviour could be seen as result of 

excessive drive for reinforcement and/or by compromised top-down, 

prefrontally-mediated control over these drives (Adinoff and Stein, 

2011). 

In line with this, immediate rewards has been related with increased 

activity in the VTA and the ventral striatum (Adinoff and Stein, 2011). 

Moreover, authors hypothesized that the observable impulsivity of a 

drug-addicted individual could result from excessive drive for reward or 

compromised control (Adinoff and Stein, 2011).  

This converges in the idea that PFC and the striatum function 

cooperated to the reward seeking and impulse control. Therefore, we 

explored sex-differences in impulsivity in order to explain why females 

are more vulnerable to cocaine abuse than males. We also determined 

alterations in AMPA receptor subunits in the mPFC of mice, before 

and after cocaine SA. 

To determine if depressed animals exposed to MSEW showed different 

impulsivity for cocaine, we performed the cocaine SA procedure and 

calculated the average of the percentage of response efficiency (indirect 

measure of impulsivity) along the acquisition phase.  

Our results show elevated impulsivity after chronic cocaine exposure in 

females compared with males. In fact, SN females showed higher 

impulsivity than SN males after cocaine SA. This yield that SN females 

behaves similar (in terms of cocaine-induced impulsivity) than the 

MSEW males and MSEW females. Moreover, we observed elevated 

cocaine-induce impulsivity in MSEW males than the SN males. These 
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behavioural results evidenced that females, independently of the early-

life stress exposure have increased impulsivity, while MSEW in males 

has significative consequences, increasing impulsivity for cocaine-

seeking. Finally, we observed that the MSEW-increased impulsivity in 

males was specific for cocaine because all the groups showed similar 

percentages of response efficiency in the food SA. 

Regarding molecular markers, Caffino et al. (2015) report that a single 

cocaine exposure in adolescent rats, can reduce the number of dendritic 

spines without any changes of GluA1 or GluA2 in the total mPFC 

homogenate. Our biochemical results after cocaine SA indicated a 

general sex effect in AMPA receptor subunits, in which females are 

expressing more GluA1 and GluA2 than males. Additionally, we 

reported elevated GluA1 in MSEW females when compared with levels 

of SN females and MSEW males respectively. However, in accordance 

with (Caffino et al., 2015), we did not find any alteration induced per se 

by the drug exposure. 

Clinical studies showed a direct correlation between glutamate level in 

lumbar cerebrospinal fluid and impulsivity, confirming the key role of 

this neurotransmitter in the regulation of this personality trait (Coccaro 

et al., 2013). Moreover, cocaine-dependent patients showed a negative 

correlation between the activation of the frontoparietal network and 

dependence severity (Barrós-Loscertales et al., 2020).  

In this thesis we observed that females, the group with higher 

impulsivity during cocaine SA, have higher GluA1 protein expression 

than males. We suggest that this increased GluA1 expression, could be 

interpreted as a facilitated activation of the glutamatergic function in the 
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mPFC, explaining why females show higher impulsivity during cocaine 

SA than males. 

Following this idea, it could be expected that MSEW males exposed to 

cocaine also showed an increase GluA1 level. However, as discussed 

above, there is a possibility that the differences in the response 

efficiency during the cocaine SA between the SN and the MSEW male 

mice can be explained by changes in the phosphorylation of GluA2 that 

affect the function of the AMPA receptor (Caudal et al., 2016, 2010; 

Ellis et al., 2017).  

Why does this not happen in females? We propose that in the case of the 

MSEW females, the increased basal level of GluA1 could be 

compensating the cocaine-induced hyperphosphorylation of GluA2, 

avoiding further increases on impulsivity for cocaine-seeking due to 

MSEW.  

Our hypothesis is in accordance with recent findings using mutant mice 

lacking GRIP1 in the mPFC (a scaffolding protein that stabilizes GluA2 

at the surface) (Wickens et al., 2019). They reported that GRIP knock-

out mice showed increased GluA2-containing AMPA receptors in the 

cell membrane, together with higher cocaine intake during the SA 

paradigm (Wickens et al., 2019). Moreover, Wickens et al. (2019) 

observed that these effects were cocaine specific and GRIP1 does not 

influence natural reward-seeking (Wickens et al., 2019), as we observed 

in the current work. 
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The main conclusions of this Doctoral Thesis can be summarized as 

follows: 

1. The reinforcing effects of cocaine are more powerful in female 

mice, supporting the idea that being a female is a risk factor to 

develop cocaine addiction.  

 

2. MSEW is a risk factor for cocaine addiction in males, while females 

seem to be more resilient to this kind of early-life stress.  

 

3. MSEW increases despair-like behaviour, the percentage of 

acquisition, cocaine intake, number of infusions and nosepokes 

during the acquisition phase, albeit solely in male mice.  

 

4. MSEW reduce the capacity to extinguish the cocaine-seeking 

behaviour in male mice, avoiding the capacity to reduce CREB 

expression in the NAc. 

 

5. Females mice exhibit increased basal mPFC glutamatergic function, 

which potentiates impulsivity to cocaine consumption during the 

SA.  

 

6. Females, independently of the early-life stress exposure have 

increased impulsivity in cocaine-seeking, while MSEW in males 

have significative consequences, increasing their impulsivity for 

cocaine-seeking. 
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7. MSEW reduce the expression of Gria2 in the mPFC of mice, a gene 

that correlates with despair-like behaviour. 

 

8. GluA1 in the NAc of females, is a factor that increase vulnerability 

to cocaine SA but confers resilience to MSEW-induced early-life 

stress. 

 

9. MSEW enhances NAc-glutamatergic function in males which 

increase pCREB, GluR1 and dynorphin, changes fitting with 

depressive-like behaviours. These alterations potentiate the 

inhibitory function of GABAergic neurotransmission from the 

NAc to the VTA, inhibiting the release of dopamine 

 

10. Because the NAc GluA1 basal level in females are already high, they 

are less affected by the MSEW-induced GluA1 alteration. This 

higher GluA1 level in females would seem to explain why they are 

more vulnerable to cocaine addiction but resilient to such stress.  

 

11. Males showed increase pCREB/CREB ratio after chronic cocaine 

exposure, as a mechanism to avoid the negative effects of the drug, 

inducing dynorphin synthesis and amortise the cocaine-induced 

dopamine release in the VTA. As consequence, the dysphoric 

effects in males would seem to be stronger than in females, which 

may be considered a protective measure against cocaine addiction.  

 

12. Due to the enhanced inhibition of the VTA dopamine neurons, 

MSEW males will develop depressive-like behaviour, higher 
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acquisition rates and tolerance to the rewarding effects of cocaine, 

being more susceptibility to cocaine-seeking.  

 

13. Males exhibit higher excitability of dopaminergic neurons in the 

VTA, especially in the case of MSEW-exposed males, probably to 

compensate for the higher GABAergic inhibition from the NAc. 

This enhanced excitability contributes to the higher vulnerability to 

cocaine SA and depressive-like behaviour. 

 

14. This thesis provides novel evidence regarding MSEW-induced 

glutamatergic alterations in the mesocorticolimbic system of mice, 

as well as novel information about sex differences in cocaine-

seeking behaviour. 

 

15. These findings could contribute to find new therapeutic targets to 

treat CUD. 
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Annex 1 

Repeated Cannabidiol treatment reduces cocaine intake and 

modulates neural proliferation and CB1R expression in the 

mouse hippocampus. 

Miguel Ángel Luján, Adriana Castro-Zavala, Laia Alegre-

Zurano, Olga Valverde. 

Neuropharmacology 143: 163-175 (2018) 
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Annex 2 

Oxytocin prevents the increase of cocaine-related responses 

produced by social defeat. 

Carmen Ferrer-Pérez, Adriana Castro-Zavala, Miguel Ángel Luján, 

Joanna Filarowska, Raúl Ballestín, José. Miñarro, Olga Valverde, Marta 

Rodríguez-Arias. 

Neuropharmacology 146: 50-64 (2019) 
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