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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’exposicié cronica a Pestres, particularment durant els primers anys de
vida, s’ha relacionat amb I’aparici6 i amb la gravetat de varies malalties
psiquiatriques en a I'etapa adulta. A més, Pestrés de la vida primerenca
indueix efectes cerebrals que poden perdurar fins a ledat adulta
augmentant la probabilitat de desenvolupar trastorns dis de
substancies i depressio. L’estrés de la vida primerenca afecta de forma
diferent a homes i dones, malgrat aixo, aquet fenomen roman poc
explorat. Entendre els mecanismes que connecten lestrés de la vida
primerenca i el desenvolupament de I'addicci6 1 depressio, pot ajudar a
la creaci6 de noves terapies contra aquests problemes de salut publica.
En aquest treball, es pretén investigar els efectes de I'estres de la vida
primerenca sobre l'addicié a la cocaina i les alteracions moleculars
provocades per ambdos factors, cocaina i estres. Per aquest motiu, es
va estudiar 'impacte de I'estres induit per la separacié maternal amb
deslletament precog en ratolins CD1 mascles i femelles a diferent fases
de Tauto-administracié de cocaina. També s’han investigat les
alteracions a la composicié del receptor AMPA 1 altres molecules
relacionades amb la neuroplasticitat a regions cerebrals que modulen
estres, la recompensa i la impulsivitat. Els nostres resultats mostren
que la separacié maternal amb deslletament preco¢ té efectes al
comportament dels mascles mentre que les femelles semblen ser
resistents a aquest tipus d’estres de la vida primerenca. A més, els
mascles separats de la mare mostren un comportament semblant a la
depressio, consumeixen més cocaina i expressen major vulnerabilitat a
I’adquisicié de ’addiccio a la cocaina, aixi com una incapacitat d’extingir

el comportament d’auto-administracié de la droga.



Els analisis moleculars de I'area tegmental ventral, el nucli accumbens i
I'escorga prefrontal medial mostren alteracions induides pel sexe en la
composicié del receptor AMPA, pero també alteracions degudes a
Pexposici6 a la cocaina. La separacié maternal amb deslletament precog
1 Pexposici6 a la cocaina també alteren expressié de GluAl, GluA2,

pCREB i CREB en aquestes zones cerebrals.

En conjunt, els nostres resultats demostren canvis en les molecules
neuroplastiques associats amb la depressio i la regulaci6 dels efectes
gratificants de la cocaina, ajudant a dilucidar els mecanismes implicats

en la progressié de I'as de cocaina a I’abus, tant en homes com en dones.



RESUMEN

La exposicion cronica 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 psiquiatricos en la edad adulta. Ademas, el estrés
que ocurre en la primera etapa de la vida induce alteraciones cerebrales
que pueden incrementar la probabilidad de desarrollar adicciéon o
depresion. El estrés temprano puedo afectar de diferente forma a
mujeres y hombres, sin embargo, este fenémeno no se ha explorado a
profundidad. Entender los mecanismos que conectan el estrés de la
etapa temprana con el desarrollo de adiccion y depresion, puede
colaborar a la creacién de nuevas terapias para tratar estos problemas
de salud publica. En este trabajo estudiamos los efectos que tiene el
estrés de la etapa temprana en la adiccion a la cocaina, asi como las
alteraciones moleculares inducidas por ambos factores, la cocaina y el
estrés. Por este motivo, evaluamos el efecto de la separacion maternal
con destete temprano en las diferentes fases de la auto administracion
de cocaina, en ratones CD1 tanto hembras como machos. También
exploramos las modificaciones en la composicion 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 separaciéon maternal con destete
temprano tiene efectos conductuales en machos, mientras que las
hembras parecen ser resilientes a esta clase de estrés. Ademas, los
machos separados de la madre muestran una conducta similar a la
depresion, mayor consumo de cocaina, mayor vulnerabilidad a adquirir
la conducta de auto administracién de cocaina, asi como una

incapacidad de extinguir esta conducta.



Los analisis moleculares del area ventral tegmental, nicleo accumbens
y corteza prefrontal media muestran alteraciones debidas al sexo en la
composicion del receptor AMPA y también modificaciones después de
la exposicion a la cocaina. La separaciéon maternal con destete temprano
y la exposicion a la cocaina, cambia la expresion de GluAl, GluA2,

pCREB y CREB en las areas cerebrales estudiadas.

En conjunto, nuestros resultados muestran modificaciones en
moléculas asociadas a neuroplasticidad, involucradas en el desarrollo de
depresion y en la regulacion de los efectos reforzantes de la cocaina,
ayudando a elucidad el mecanismo involucrado en el progreso de uso a

abuso de cocaina tanto en mujeres como en hombres.
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INTRODUCTION

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).

The brain’s ability to change The amount of effort
in response to experiences such change requires _~

2 46810 20 30 40 50 60 70
AGE

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 circuitrty 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., 20106).

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).

Adpversity 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).

Axon elaboration Synapse elimination

Initial Learned B Non-selective Highly selective
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> [ —
Sensitive Sensitive
period perio_d
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Synapse consolidation
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L i : f \

40 0o —— (oo .
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£ W" period Y S

\‘ l/ experience

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, 2000).
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, 2000).

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, 2000). 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,

20006). 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, 20006). 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, 20006). 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 humberts

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).

Global lifetime prevalence

WHO global status report on violence prevention 2014

36%
23%
0
18% 16%
8%
A
of children of children of girls sexually of boys sexually of children
psychologically  physically abused abused abused neglected

abused

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,
2000).

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, 2000).

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).
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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

32



INTRODUCTION

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).

Frontal cortex

\ )
Anterior pltutary<< A

o o0
o
o %9 °p

ACTH

Adrenal cortex —

Glucocorticoids

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).

@—=< Glutamatergic
°—< Dopaminergic
\ | @ GABAergic
/mPFC =

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 VT'A 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, 2010).

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).

Ilicit 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, Castellén, 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).

Young adults reporting use in the last year

4.2 %
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14 %
Female Male
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55-64 0.6 % 8.0
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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,, 2010).

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
(2010).

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 (Ca*)
intracellular concentration at pre- and/or postsynaptic neurons (Putves
et al., 2004; Squire, 2008), and most of this Ca*'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 Ca’'permeable. However, if the postsynaptic
neuron is at normal resting membrane potential, the NMDA receptor
is blocked by physiological concentrations of magnesium (Mg™")

avoiding the entrance of Ca** (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 Mg®* from the NMDA receptors is induced and allows the
entry of Ca®* to the postsynaptic neuron. This increased Ca®*
concentration triggers the LTP induction and the activation of several

Ca™ dependent signalling cascades (Purves et al., 2004; Squire, 2008).

The signal transduction cascades involve the activation of phosphatases
like the Ca*"/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

etal, 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 AFosB 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 GIuN2B subunit, the type of NMDA receptors related to

nascent and immature synapses (Koya et al., 2012).
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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 GluA1l 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; Martinez-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 (GluAl 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 GluAl 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
GluA1l and GluA2 AMPA subunits in the N Ac 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 GluAl 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 GluA1l 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 GluAl 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). Moreovet, this effect of CNQX was selective for cocaine (Doyle
etal., 2014).

Other studies have also reported that CNQX modulate cocaine-induced
SA (Backstrom and Hyytia, 2003) or the reinstatement to cocaine

seeking (Backstrém and Hyytid, 2000).
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 (Lischer,
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
GluAl, 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 GluAl 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 GluAl and GIluA2 in the VTA of rats
following cocaine SA. They observed that overexpression of GluAl 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 VITA 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 VT'A 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 GluAl-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 VT'A 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 GluAl level (Lane
et al,, 2011). However, after 72 h, when cocaine is completely depleted
from the system, GluAl augment in TH-containing dendrites and in
non-TH dendrites (Lane et al., 2011). This increased GluA1l 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-secking
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 VT'A 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 GluAl-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 GluAl levels in GABAergic neurons
in the VTA will induce a higher inhibition of VT'A 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 AFosB (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 (Catlezon 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 Catlezon, 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 VT'A dopamine neurons to NAc

(Nestler, 2004).

Cocaine

Opiates

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 Catlezon, 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 GluAl (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 likelithood of another to occur (Rappeneau and Bérod,
2017; Totrens 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 (Garcia-
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., 2010).
Besides, depression is almost twice as common in women than men

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

Wofrse.
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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
(Garcia-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

etal., 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
wortds, 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 Catlezon, 2000).

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 VT'A and NAc as a common target linking cocaine

addiction and mood disorders (Martinez-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 GluAl 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., 2000).

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
GluAl level (encoded by the Grial 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., 2000). 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, GluAl 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
poortly 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; Grané et al., 2007).

Clinical studies reported increased impulsivity in adults with depression
(Peluso et al.,, 2007) or later MDD diagnosis (Grané et al.,, 2007),
suggesting impulsivity as a predictor of the development of major
depression (Granoé 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; Romer 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 (Barrds-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).

Morteover, 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; Rio-Alamos 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 VT'A 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 GluA1l 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., 2000).
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 necessaty in order to investigate the underlying
molecular and cellular mechanisms behind the cognitive and emotional

alterations in individuals exposed to eatly-life adversity (Krugers et al.,
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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, 2010).

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 eatly-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.

0-1 month 1-2 months 3-6 months 10-14 months 18-24 months
Childhood Puberty MZtUI:e Middle age Old age
adu

0-11.5 years old 12-20yearsold  20-30yearsold 38-47yearsold 56-69 years old

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

= B B
o8 £

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, 2010).

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 eatly-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 eatly-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., 2010).
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 (IST) (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 expetienced 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., 2000), 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 Nurrl in the VT'A (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-Lépez 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., 2010).
Therefore, maternal separation disrupts compensatory mechanisms in

the PFC associated with cocaine rewarding effects, leading to increased

cocaine-induced CPP (Viola et al., 2010).

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 GluAl 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., 2000).

In contrast, other study reported impairment in the L'TP and increased
protein expression of GluAl, 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, VT'A 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 VIA (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 (Catlezon 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), VT'A (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).

Body weight Memory Depression Anxiety

[ Females
W Males

m No alteration
Body weight
M Decreasefimparement
Memory B Increasefimprovement
Depression
Anxiety
T 1

30 35 Evidences (n)

Females Males

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 AND OBJECTIVES

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 eatly-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
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paradigm during acquisition, extinction and reinstatement

phases.

b) To evaluate changes induced by MSEW on the basal levels
of GluAl, GluA2, CREB and pCREB, in the VTA and
NAc.

c) To determine changes on GluAl, 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)

b)

To study differences between males and females previously
exposed to MSEW in the acquisition of cocaine SA

behaviour.

To evaluate if MSEW induces sex-specific changes on the
basal levels of GluAl, GluA2, CREB and pCREB in the
VTA and NAc.

To explore changes on the levels of GluA1l, 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 Grial and Gria2 mRNA
levels in the mPFC.

C) To determine a cotrelation 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 = 1°C) and humidity- (55% * 10%) controlled room
and subjected to a 12 h light/datk 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/kginfusion 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 wete 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,; iv.; B. Braun Medical, S.A. Rubi,
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 critetia (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
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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 /bitum 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 ot one cocaine infusion/one nosepoke). Therefore, decreased

response efficiency means an increased impulsive response.
For the cocaine SA, we used the following formula:

% Response ef ficiency

Number of cocaine infusions

"~ Number of active nosepokes

In the case of food SA, we calculated the percentage of response

efficiency as follows:

% Response ef ficiency

Numb d pellet
umber of food pellets « 100

"~ Number of active nosepokes

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, VT'A and NAc samples from
SN and MSEW mice, were obtained in basal conditions (drug-naive),
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-naive and drug-
experienced mice of both sexes (30 minutes after the final acquisition
day). For Article 3, we obtained the mPFC in drug-naive condition, after

cocaine SA (drug-experienced) and after TST (PDD60).

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 -80°C until the biochemical analysis was

performed.

5.2. Western Blot

To evaluate the expression of GluA2, GluAl, 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 pg) were mixed with 5X loading buffer (TRIS pH 6.8 0.153
M, SDS 7.5%, Glycerol 40%, EDTA 5 mM, 2-B-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 4°C 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
GluAl ABN241 AB_2721164 1:1000 Milipote

BD

B-tubulin 556321 AB_396360 1:5000

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 -
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 -
tubulin was evaluated in the VT'A and NAc of males and female mice.
The groups were: SN drug-naive males, SN drug-experienced males,
MSEW drug-naive males, MSEW drug-experienced males, SN drug-

naive females, SN drug-experienced females, MSEW drug-naive
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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, GluAl,
CREB and pCREB (in drug-naive animals), only normalizing to B-
tubulin (optical density, OD). Subsequently, data were normalized to
the control group (SN drug-naive) 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 GluAl, GluA2 and B-tubulin were
evaluated in the mPFC of males and females. The groups were: SN
drug-naive males, SN drug-experienced males, MSEW drug-naive
males, MSEW drug-experienced males, SN drug-naive females, SN
drug-experienced females, MSEW drug-naive females and MSEW
drug-experienced females (n=4-5 per group, run in triplicate). Data
were normalized to the SN naive 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 Grial 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 Grial, 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°2>3’)

Grial Forward ACA ACT CAA GCG TCC AGA ATA G
Grial 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-naive 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-naive mice were analysed using a two-
way ANOVA with rearing and sex as independent factors. Western blot
results of drug-naive and drug-experienced animals were analysed using
a three-way ANOVA with rearing, sex and freatment 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 IF 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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1 | INTRODUCTION
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Abstract

Early-life stress (ELS) is associated with negative consequences, including maladap-
tive long-lasting brain effects. These alterations seem to increase the likelihood of
developing substance use disorders. However, the molecular consequences of ELS
are poorly understood. In the present study, we tested the impact of ELS induced by
maternal separation with early weaning (MSEW) in CD1 male mice at different
phases of cocaine self-administration (SA). We also investigated the subsequent
alterations on GIuR2, GluR1, cAMP response element-binding (CREB), and CREB-
phosphorylation (pCREB) in ventral tegmental area (VTA) and nucleus accumbens
(NAc) induced by both MSEW and cocaine SA. Our results show that MSEW animals
expressed a higher cocaine intake, an increased vulnerability to the acquisition of
cocaine SA, and incapacity to extinguish cocaine SA behaviour. MSEW mice showed
decreased GIluR2 and increased GIuR1 and pCREB in NAc. Also, results displayed
reduction of basal levels of GluR1 and CREB and an elevation of GluR1/GIuR2 ratio
in the VTA. Such results hint at an enhanced glutamatergic function in NAc and
increased excitability of VTA DA neurons in maternally separated mice. Altogether,
our results suggest that MSEW induces molecular alterations in the brain areas
related to reward processing, increasing the vulnerability to depression and cocaine-
seeking behaviour.

KEYWORDS
cocaine self-administration, CREB, GluR1, GluR2, maternal separation with early weaning,
pCREB

cocaine. In rodents, maternal separation (MS) with early weaning

(MSEW) is a reliable animal model of ELS and depression-like behav-

Early-life stress (ELS) during prenatal and postnatal periods is associ-
ated with negative consequences, including maladaptive long-lasting
brain effects. The estimation is that one in four children is victim of
abuse or negligence, and this could increase the risk for developing
psychiatric disorders. Epidemiologic studies report that adults with a
history of childhood adversity show 28.4% increased risk of depres-
sion and 16.5% to illicit drug use. Animal models have shown that ELS
exposure increases the consumption of several drugs, including

iour. Other studies have reported changes in brain-derived neuro-
trophic factor (BDNF) expression in the hippocampus, wventral
tegmental area (VTA), and prefrontal cortex of maternally separated
rats. Moreover, increased BDNF in the VTA of rats induces a higher
wvulnerability to drug abuse, turning the GABA inhibitory system to
excitatory signalization.

‘Among the illicit drugs, cocaine is one of the most consumed with

over 18 million cocaine users, and approximately 20% of them will

Addiction Biofogy. 2020:¢12911.
https://dol.org/10.1111/adb 12911

wileyonlinelibrary.com/journal/adb

© 2020 Society for the Study of Addiction | 1.of 12

115



RESULTS

292 | WILEY

shift from cocaine use to cocaine use disorder (CUD). Several studies
have indicated that cocaine induces aberrant neuroplastic changes in
the mesolimbic system, affecting different neurotransmitter systems
including the glutamatergic function, and such alterations may be
related to CUD and cocaine relapse. Among the cocaine-induced glut-
amatergic changes, the alteration in AMPA receptor (AMPAr) subunit
composition has been recently studied. AMPAr is made up of four
subunit proteins (GluR1-GluR4) and generally composed of GIuR2 in
complex with GluR1 or GIuR3. However, GluR2-lacking AMPAr is

CASTRO-ZAVALA €1 L.

In view of the impact that ELS has in the developing of cocaine
abuse, it is necessary to explore the neurobiological mechanisms to
find a possible clinical target to avoid the deleterious effects of this
kind of stress.

Until now, the levels of GluR2, GluR1, CREB, and pCREB in vul-
nerable individuals to CUD are still unknown. The study of changes in
molecular substrates of plasticity could help to explore the comorbid-
ity between depression and CUD. Moreover, the changes in these
molecules at different stages of the addiction process in vulnerable

calcium-permeable, inducing higher synaptic
data have shown an increased GIuR2 subunit

Previous

could shed light on new therapeutic strategies. Hence, we

pression in the
nucleus accumbens (NAc) and VTA of cocaine overdose victims.
Moreover, increased levels of GluR2 and GluR1 in the NAc of cocaine
self-administering rhesus monkeys have also been reported. Studies in
rats have disclosed increased GluR1 levels in the VTA following
cocaine self (SA) and for cocaine-
seeking behaviour. However, previous studies have shown no changes
in GluR1 or Glur2 levels in the VTA nor the NAc after cocaine SA.
One of the major challenges for CUD clinical treatment is the high
relapse rate following abstinence (<45%). Animal models of relapse
have shown that the cocaine-primed reinstatement of cocaine SA
enhances the activation of i from the prefron-
tal cortex to the NAc, facilitating cocai king and the
reinforcing effects of cocaine. Furthermore, an increase of
GluR2-lacking AMPAr in the NAc after withdrawal intensifies cocaine
relapse and cocaine-seeking.
There is a significant comorbidity between CUD and other neuro-
psychiatric disorders, in particular major depression. Recently, we
that MSEW to cocaine addic-
tion and cocaine intake in males but not in female mice. Other studies
in maternally separated rodents reported an enhanced vulnerability to
cocaine SA, as well as higher cocaine-induced hyperlocomotion.
GluR2-lacking AMPAr has been suggested as a regulator of
pression-lik i Likewise, in GluR2-lacking
AMPA transmission in the VTA and NAc have been reported as a
common target linking addiction and mood disorders. In maternally
separated rats, alterations in the GIuR2 and GluR1 gene and protein
expression were observed in the hippocampus and the prefrontal cor-
tex. Besides to GIuR2 and GluR1 alterations, cocaine exposure and
MSEW also modified molecular substrates of plasticity. Studies in
rodents show that cAMP response element-binding (CREB) over-
expression in the NAc decreases rewarding effects of cocaine. Indeed,
repeated cocaine administration decreases CREB and increases
CREB-phosphorylation (pCREB) in the NAc, attenuating the rewarding
effects of the drug. Moreover, CREB overexpression in the VTA
increases sensitivity to cocaine rewarding effects. Additionally,
increased pCREB expression in the VTA of mice was observed after
cocaine priming, inducing to CPP in with
the up-regulation of CREB observed in the VTA of cocaine overdose
victims. In relation to MSEW, previous studies in rodents using the
combination of MS and social defeat models have found that the
exposure to social defeat modulated CREB activity and BDNF levels
but failed to find CREB modifications in the NAc due to MS.

in mice the long-t effects of MSEW in factors related
to neuroplasticity, depression, and cocaine exposure. The aim of our
study was to assess the influence of MSEW on GluR2, GluR1, CREB,
and pCREB in VTA and NAc. Furthermore, we evaluated the contribu-
tion of such molecular alterations and MSEW during the acquisition
and reinstatement of cocaine SA behaviour.

2 | MATERIALS AND METHODS

21 | Animals

Fourteen male and 14 female CD1 adult mice aged 10 weeks used as
breeders (Charles River, Barcelona, Spain) were received at the animal
facility, UBIOMEX, PRBB. The animals were placed in pairs in stan-
dard cages in a temperature- (21 + 1°C) and humidity- (55% + 10%)
controlled room and subjected to a 12-hour light/dark cycle with the
lights on from 8:00 to 20:00 hours, 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 experi-
ments out under the of the P C ities Direc-
tive 88/609/EEC regulating animal research. All procedures were
approved by the local ethical committee (CEEA-PRBB), and all efforts
were made to minimize the animal suffering and to decrease the num-
ber of animals used.

22 | Rearing conditions

The rearing conditions were as previously described (Figure 1A). New-
born mice were randomly assigned to the experimental groups: stan-
dard nest (SN) and MSEW (Figure 1A). The day of birth was considered
the postnatal day (PD) 0. We have distributed the pups of each litter
between the different experimental groups to avoid a litter effect. We
separated animals in the MSEW group from their mothers for 4 hours
per day (9:00 to 13:00 h) from PD2 to PD5 and 8 hours per day (9:00 to
17:00 h) from PDé to PD16 (see Supporting Information).

23 | Drugs

Cocaine was purchased from Alcatel (Ministry of Health, Madrid,
Spain) and was dissolved in sterile physiological saline (0.9%). A
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FIGURE 1 Schematic representation of the experimental schedule. (A) of the maternal with early

weaning (MSEW) model and the (B) timeline in which the brain samples were obtained

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.

24 | Operantcocaine SA

241 | Surgery

We conducted the SA experiments as previously described in Castro-
Zavala et al. Briefly, when animals (SN = 30 mice, MSEW = 46 mice)
reached the PD 53 to 57, a jugular-vein catheter implantation was
performed (see Supporting Information). Following surgery, animals
were housed individually, placed upon electric blankets, and allowed

to recover.

242 | 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 daily ses-
sions (2 h). See Supporting Information for details. The number of
nosepokes (responses during time in and time out) and the number of
infusions (responses during time in), in the active and the inactive holes,
were counted. We considered mice to have acquired stable SA

behaviour when the following criteria were met on two consecutive
days: 25 responses on the active hole and 265% of responses on the
active hole.

243 | Extinction

Only the animals meeting acquisition criteria continued to the extinc-
tion phase. See Supporting Information for details. The number of
extinction sessions was variable depending on each animal (maximum
14 sessions). The extinction criteria were s30% of active responses
than the day of during the phase,
on two consecutive days. The patency of the i.v. catheters was evalu-
ated at the end of the first extinction session by an infusion of 0.1 mL
of tiobarbital (thiopental sodium; 5 mg/mL; iv.; B. Braun Medical,
S.A. Rubi, Barcelona, Spain). If we observed no signs of anaesthesia
within the first 3 seconds, we excluded the mouse from the

experiment.

244 | 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
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criteria). Immediately after being injected, we placed the mice in the

SA box to begin the test. See
for details.
2.5 | Animal euthanasia and sample collection

Animals were euthanized by cervical dislocation, and the brains were
immediately removed from the skulls and placed in a cold plaque.
Brain samples from SN and MSEW mice were dissected at different
periods: basal conditions (nontreated animals), after acquisition (the
last day of the acquisition phase), and on reinstatement day (30 min
after the reinstatement session) (Figure 1B). Cerebellum and olfactory
bulbs were discarded, and the VTA and NAc were dissected (see
Supporting The areas were i stored at -80°C
for posterior western blot assays.

26 |
pCREB

Western blot for GluR2, GluR1, CREB, and

To test the expression of GluR2, GluR1, CREB, and pCREB, samples
were homogenized in cold lysis buffer (Table S1), supplemented with
protease inhibitor (Complete ULTRA Tablets Mini EASYpack, Roche,
i and inhibitor  (PhosSTOP
‘pack, Roche, Protein samples (16 pg) were
mixed with 5X loading buffer (Table S2), loaded and run on sodium
dodecyl sulphate-polyacrylamide gel electrophoresis 10% and trans-
ferred to polyvinylid ifluorid (Millipore, Bedford,
MA, USA). Membranes were blocked with bovine serum albumin 5%
for 1 hour at room and i at 4°C with
primary antibodies (Table S3). Primary antibodies were detected with
secondary (Table S4), i for 1 hour at
room temperature. Images were acquired on a Licor Odyssey Scanner
and quantified using Image Studio Lite software v5.2 (LICOR, USA).
The expression of GluR2, GluR1, CREB, pCREB, and p-tubulin was
evaluated in the VTA and NAc of the different groups: SN-basal,
MSEW-basal, SN-acquisition, MSEW-acquisition, SN-reinstatement,
and MSEW-reinstatement (n = 5, run in triplicate). Data were normal-
ized to control group (SN) to ascertain the changes due to MSEW, and
cocaine exposure at different phases or the combination of both
factors.

2.7 | Statistical analysis

We analysed data for conditions of normality (Kolmogorov-Smirnov’s
test), sphericity (Mauchly’s test), and homoscedasticity (Levene's test).
We analysed data regarding the infusions during the acquisition phase
using a two-way repeated measures analysis of variance (ANOVA)
(rearing and days). In the case of nosepokes during the acquisition of
cocaine SA, a three-way repeated measures ANOVA was applied (rea-
ring, hole, and days). For the extinction phase, a two-way repeated

CASTRO-ZAVALA €1 L.

measures ANOVA was calculated for each group (SN and MSEW) on
the basis of the following factors: rearing and hole. In the case of rein-
statement, we analysed the nosepokes registered on the last extinc-
tion day compared with the nosepokes on reinstatement day. For this
a th y repeated 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 Stu-
dent’s t test. We analysed western blot results through a two-way
ANOVA with rearing and phase (control, acquisition, and reinstate-
ment) as i factors and the of target proteins as
a dependent variable. Bonferroni post-hoc tests were run only if
F achieved P < .05. Al statistical analyses were performed using SPSS
Statistics v23. Data were expressed as mean + standard error of the
mean, and a value of P < .05 was considered statistically significant.

3 | RESULTS
31 | MSEW increases cocaine SA during the
acquisition phase

Only the animals who met acquisition and extinction criteria were reg-
istered for infusion and nosepoke analysis (SN = 7, MSEW = 13).
Three-way repeated measures ANOVA for the nosepokes in the
acquisition phase (Figure 2A) showed a main effect of rearing
(F138 = 9476, P < 01), days (Fsas2 = 5.310, P < .001), and hole
(F118 = 40.226, P < .01); an interaction between days and hole
(F9,162 = 6.194, P < .001) and hole and rearing (Fy 18 = 7.996, P < .05);
and an interaction between the three factors (Fg 142 = 2078, P < .05).
Bonferroni post-hoc for the interaction between all factors showed
that the MSEW group discriminated between the active and inactive
hole on day 3 and, in a stable manner, from day 5 to day 10, with sig-
nificantly higher responses on the active hole (P < .05 in all the cases).
Conversely, the SN group only discriminated between the active and
inactive holes on day 4 (P < .05). The post-hoc test also revealed that
the MSEW group made significantly more active nosepokes on day
8 when compared with the SN group (P < .05).

When we analysed the number of cocaine infusions, two-way
repeated measures ANOVA (Figure 2B) showed an effect of rearing
(Fy,18 = 5750, P < .05) and days (Fs.162 = 10.377, P < .001). The rearing
effect revealed that the MSEW group obtained a higher number of
infusions than the SN group.

Student's t-test analysis for total cocaine intake during the acqui-
sition phase revealed higher cocaine consumption in the MSEW than
in the SN group (tg = 2.398, P < .05) (Figure 2C). We found no signifi-
cant difference for the day of acquisition (data not shown).

Considering the criteria of acquisition, the percentage of mice
acquiring the cocaine SA behaviour was 32% (n = 7/22) for SN and
51% (n = 20/41) for MSEW (Figure 2D). Fisher's exact test shows a
significantly higher percentage of acquisition in the MSEW group than
in the SN group (P < .01).
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F IGURE 2 Effects of maternal separation with early
weaning (MSEW) on the acquisition of cocaine self-

inistrati Mean of (A)and
infusions (B) in the active/inactive holes during the 10-
day acquisition phase in the standard nest (SN) (n=7) and
(MSEW) (n=13) group. (C) Mean of total cocaine intake
(mg cocaine mg/kg mice) through the acquisition phase
(SN n=7; MSEW n=13). (D) Percentage of animals
reaching acquisition criteria (SN n=7/22; MSEW
n=20/41). Discrimination between active/inactive holes
in MSEW (*P < 0.05) and SN (#P < 0.05) group; rearing
effect (%P < 0.05, % %P < 0.01, @P < 0.001).
Bonferroni post-hoc test. Data are expressed as mean +
standard error of the mean.

A

3.2 | Maternally separated mice display a lower
extinction rate in the cocaine SA paradigm

We used only the animals meeting the acquisition and extinction
infusion and nosepoke analyses (SN 7.
MSEW = 13). As expected, active nosepokes declined during the
extinction sessions in both groups (Figure 3). Two-way ANOVA for
the SN group (Figure 3A) reveals an effect of days (Fy,
106 = 4.117, P < .001), hole (Fy 406 = 22.334, P < .001), and interac-
tion between the two factors (Fi2106 = 2.574, P < .01). Bonferroni
post-hoc test shows a significant discrimination between the active
and inactive holes for the first 4 days (P < .05 in all the cases). In
the case of the MSEW group (Figure 3B), two-way ANOVA shows
an effect of days (Fyz, 106 = 4.251, P < .001), hole (Fy 105 = 37.564,
P < .001), and interaction between both factors (Fi2106 = 2.803,
P < .01). Bonferroni post-hoc analysis reveals significant discrimina-
tion between the active and the inactive hole only for the first
5 days of the extinction phase (P < .05 in all the cases). In

criteria  for the
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accordance with the extinction criteria, Fisher's exact test reveals
that all the SN mice (n = 7/7) extinguished cocaine SA behaviour,
while only 65% of the MSEW mice (n = 13/20) met the extinction
criteria (P < .001) (Figure 4B). We found no significant difference
for the day of extinction (data not shown). We also observed that
MSEW mice tended to respond more in the extinction phase
(P = .057) when compared with SN mice (162% more than the SN
group in terms of total responses) (data not shown).

3.3 | Cocaine priming-induced reinstatement of
drug seeking in both SN and MSEW mouse groups

The day after the animals extinguished, we administered an
i.p. cocaine priming to evaluate the reinstatement of drug-seeking
behaviour. A three-way ANOVA revealed a main effect of rearing
(Fy18 = 6.863, P < .05), days (last extinction day and reinstate-
ment day) (Fy,18 = 17.405, P < .01), hole (Fy 18 = 12.150, P < .01),
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FIGURE 3

Extinction of cocaine self-administration behaviour. Mean of active/inactive nosepokes during the extinction phase in standard

nest (SN) (A) and maternal separation with early weaning (MSEW) (B) group. Discrimination between active and inactive (*P < .05). The number
above each day represents the number of animals using for the analysis. Animals missing are the ones that completed the extinction criteria. Data
are expressed as mean + standard error of the mean (SN n = 7, MSEW n = 13)
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and interaction between days and hole (Fy1q = 14.739, P < .01)
(Figure 4A). The rearing effect demonstrated that MSEW animals
presented a greater number of responses in comparison with the
SN mice, showing higher cocaine-seeking in this group of mice
(P < .05). Bonferroni post-hoc analysis for the interaction showed

that cocaine priming increased the active nosepokes during the

reinstatement day in comparison with the final extinction day
(P < .01). Alsa, between-hole discrimination was clear on rein-
statement day (P < .01). As shown by Fisher's test, the percentage
of cocaine reinstatement in the SN group (86%, n = &/7) did not
differ significantly from the MSEW group (92%, n = 12/13)
(Figure 4C).
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34 | MSEW decreased GIuR2 and increased both
GluR1 and the GluR1/GluR2 ratio in the NAc

Two-way ANOVA for GIuR2, GluR1, and GluR1/GIuR2 (Figure 5A)
showed a main effect of rearing (Fy24 = 7.022, P < .05), (Fy 23 = 4.530,
P < .05), and (Fy 23 = 12.640, P < .01), respectively. Such results indi-
cate that MSEW decreased the expression of GluR2 and increased
both GluR1 and the GluR1/GIuR2 ratio. We got no significant phase
effect or interaction between factors either for GluR2, GiuR1, or
GluR1/GIuR2.

>
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Protein/Tubulin
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FIGURE 5 Western blot analyses in
the nucleus accumbens (NAc) of standard
nest (SN) and maternal separation with
early weaning (MSEW) mice at different
phases of the cocaine self-administration
behaviour. (A) Mean of GluR2, GluR1 and
GluR2/GluR1 levels. (B) Mean of CREB,
pCREB and pCREB/CREB levels. Rearing
effect (%P < 0.05, % %P < 0.01) and
Bonferroni post-hoc comparison
indicated with the lines (**P < 0.01). Data
are expressed as mean + standard error
of the mean (n=5, run in triplicate).
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3.5 | Increased CREB-phosphorylation induced by
MSEW and decreased CREB expression in SN group
after acquisition of cocaine SA behaviour in the NAc

Two-way ANOVA for CREB expression shows the interaction
between rearing and phase (Fy 24 = 3.369, P < .05). The post-hoc test
revealed a significantly decreased CREB expression after the acquisi-
tion phase compared with the basal levels in the SN group (P < .01)
(Figure 5B). The main effects failed to reach significance. In the case
of pCREB (Figure 5B), the results only revealed a main effect of rearing

SN

SN-Acquisition
SN-Reinstatement
MSEW
MSEW-Acquisition
MSEW-Reinstatement

GluR1/GluR2

MSEW
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(F124 = 6.058, P < .05), showing that MSEW had an increased pCREB
expression compared with SN. No significant changes were observed
in the pCREB/CREB ratio.

3.6 | Cocaine primed-reinstatement increased the
expression of GluR2 and decreased the GluR1/GluR2
ratio in the VTA of MSEW mice

Two-way ANOVA for GluR2 (Figure 6A) demonstrated a main effect
of phase (Fy23 = 7.914, P < 01) and the interaction between phase

B SN
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and rearing (F123 = 5429, P < .05). The phase effect shows an
increased expression of GIuR2 during reinstatement compared with
the basal levels (P < .01). The Bonferroni post-hoc test showed a sig-
nificant basal reduction of GIUR2 in the MSEW animals compared
with the basal level in the SN mice (P < .05) and a significant increase
of GluR2 after reinstatement in the MSEW in comparison with the
basal levels (P < .001) and also when compared with the levels in the
acquisition phase respectively (P < .05). For GluR1 (Figure 6A), two-
way ANOVA showed a phase effect (Fy 53 = 10.375, P < 01), with a
decreased expression of GluR1 after acquisition, when compared with

the basal levels (P < 01). Also, a significant increase was observed
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FIG URE & Western blot analyses in
the ventral tegmental area (VTA) of
standard nest (SN) and maternal
separation with early weaning (MSEW)
mice at different phases of the cocaine
self-administration behaviour. (A) Mean
of GluR2, GluR1 and GIuR2/GIuR1 levels.
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after reinstatement in comparison with levels in the phase
(P < .01). The rearing effect or interaction between factors did not
reach significance. In the case of the GIuR1/GIuR2 ratio (Figure 6A),
the two-way ANOVA revealed a main effect of rearing (Fy 23 = 5.845,
P < .05), phase (F1.23 = 15.400, P < .001), and the interaction between
factors (Fy23 = 3.361, P < .05). The rearing effect shows that MSEW
mice have a higher GluR1/GIuR2 ratio compared with the SN group.
The phase effect reveals a significant decrease in the GluR1/GluR2
ratio during isition and when with the

R Lépez et al (2015) showed that MS induced

several changes in the prefrontal cortex and in the NAc, suggesting a
gulation of the ic system that alcohol inges-
tion. Regarding the NAc, Romano-Lépez et al (2015) showed that MS
increases dopamine D2 receptor (D2R) expression, tyrosine hydroxy-
lase (TH) levels and the dendritic length. In agreement with these
results, we displayed in the ic dopa-
mine system in our model of MSEW. We reported a decreased
of D2R in the NAc and higher expression of Nurrl in the

basal levels (P < .01). The Bonferroni post-hoc test shows the MSEW
group to have a higher GluR1/GIuR2 ratio under basal conditions in
comparison to the SN group (P < .01). In the MSEW group of mice,
the GluR1/GIuR2 ratio decreased after acquisition (P < .001) and rein-
statement when compared with the basal ratio (P < .01).

3.7 | Changesin CREB and pCREB expression in
VTA after the acquisition phase of the cocaine SA
behaviour

Two-way ANOVA for CREB (Figure 6B) showed rearing
(F323 = 7.639, P < .05) and phase (Fy23 = 10.960, P < .001) effects.
The rearing effect showed a decreased CREB expression in MSEW
compared with SN mice (P < .05), while the phase effect demon-
strated a decrease in CREB ion after (P < .01)

VTA, a transcription factor that activates the dopamine synthesis and
the transcription of dopamine transporter protein, vesicular mono-
amine transporter, and TH. Additionally, we observed that following
cocaine-induced CPP, the levels of Nurrl in the VTA decreased
significatively, in accordance with clinical studies that report
decreased expression of Nurrl in midbrain dopaminergic neurons of
cocaine abusers, Accordingly to previous studies, MS upregulated the
DNA methyltransferases in the NAc of adult rats, inducing an
hypermethylation of genes taking part in cocaine-induced neuro-
plasticity mechanisms. Moreover, Larsen et al (2016) reported that
Nurr1 gene shows a CpG islands with higher GC content in the pro-
moter region, meaning that DNA methylation regulates the transcrip-
tion of Nurrl, concurring with our previous results. Therefore, our
results support that changes induced by the MS in the mesolimbic
dopamine  system contribute to  generate  detrimental
in the brain.

and a subsequent CREB increase after reinstatement when com-
pared with the acquisition phase (P < .01). For pCREB, two-way
ANOVA revealed a significant phase effect (Fy2s = 17.416,
P < 001). This main effect showed a significant decrease in pCREB
following acquisition (P < .01) and increased pCREB expression after
reinstatement (P < .001), compared with basal levels. The two-way
ANOVA for the pCREB/CREB ratio (Figure 6éB) revealed a main
effect of rearing (F123 = 5.200, P < .05). This effect showed MSEW
mice to have a higher pCREB/CREB ratio in comparison with the
SN group (P < .05). Phase and interaction between phase and rearing
failed to reach statistical significance.

4 | DISCUSSION

Our findings show that MSEW increases the reinforcing effects of
cocaine in the SA paradigm, including the percentage of the acquisi-
tion, cocaine intake, number of nosepokes, and infusions performed
during the acquisition phase. Moreover, MSEW mice extinguished
cocai king and no changes
were appreciated in terms of reinstatement. The analysis of protein
expression (GluR1, GluR2, CREB, and pCREB) involved in plasticity
during the addictive process revealed significant changes in the

in a lower

In accordance with our findings, previous studies have shown that
MS enhances the acquisition of cocaine SA, increases cocaine intake,
and elevates the number of responses during the reinstatement
phase, thus supporting the view that ELS increases vulnerability to
cocaine addiction. In humans, approximately 20% of cocaine users
become addicts, but the likelihood of shifting from cocaine use to
CUD increases two folds in individuals with a history of childhood
maltreatment. Indeed, while the percentage of SN mice acquiring
cocaine SA was 32%, the rate increased to 51% in MSEW mice. Addi-
tionally, epidemiologic studies reveal that childhood maltreatment
negatively impacts cocaine relapse. Thus, whereas the cocaine relapse
rate is approximately 45% for individuals who have suffered childhood
maltreatment, the figure rises to around 90%. Although our results
show a similar reinstatement percentage for both groups of mice,

cocai king
MSEW group.
Previously, we reported that MSEW induced anhedonia, higher
anxiety- and depressive-like behaviour in mice. In line with such data,
Goffer et al (2013) reported an increased GluR1 expression in the
NAc of depressive rats, pointing to GluR2-lacking AMPAr as a regula-
tor of ive-lik i . a higher vul-
nerability was associated with an increased GIuR1/GluR2 ratio
(increased AMPAr function) and decreased GIuR2 levels in the NAc in

during was higher in the

expression of such molecules following the isition and

ment of cocaine SA in the NAc and VTA of MSEW mice. As far as we
know, this is the first study investigating molecular changes associated
with MSEW and cocaine-induced neuroplasticity in male mice
exposed to cocaine SA.

socially d mice. A our results reveal a decreased
GIuR2 expression and an increased GluR1 expression in the NAc of
MSEW mice. Furthermore, studies in rats showed an increased GluR1
levels and a higher GIuR1/GIUR2 ratio in the NAc after repeated

cocaine exposure. Besides, GluR2-lacking AMPA receptors are
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with an of NAc neurons, increased
cocaine craving, and a higher rei of I it
cocail king Likewise, it GluR1 in the NAc of

rats is associated with higher reinstatement, and consistently, our
results show that MSEW mice exhibited a higher GluR1

CASTRO-ZAVALA €1 L.

We therefore propose that SN mice showed reduced CREB in the
NAc following repeated cocaine exposure to reduce its rewarding
effects, as a protective ism to the i
effects of the drug and facilitate the extinction of cocaine SA behav-

and higher cocaine-seeking behaviour during all the phases of
cocaine SA.

We therefore propose that the NAc-glutamatergic function of
MSEW mice is due to d d GluR2
increased GluR1 expression, and a higher GluR1/GIuR2 ratio. Such

iour. , this ¢ y was not d

in the MSEW mice probably due to CREB levels are too low to reveal
a further decrease. We also propose that increased pCREB levels in
the NAc of MSEW mice were due to enhanced glutamatergic activity,
which may increase the expression of dynorphin and inhibit the
release of dopamine from VTA. This inhibition may contribute to the

facts could potentiate the inhibitory function of G gic neuro-

of ive-like beh:; higher isition rates,

transmission from the NAc to the VTA, thus inhibiting the dopamine
release from VTA neurons. This decreased dopamine levels will affect
to other brain structures than the NAc, such as frontal cortex, hippo-
campus, amygdala, and also the VTA per se. As a result of this
enhanced inhibition, MSEW mice may increase their cocaine intake to
achieve greater drug-reinforcement effects, showing higher suscepti-

and the tolerance to the rewarding effects of cocaine in MSEW mice,
which could explain why mice increased the cocaine consumption
during the acquisition phase.

Evaluating the alterations in the VTA, our results show that
MSEW mice expressed lower basal GIuR2 levels and higher GluR1/
GluR2 basal ratio in comparison with the SN group, in accordance
of VTA i neurons. This is

with an

bility to cocaine craving. cocaine seeking, and cocaine

However, we cannot dismiss that i could

Ppo by previous studies in rodents, which showed that

cause glutamatergic alterations in both structures.

In accordance with our hypothesis, previous studies showed that
cyanquixaline (CNQX), an AMPAr antagonist, administrated locally in
discrete brain areas or systemically, are able to reduce cocaine intake
and cocaine-seeking behaviour. For example, infusions of CNQX into
the core of the NAc decreased levels pressing for cocaine in rats and
blocked the reinstatement of cocaine seeking induced by intra-
prefrontal cortex cocaine infusion in rats. 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. Other studies
have also reported that CNQX systemically administered (i.p.) modu-
lated cocaine-induced SA or reinstatement to cocaine seeking. These
data clearly state the of the

enhanced excitability of VTA dopaminergic neurons is associated with
a higher to cocaine SA, depressive-lik i and
cocaine addiction. Therefore, we suggest that MSEW mice display an
of VTA ic neurons, probably to com-
pensate for the higher GABAergic inhibition from the NAc. This
h d excit could to the depressive-like pheno-
type of MSEW mice and their higher vulnerability to cocaine SA.
Even though previous studies in rats have reported no changes

or increased expression of GluR1 in the VTA following cocaine
consumption, we observed a significant GIuR1 level decrease after
cocaine SA in the VTA. This alteration could represent a compen-
satory effect to attenuate dopamine release induced by the drug.

GluR1 d in terms of acquisition levels and

mission through AMPA receptors in different processes related to
cocaine-induced and cocail king

Our results also show that 100% of the SN animals extinguished
the cocaine SA behaviour, while only 65% of the MSEW mice
achieved the extinction criteria. Our data show a decreased CREB
expression in the NAc of SN mice following the acquisition of cocaine
SA and an increased pCREB expression in the NAc of MSEW mice.
Previous studies have demonstrated that CREB reduction in the NAc
of rats facilitates the extinction of cocaine seeking in the SA paradigm,

while increased CREB in the NAc enhances cocaine reinforcement in
the same paradigm. Additionally, the upregulation of CREB activity in

reached basal condition during cocaine reinstatement. It is well
known that cocaine induces long-term potentiation in excitatory
synapses in the VTA and such adaptations have a pivotal role in
the incubation of cocaine craving and cocaine-seeking. Likewise,
studies in rodents have shown that cocaine abstinence produces a
stronger activation of due to h i

dopamine neurotransmission. On the basis of such data, we pro-
pose that during the extinction phase, GluR1 levels promote the
incubation of cocaine craving, thus enhancing the plasticity in this
brain area. In this way, activation of dopaminergic function in the
VTA is facilitated resulting in a stronger cocaine-seeking during the

the NAc induced by stress caused a pi in
mice. The increased CREB activity induces the expression of BDNF
and dynorphin, two genes that contribute to depressive-related
behaviours. In fact, dynorphin activates kappa-opioid receptors in
VTA neurons, inhibiting activity, and ibuting to

and the of i To this
effect, Gustafsson et al (2008) showed that MS in rats induces an
increased expression of dynorphin in the NAc. Additionally,

prodynorphin gene disruption and kappa-opioid receptor antagonists
induce a potentiation of the rewarding effects of cocaine in mice.

phase.

Finally, cocaine SA acquisition reduced the levels of CREB and
PCREB in the VTA of SN and MSEW 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
i animals. Kreibich
et al (2009) showed that chronic stress exposure enhances cocaine
rewarding effects, a process that seems to be mediated by CREB.
Accordingly, our results show that ELS induced by MSEW reduced

in cocaine-c
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CREB levels and increased the pCREB/CREB ratio in the VTA, which
go hand in hand with higher cocaine intake during SA acquisition.

In summary, our results propose that MSEW enhances gluta-
matergic function in the NAc and increases the excitability of VTA
dopaminergic neurons, causing greater vulnerability to depression and
cocaine-seeking behaviour. Our study may shed light on how molecu-
lar mechanisms in ELS alter the brain regions involved in reward and
how they could contribute to finding new therapeutic targets to
treat CUD.
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KEYWORDS Abstract

Cocaine Even though men are more likely to use drugs, women tend to progress faster from drug use
self-administration; to drug abuse, especially in the case of psychostimulants such as cocaine. Preclinical studies
GluAt; evaluating the differences in cocaine self-administration (SA) between sexes are contradictory.
GluAz; While some have shown no between-sex differences, others have reported female rodents to
CREB; acquire higher percentages of cocaine SA criteria. Furthermore, early-life adversity is a risk
PCREB; factor for substance-use disorder and clinical evidence showed that women who have experi-
Maternal separation enced childhood adversity are more likely to use drugs in comparison with males. However, the

molecular differences between sexes as a consequence of early-life adversity or cocaine con-
sumption have scarcely been explored. The aim of our study was to evaluate the differences
in the expression of the GluA1, GluA2 subunits of AMPA receptors, pCREB and CREB in male
and female mice exposed to maternal separation with early weaning (MSEW). Moreover, we
evaluated the effects of cocaine SA in both sexes during adulthood, and the possible changes in
GluA1, GluA2, pCREB and CREB expressions. Our results showed a higher acquisition percentage
in females and an MSEW-induced increase in cocaine-seeking solely in males. Additionally, we
observed sex differences in GluA1, GluA2, CREB and pCREB levels in the NAc and the VTA. The
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present results displayed changes in molecules that play a crucial role in 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 females and males.

© 2019 Elsevier B.V. and ECNP. All rights reserved.

1. Introduction

According to the statistics of drug consumption by sex,
men are more prone to psychostimulant use than women
(UNODC, 2018). However, once women begin to consume
drugs, they tend to progress faster from use to abuse, a phe-
nomenon known as telescoping (Haas and Peters, 2000). This
phenomenon is especially evident in the case of psychostim-
ulants such as cocaine (Johnson et al., 2019; Swalve et al.,
2016; Zlebnik, 2019). Clinical studies have reported that
female cocaine abusers exhibit a shorter latency from the
first use to abuse and more admissions to treatments than
men, thus demonstrating that women evolve differently in
terms of cocaine addiction (Haas and Peters, 2000). A re-
cent study evaluating differences in crack cocaine users
found that women had an increased severity of cocaine use
than men (Sanvicente-Vieira et al., 2019), Moreover, women
used cocaine in higher quantity and frequency than men,
females reported more symptoms at low doses of cocaine
and showed a higher percentage of cocaine dependency
(Chen and Kandel, 2002). Experimental studies have also
shown that female rats acquire cocaine self-administration
(SA) behaviour (Lynch, 2008) at a quicker rate and higher
percentage, 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 mo-
tivation for cocaine than males (Algallal et al., 2019)
and develop psychomotor sensitisation to cocaine (Hu and
Becker, 2003; Van Haaren and Meyer, 1991). Neverthe-
less, other studies have reported different results. Whilst
Caine et al. (2004) appreciated no between-sex differ-
ences, Swalve et al. (2016) reported male rats to acquire
at a higher percentage and in fewer sessions. Neverthe-
less, Swalve et al. (2016) also observed that once acquisi-
tion criteria were met, females did consume more cocaine.
It is well known that cocaine induces alterations in neu-
ronal structural plasticity in the mesolimbic system and the
molecular mechanisms regulating its function (Golden and
Russo, 2012).

In the past few years, cocaine-induced changes in AMPA
glutamate receptors (AMPAr) have been increasingly ex-
plored (Bowers et al., 2010; Lischer, 2013; Pierce and
Wolf, 2013; Stuber et al., 2010). AMPARs are made up of
four subunits (GluA1-A4) and are normally assembled by
GluA2 in complex with either GluA1 or GluA3 (Bowers et al.,
2010). The GluA2-lacking receptors are calcium-permeable
AMPARs which play an important role in synaptic regula-
tion (Man, 2011). Additionally, GluA2-lacking AMPARs are
regulators of behaviour related to cocaine addiction and
mood disorders. (Goffer et al., 2013; Martinez-Rivera et al.,
2017). Extended access cocaine SA in male rats increases
the levels of GluA1 and GluA2-lacking AMPARs in the nu-
cleus accumbens (NAc), thus contributing to seeking be-

haviour (Conrad et al., 2008; Kalivas, 2009; Pierce and
Wolf, 2013). Another study reported an upregulation of
GluA1 and GluA2 in the ventral tegmental area (VTA)
following cocaine SA, with GluA1 overexpression leading
to increased lever-pressing (Choi et al., 2011). Moreover,
cocaine-evoked synaptic plasticity in the VTA induces an ex-
change of GluA2-containing receptors for GluA2-lacking re-
ceptors, thus potentiating the excitatory transmission and
firing of dopamine neurons (Luscher, 2013; Liischer, 2013).

There are several factors that increase the vulnerability
to develop cocaine addiction, such as childhood adversity
(UNODC, 2018). A reliable animal model which allows us
to reproduce the effects of childhood adversity is maternal
separation with early weaning (MSEW) (Gracia-Rubio et al.,
2016b; Portero-Tresserra et al., 2018). Studies evaluating
the effects of early-life adversity in both sexes have shown
sexual dimorphism in the expression of GluA1 and GluA2
mRNA levels in the hippocampus and amygdala of male and
females rats (Katsouli et al., 2014). In maternally separated
male rats, we observed a lower level of GluA2 in the NAc
in comparison with the controls, with no changes in GluAt1,
whilst their female counterparts showed neither GluA2 nor
GluA1 alterations (Ganguly et al., 2019). As for the VTA, we
did not find any studies evaluating sex differences in the
composition of the AMPAr.

Taken together, such data suggest that MSEW may in-
duce sex-specific molecular changes stimulating alterations
in AMPAr subunit composition, which could modify the ac-
quisition of cocaine SA behaviour and the progression from
cocaine use to cocaine abuse. Thus, the aim of our study
was to evaluate the effects of MSEW in male and female
mice and the molecular consequences of early-life adver-
sity. Moreover, we analysed whether MSEW may have dif-
ferent effects on males and females in the acquisition of
cocaine SA and the changes induced by cocaine exposure in
GluA1, GluA2, pCREB and CREB in the VTA and the NAc of
both sexes.

2. Experimental procedures
2.1. Animals

Fourteen male and fourteen female CD1 adult mice aged 10 weeks
used as breeders (Charles River, Barcelona, Spain) were received
at our animal facility, UBIOMEX, PRBB. The animals were placed in
pairs in standard cages in a temperature- (21 # 1 °C) and humidity-
(55% =+ 10%) controlled room and subjected to a 12 h light/dark cy-
cle 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. After that, the pups were used for the cocaine SA. The total
number of animals used for the SA was 159 mice. The experiments
were carried out in accordance with the guidelines of the European
Communities Directive 88/609/EEC regulating animal research.
All procedures were approved by the local ethical committee
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Fig. 1 Schematic representation of the experimental schedule.
timeline in which the brain samples were obtained.

(CEEA-PRBB) and every effort was made to minimise animal suf-
fering and discomfort and to minimise the number of animals used.
Briefly, when the MSEW (females n = 25, males n = 57) and SN
(females n = 27, males n = 50).

2.2. Rearing conditions

The rearing conditions used were the same as previously de-
scribed (Gracia-Rubio et al., 2016b; Portero-Tresserra et al., 2018)
(Fig. 1(A)). Newborn mice were randomly assigned to the experi-
mental groups: standard nest (SN) and MSEW. The day of birth was
considered the postnatal day (PD) 0. Animals in the MSEW were sep-
arated 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. We have
distributed the pups of each litter between the different experi-
mental group in order to avoid a litter effect. We used less than 25%
of the animals from the same litter. MSEW protocol 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). For de-
tails see Supplementary Methods.

2.3. Drugs

Cocaine hydrochloride was purchased from Alcatel (Ministry of
Health, Madrid, Spain) and was dissolved in sterile physiologi-
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(A) Schematic representation of the MSEW model and the (B)

cal saline (0.9%, NaCl solution). Cocaine was used at a dose of
1 mg/kg/infusion for the acquisition phase of the SA procedure.

2.4. Cocaine self-administration

The SA experiments were conducted as described (Ferrer-
Pérez et al., 2019; Lujan et al., 2018). Briefly, when the MSEW
(females n = 25, males n = 57) and SN (females n = 27, males
n = 50) animals reached PD53, jugular-vein catheter implantation
was performed. The surgery for the intravenous catheter implan-
tation was performed following anaesthetisation with a mixture
of ketamine/xylazine (50 mg/mL, 10 mg/mL, administrated in
a volume of 0.15 mL/10 g) animals were implanted with the
jugular catheter. Animals were treated with analgesic (Meloxicam
0.5 mg/kg; i.p., administrated in a 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, the animals were trained, on a fixed
ratio 1, to self-administer cocaine (1.0 mg/kg per infusion) for
10 daily sessions (2 h) and the number of infusions in the active
and inactive holes was registered. Mice were considered to have
acquired stable SA behaviour when the following criteria were met
on 2 consecutive days: >5 responses on the active hole and > 65%
of responses on the active hole. The animals accomplished the 10
daily sessions independently of the day of acquisition (mean of
acquisition day MSEW-females 7.17, MSEW-males 5.93, SN-females
4.78 and SN-males 5.10).
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Only the mice achieving acquisition criteria were considered
for the study: MSEW-females (n = 20), MSEW-males (n = 30), SN-
females (n = 23) and SN-males (n = 23).

2.5. Animal sacrifice and sample collection

Animals were sacrificed by cervical dislocation and the brains were
immediately removed from the skull and placed in a cold plaque.
Brain samples were dissected at different times: drug-naive and
drug-experienced (30 min after the final acquisition day) (Fig. 1(B)).
The drug-experienced animals are only animals that acquired co-
caine SA behaviour. VTA and NAc were dissected and were imme-
diately stored at —80 °C until the western blot assay was carried
out.

2.6. Western blot for GluA2, GluA1, CREB and pCREB

To evaluate the expression of GluA2, GluA1, CREB and pCREB, sam-

SDS-PAGE 10% and transferred to PVDF membranes (Millipore, Bed-
ford, MA, USA). Membranes were blocked with BSA 5% for 1 h at
room temperaf and at 4 °C with primary
antibodies (Table $3). Primary antibodies were detected with fluo-
rescent secondary antibodies (Table S4), incubated for 1 h at room
temperature. Images were acquired on a Licor Odyssey Scanner
and quantified using Image Studio Lite software v5.2 (LICOR, USA).
The expression of GluA2, GluA1, CREB, pCREB and g-tubulin was
evaluated in the VTA and NAc of the different groups: SN drug-
naive males, SN drug-experienced males, MSEW drug-naive males,
MSEW drug-experienced males, SN drug-naive females, SN drug-
experienced females, MSEW drug-naive females and MSEW drug-
experienced females (n = 5 per group, run in duplicate or tripli-
cate). Firstly, we analysed the levels of GluA2, GluA1, CREB and
PCREB (in drug-naive animals), only normalising to A-tubulin (opti-
cal density, OD). Subsequently, data were normalised to the control
group (SN drug-naive) of each sex in order to ascertain the fold
change due to MSEW, cocaine exposure or the combination of both
variables.

ples were homogenised in cold lysis buffer (Table S1),
with protease inhibitor (Complete ULTRA Tablets Mini EASYpack,
Roche, y) and inhibitor (PhosSTOP
EASYpack, Roche, Mannheim, Germany). Protein samples (16 jug)
were mixed with 5X loading buffer (Table S2), loaded and run on

247 analysis

Data were analysed for conditions of normality (Kolmogorov-
Smirnov's test), sphericity (Mauchly’s test) and homoscedasticity
(Levene’s test). Data for infusions were analysed by means of a
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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 vari-
ables. For western blot results, the OD of drug-naive animals was
analysed using a students ¢ test using rearing as a variable. Sub-
sequently, the fold change of each molecule was analysed using a
three-way ANOVA with rearing, sex and phase as independent fac-
tors. 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. All
statistical analyses were performed using SPSS Statistics v23. Data
were expressed as mean + SEM and a value of p < 0.05 was consid-
ered to be significant.

3. Results
3.1. MSEW potentiates cocaine SA and seeking
behaviour in male mice, but not in female mice

The four-way ANOVA for the infusions (Fig. 2(A)) showed
significant main effects of days (Fs g2 = 17.822, p < 0.001),
hole  (Fi1»2 190.581, p < 0.001), sex
(F1,92=8.817, p < 0.01) and significant interactions:
days x hole (Fogs = 33.420, p < 0.001), sex x rear-
ing (Fye 8.356, p < 0.01), sex x rearing x hole
(Fi92 = 5.485, p < 0.05) and days x hole x rearing
(Fo,828 = 1.862, p < 0.05). Bonferroni post-hoc analysis for
the sex x rearing interaction revealed that SN-females

performed a higher number of infusions than SN-males
(p < 0.05). Moreover, the post-hoc analysis showed that
MSEW-males carried out more infusions than SN-males
(p < 0.05). In contrast, the registered data indicated that
MSEW-females conducted fewer infusions than SN-females
(p < 0.001). The post-hoc for the sex x rearing x hole
interaction showed MSEW-males performing higher active
infusions than SN-males (p < 0.05) and SN-females more
active infusions than SN-males (p < 0.01). Moreover, the
post-hoc analysis revealed that all groups were able to
discriminate between holes (all cases p < 0.001). The
interaction days x hole x rearing indicates that SN mice
discriminated between holes from day 2 to the end of the
acquisition while MSEW mice began to discriminate from
day 4 to day 10.

3.2. Sex differences in the acquisition of cocaine
SA behaviour and cocaine intake

For total cocaine intake (Fig. 2(B)), a two-way ANOVA
was performed. The test showed a main effect of sex
(Fi92 = 5.432, p < 0.05) and the interaction between
factors sex x rearing (Fi92 = 7.509, p < 0.01). The
post-hoc analysis showed that the SN-females consumed a
greater amount of cocaine when compared to the SN-males
(p < 0.01). Additionally, MSEW-males showed a higher co-
caine intake than the SN-males (p < 0.05).
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The two-way ANOVA for the day of acquisition (Fig. 2(C))
presented a main effect of sex (Fy g2 = 14.520, p < 0.001),
thus revealing that the females acquired cocaine SA be-
haviour earlier than the male mice.

The percentage of mice acquiring cocaine SA behaviour
was 41.6% (SN-males, n = 23/56), 53.8% (MSEW-males,
n = 30/55), 74.2% (SN-females, n = 20/27) and 82.3%
(MSEW-females, n = 23/28) (Fig. 2(D)). Two-way ANOVA
showed a main effect of sex (F; s = 349.138, p < 0.001) and
rearing (Fy s = 38.819, p < 0.001). The sex effect revealed
a greater percentage of acquisition in the female mice com-
pared to the males (p < 0.001). The rearing effect showed
that MSEW increased the percentage of animals acquiring SA
behaviour (p < 0.001).

3.3. Drug-naive females show increased levels of
GluA1 in NAc, GluA2 in the VTA and decreased
CREB in both areas

In order to evaluate differences between sexes in the ex-
pression of GluA1, GluA2, pCREB and CREB, we analysed
the OD of images obtained from western blot analysis of
drug-naive animals. Student’s t-test for these proteins in
the NAc showed the females to have higher GluA1 (Fig. 3(A))
(tg = 5.031, p < 0.05) and less CREB (Fig. 3(B)) levels
than the males (tg = 8.602, p < 0.05). OD data from the
VTA revealed that the females had higher GluA2 levels
(Fig. 3(C)) (ts = 5.504, p < 0.001) and lower CREB expres-
sion (Fig. 3(D)) (ts = 8.602, p < 0.05) when compared to
their male counterparts.

3.4. MSEW increases GluA1 fold change and the
GIuA1/GIuA2 in the NAc of male mice, but not in
females

Three-way ANOVA for the fold change of GluA1 revealed
a sex x rearing interaction (Fy» = 4.027, p < 0.05)
(Fig. 4(A)). The Bonferroni post-hoc test revealed that
MSEW-males showed higher GluA1 expression than SN-males
(p < 0.05) and MSEW-females (p < 0.05). Three-way
ANOVA for GluA2 fold change showed no significant changes
(Fig. 4(B)).

The analysis for GluA1/GluA2 showed the main effect of
rearing (Fy,32 = 4.659, p < 0.05) and the interaction sex x
rearing (Fy 3 = 8.880, p < 0.01) (Fig. 4(C)). The post-hoc
test for the sex x rearing interaction showed a higher ratio
for the MSEW-males comp: to the SN-males (p < 0.01)
and MSEW-females (p < 0.01).

3.5. Cocaine SA and MSEW modify the
GluA1/GIuA2 ratio and the GluA1 fold change in
the VTA of males

As for the GluA1l fold change, the three-way ANOVA dis-
played a main effect of sex (Fy3=14.194, p<0.01) and
the interaction treatment x sex (Fy3;=4.861, p<0.05)
(Fig. 4(D)). The post-hoc analysis for the interaction treat-
ment x sex showed that the acquisition of cocaine SA be-
haviour decreased the GluA1 fold change in male mice when

compared to drug-naive animals (p<0.05). The analysis also
showed that, following the acquisition, females showed
a higher GluA1 fold change than drug-experienced males
(p<0.001).

Three-way ANOVA for GluA2 fold change in the VTA
showed a main effect of rearing (Fy;31=5.955, p<0.05),
treatment  (Fy3=4.566, p<0.05), sex (Fy3=20.172,
p<0.001), and the interactions sex x rearing (F;3=5.887,
p<0.05) and sex x rearing x treatment (Fy3=15.378,
p<0.001) (Fig. 4(E)). In the Bonferroni post-hoc for the
triple interaction, at drug-naive MSEW-males showed a
lower GluA2 fold change compared with the SN-males
(p<0.001). Additionally, MSEW-males registered increased
GluA2 fold change after acquisition (p<0.001) compared to
drug-naive MSEW-males.

The three-way ANOVA for the ratio GluA1/GluA2 dis-
played a treatment effect (Fy,31=21.177, p<0.001), and the
interactions rearing x treatment (F3=4.322, p<0.05),
sex x rearing (Fy3=8.723, p<0.01) and treatment x sex
(Fy,5=20.391, p<0.001) (Fig. 4(F)). In the post-hoc for
the sex x rearing interaction, the MSEW-males registered
a higher ratio than the SN-males (p<0.01). The post-hoc
test for treatment x sex showed that chronic exposi-
tion to cocaine during the acquisition phase decreased the
GluA1/GluA2 ratio in the male mice when compared to the
drug-naive males (p<0.001). Furthermore, this interaction
showed that drug-naive males have a higher ratio than the
drug-naive females (p<0.01). Finally, in the post-hoc test
for GluA1/GluA2, the female mice registered a higher ratio
than the males (p<0.01), following acquisition.

3.6. The ratio pCREB/CREB increases in the NAc
of self-administering male mice, but not in female
mice

Three-way ANOVA for the pCREB fold change showed
no significant changes (Fig. 5(A)). Three-way ANOVA for
the CREB fold change revealed a main effect of sex
(F1,2=4.967, p<0.05), showing an increased CREB expres-
sion in females (Fig. 5(B)). The three-way ANOVA analysis for
PCREB/CREB showed the interactions rearing x treatment
(F1,2=4.793, p<0.05) and treatment x sex (Fy»=4.725,
p<0.05) (Fig. 5(C)). In the post-hoc test for the treatment x
sex interaction, the males registered a higher pCREB/CREB
ratio than females (p<0.05), following acquisition.

3.7. Female mice display a higher fold change of
CREB-phosphorylation and pCREB/CREB ratio than
males in the VTA

Three-way ANOVA for the pCREB fold change showed a
main effect of treatment effect (F, 3,=14.870, p<0.01), sex
(F1,37=28.538, p<0.001) and the interaction treatment x
sex (Fy,31=7.323, p<0.05) (Fig. 5(D)). The Bonferroni post-
hoc test for the interaction showed cocaine SA acquisition
to decrease the pCREB fold change in males compared to
drug-naive mice (p<0.001), but also to increase pCREB fold
change in females compared to males (p<0.001).
Three-way ANOVA for CREB fold change revealed
a main effect of rearing (Fy3=4.516, p<0.05) and
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135



RESULTS

Sexual dimorphic responses in cocaine SA

Nucleus Accumbens

A o B

Males Females Males Females

Fold change
(% drug-naive condition)
g 8 8 &

-

-

>

o

ne

&

-

°
o

PCREB » o o CREB 5
Pis
o “"“#ﬁ"‘ e o e"a*
o ¥ 8 R
EaE i

nteiccd _ e
Maes IR e el
b _
Femal
Fema _ QK0 —,

Ventral Tegmental Area

D E F
g CREB
*x
e =r——__
Males Females Males Females
E 300
s
3
£ § 200,
g o
3 g 100 % i i
2L L I, i
s
2 ] .

«sokn “s0KD
’ Wales
Males ~aS KD ~43KD

i

&
o
L, o
I
ne

CREB [

PCREB/CREB

Males Females

® SN-males A SN-females

= MSEW-males ® MSEW-females

PCREB/CREB

*x

—_—
Males Females

e

L di
&

® SN-males 4 SN-females

= MSEW-males ® MSEW-females

Fig. 5 Fold change of pCREB, CREB and pCREB/CREB in the NAc and the VTA of SN and MSEW mice. Mean fold change relative to
the control of (A) pCREB, (B) CREB and (C) pCREB/CREB levels in the NAc. Mean fold change relative to control of (D) pCREB, (E)
CREB and (F) pCREB/CREB levels in the VTA. Sex main effect of the ANOVA (sp<0.05, ++p<0.01), treatment x sex interaction of
the ANOVA (+p<0.05, +++p<0.001). Bonferroni post-hoc comparison for the triple interaction: (a) MSEW-males drug-experienced
vs. SN-males drug-experienced (p<0.05), (b) MSEW-females drug-naive vs. MSEW-males drug-naive (p<0.05); (c) MSEW-females
drug-naive vs. SN-females drug-naive (p<0.05); (d) SN-females drug-experienced vs. SN-males drug-experienced (p<0.01); (e)
SN-females drug-experienced vs. SN-females drug-naive (p<0.05). The protein of interest in red and tubulin in green. Data are
expressed as mean = SEM (n=5, run in duplicate or triplicate). (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

136



RESULTS

20

A. Castro-Zavala, A. Martin-Sanchez and O. Valverde

treatment (F 3,=13.308, p<0.01) (Fig. 5(E)). The rearing
effect showed MSEW to decrease the CREB fold change
(p<0.05) and the treatment effect revealed that the ac-
quisition of cocaine SA behaviour decreased the CREB fold
change in mice (p<0.01).

procedure, and also the tendency of isolated males to con-
sume more cocaine than the control males (Kosten et al.,
2007, 2004; Lynch et al., 2005). A recent study has shown
that social isolation stress potentiates motivation and leads
to increased infusions during cocaine SA only in male mice

For the ratio pCREB/CREB, thi y ANOVA di a
sex effect (Fy3=10.086, p<0.01) and the interaction sex
x rearing x treatment (Fy3=8.938, p<0.01) (Fig. 5(F)).
The post-hoc analysis for the triple interaction revealed
that, following acquisition, MSEW-males showed a higher
PCREB/CREB ratio than the SN-males (p<0.05). We also ob-
served that MSEW increased the ratio pCREB/CREB in drug-
naive females, in comparison with SN-females (p<0.05)
and MSEW-males (p<0.05). Furthermore, the results showed
cocaine SA acquisition to increase the pCREB/CREB ra-
tio only in SN-females (p<0.05). Finally, in the post-
hoc analysis, self-administering SN-females registered a
higher pCREB/CREB ratio than self-administering SN-males
(p<0.01).

4. Discussion

In our study, the reinforcing effects of cocaine were more
powerful in the female mice compared to their male coun-
terparts in the SA paradigm. Our results show that MSEW-
mice increased the percentage of acquisition (males and
females together) compared with SN-mice. Nevertheless,
females were not affected by the MSEW in the number of
infusions, total cocaine intake or the day of task acquisi-
tion. Additionally, our study revealed that MSEW enhances
cocaine-seeking behaviour and cocaine intake, albeit solely
in male mice.

Western blot results displayed sex-specific changes in-
duced by MSEW in the expression of AMPA receptor subunits
in the NAc and VTA and also for the CREB expression in both
areas. To our knowledge, this is the first study to explore
sex-specific AMPA-mechanism changes in mice induced by
cocaine SA in the VTA and NAc.

Epidemiologic studies have shown that women are more
vulnerable to develop drug addiction due to the telescop-
ing effect (Haas and Peters, 2000; Lynch et al., 2002;
UNODC, 2018). Lynch et al. (2002) reported women to be
more susceptible to cocaine use than men. Preclinical stud-
ies have shown 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). In accordance with such results,
we observed that female mice showed a faster and higher
percentage of SA behaviour acquisition, in addition to
greater cocaine-seeking and intake, thus displaying a dif-
ferent progression and higher vulnerability to cocaine
addiction.

It is known that childhood adversity is a risk fac-
tor to develop drug addiction (Haas and Peters, 2000;
UNODC, 2018). Clinical studies have shown that child-
hood adversity affects men and women in different ways.
Elton et al. (2014) showed sex-dependent effects of child-
hood adversity on the functional and effective regulation of
brain inhibitory network. Animal studies evaluating the ef-
fects of neonatal isolation in rats reported higher cocaine
consumption in the females, independently of the isolation

( et al., 2018). In our study, we also observed
that the effect of early-life stress-induced by MSEW is sex-
dependent. Males were negatively affected by the MSEW,
while females appeared to be more resilient to this early-
life stress, as previously demonstrated (Kikusui et al.,
2005). A recent study showed that continuous social de-
feat stress increased or attenuated cocaine SA in male
mice (Arena et al., 2019). Moreover, they observed that
social stress divides the mice in groups (high and low re-
sponders), indicating that social stress contributes to de-
veloping di reward-seeking phenotype dent of
the individual response to stress experience and that this
could be led by changes in neural mechanisms that will
induce vulnerability or resilience to the stress experience
(Arena et al., 2019).

Several studies have reported that cocaine exposure in-
duces long-term potentiation (LTP) in the VTA and NAc
(Hemby et al., 2005; Nestler, 2001). LTP induction triggers
the exocytosis of perisynaptic AMPARs in the membrane in
order to induce a transient activation of the NMDA recep-
tors (Andrasfalvy et al., 2004). These new AMPARs contain
GluA1 subunits (GluA2-lacking AMPARs) (Yang et al., 2010,
2008) and are responsible for the full expression of the
LTP (Yang et al., 2008). Once inserted, the subunit GluA1
is rapidly changed by GluA2 to stabilise the new synapse
(Adesnik and Nicoll, 2007; Yang et al., 2008). Evidence
has shown that cocaine exposure induces the transloca-
tion of GluA2 for GluA1 in the NAc, and that a cocaine-
induced GluAtincrease contributes to seeking behaviour
(Conrad et al., 2008; Kalivas, 2009; Pierce and Wolf, 2013).
In accordance with such results, we observed that ani-
mals with increased GluA1 expression in the NAc (females)
showed increased cocaine seeking (Fig. 3(A)). We hypoth-
esise that this increased GluA1 in the drug-naive females
allows them to generate a faster and stronger cocaine-
induced LTP, thus explaining why females acquire cocaine
SA behaviour earlier than males and why they registered a
higher percentage of acquisition.

Our results also show that MSEW-males, but no fe-
males, registered a positive GluA1 fold change and a higher
GluA1/GluA2 ratio in NAc. Such molecular alterations may
explain why only males exposed to this early-life stress reg-
istered an increase in the number of infusions and cocaine
intake during SA. Moreover, the MSEW-induced male-specific
increase of GluA1/GluA2 may enhance the excitability of
NAc neurons, which would lead to a higher GABAergic inhi-
bition of VTA dopaminergic neurons.

Our results also show that males expressed higher CREB
(pCREB/CREB) activation than females after cocaine SA
in the NAc. Previous studies evaluating the effect of so-
cial defeat stress in male rats showed that this kind of
stress decreased pCREB in the NAc (Yap et al., 2015).
Even our results showed no significant effect of the MSEW,
we observed that maternally separated mice tended to
show increased pCREB/CREB ratio, meaning that MSEW
increases the activation of CREB. Sustained elevations of
CREB activity in the NAc produces an anhedonia-like profile
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(Barrot et al., 2002), being in accordance with our data.
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 transmission,
inhibiting x opioid receptor (KOR) activity in the VTA and
NAc (Muschamp and Carlezon, 2013). We therefore suggest
that, after chronic cocaine exposure, males increase their
PpCREB/CREB ratio as a compensatory mechanism to avoid
the negative effects of the drug. Like cocaine, chronic
stress also activates the CREB pathway promoting depres-
sive like-behaviour (Covington et al., 2011). In agreement
with this statement, we observe that MSEW up

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. Subsequently, as a compensatory mechanism,
males showed decreased CREB activation (pCREB), GluA1
expression, and possibly tyrosine hydroxylase synthesis,
and finally dopamine firing. Normally, VTA dopaminergic
projections to the prefrontal cortex, inhibit glutamatergic
prefrontal cortex neurons (Pirot et al., 1992). Therefore,
reduced dopamine firing in the VTA implies greater gluta-
matergic activity from the prefrontal cortex to the NAc. The

CREB activation (pCREB/CREB) in the NAc of both sexes, in
accordance with our earlier observation that MSEW induces
depressive-like behaviour (Gracia-Rubio et al., 2016b).
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 adolescent stress
increases c-Fos expression in the NAc independently of
the sex. Therefore, they suggest that this increased be-
havioural responsivity to cocaine could be regulated by the
glutamatergic system (Fosnocht et al., 2019).

In addition to the alterations in the NAc, we evalu-
ated 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
the glutamatergic synapses and the new protein synthe-
sis is triggered by cocaine-induced LTP (Heshmati, 2009).
Some studies have reported that cocaine SA increases GluA1
and GluA2 in rats and that GluA1 overexpression in the
VTA enhances level-press behaviour in the same paradigm
(Choi et al., 2011). Our results show that MSEW increased
the GluA1/GluA2 ratio in the VTA of males, but not in fe-
males. Furthermore, MSEW drug-naive males show lower
GluA2 than the SN drug-naive males and even lower than
the MSEW drug-naive females (Fig. 4(E)). We would there-
fore suggest that males, especially those exposed to MSEW,
showed enhanced excitability of the VTA dopaminergic net
rons, most probably to compensate the higher GABAergic in-
hibition from the NAc. This male-specific increased function
of the AMPAr may explain why MSEW only affects the ac-
quisition of cocaine SA in males. Our results revealed that
cocaine SA acquisition induced a negative fold change of
GluA1 and GluA1/GluA2 ratio in VTA in males, whereas the
GluA1 fold change and GluA1/GluA2 ratio in females, after
cocaine exposure, were unaffected.

In this way, GluA1 transcription is regulated by CREB
(Olson et al., 2005), and CREB activation modulates the re-
warding effects of cocaine in the VTA (Tang et al., 2003).
Moreover, tyrosine hydroxylase, 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 and, consequently, GluA1 expressions.

On the basis of such results, we hypothesised that, as
males show a higher basal excitability of VTA neurons
(GluA1/GluA2), cocaine consumption would induce a higher
dopamine release in males than in females, being in

NAc-glt gic hyperactivation increases pCREB, thus
inducing the dynorphin synthesis to inhibit the release of
dopamine in the VTA. As stated earlier, only males showed
increased pCREB in the NAc, possibly to induce dynorphin
synthesis and amortise the cocaine-induced dopamine
release in the VTA. Therefore, 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 tyrosine hydroxylase levels, which increase dopamine
synthesis and protect them against the suppression of

ine release and ja (Conway et al., 2019).
This hypothesis is also in agreement with the results show-
ing that tonic dopamine levels in the NAc were not different
due to sex or social stress factors. However, after cocaine
exposure (i.p), stressed animals showed important changes
of dopamine levels in NAc compared with the non-stressed
rats, but cocaine-induced dopamine elevation lasted longer
in females (Holly et al., 2012).

In summary, our results support the idea that being a fe-
male is a risk factor to develop cocaine addiction. Our re-
sults also suggest that, although MSEW appears to be a risk
factor in cocaine addiction, it affects males to a greater
degree, as females seem to be more resilient to this kind
of early-life stress. A possible explanation is that MSEW
enhances excitability in the NAc of males, potentiating
the GABAergic inhibition. However, as drug-naive females
showed a higher GluA1 level, they were less affected by the
MSEW-induced alteration. Therefore, the higher GluA1 level
in females would seem to explain why they are more vulner-
able to cocaine addiction but resilient to such stress. Fur-
thermore, males exhibit higher excitability of dopaminergic
neurons in the VTA, especially in the case of MSEW-exposed
males (Fig. 4(C)). However, after chronic cocaine expo-
sure, the higher excitability decreased in relation to the
levels of the drug-naive animals. Therefore, males would
seem to show stronger cocaine-induced dysphoric effects,
which could indeed be a protective factor in the escala-
tion of cocaine use. Another possible interpretation for the
lack of differences in the cocaine SA paradigm between
MSEW and SN females, is the presence of a ceiling effect,
and hence the cocaine intake in the SA could not be fur-
ther potentiated by the MSEW. Regardless of which inter-
pretation is correct, this study yields novel insight about
sex and maternal neglect differences in cocaine-seeking
behaviour.
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ABBREVIATIONS

AMPATs: a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic

acid receptors

CSF: Lumbar cerebrospinal fluid

GABA: Gamma-aminobutyric acid

GluA1l: AMPA receptor subunit 1

GluA2: AMPA receptor subunit 2

Grial: 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, carly-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-
secking 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, GluAl,
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
GluAl 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,

Grial, Gria2, GluA1, GluA2
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INTRODUCTION

Impulsivity is a major personality and temperament dimension
consisting of maladaptive behaviour and characterized by pootly
conceived, prematurely expressed, unduly risky, or inappropriate
actions often resulting in undesirable consequences (Grané 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; Romer 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
(Barrés-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).

151



RESULTS

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; Rio-Alamos

et al. 2019).

Several studies have also demonstrated that cocaine exposure induces
changes in the glutamatergic system, including the AMPA receptors
(AMPATrs) 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 GluAl 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 GluAl 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;
Martinez-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 (Grano 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
notin 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
AMPATrs subunit (mnRNA 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 Grial 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 £ 1°C) 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 /ibitum
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 naive 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),
mortbidity (George et al. 2010) or the male/female ratio (Koob and
Zotrilla 2010).

Tail suspension test

Mice underwent the TST on PDG60 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/mlL, 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 /ibitum 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 ef ficiency

Number of cocaine infusions

= %X 100
Number of active nosepokes

In the case of food SA, we calculated the percentage of response

efficiency as follows:

% Response ef ficiency

Number of food pellets

= %X 100
Number of active nosepokes

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-naive),
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 -80°C
until the biochemical analysis was performed. Samples from naive- 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 GluAl and GluA2

To evaluate the expression of GluAl and GluA2, samples were
homogenized in cold lysis buffer (NaCl 0.15 M, EDTA 0.001 M, Ttis
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 pg)
were mixed with 5X loading buffer (TRIS pH 6.8 0.153 M, SDS 7.5%,
Glycerol 40%, EDTA 5 mM, 2-B-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 4°C 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 GluAl, GluA2 and -
tubulin were evaluated in the mPFC of the different groups: SN drug-
naive males, SN drug-experienced males, MSEW drug-naive males,
MSEW drug-experienced males, SN drug-naive females, SN drug-
experienced females, MSEW drug-naive females and MSEW drug-
experienced females (n=4-5 per group, run in triplicate). Data were
normalized to the SN naive 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 Grial 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 Grial, 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-naive mice were analysed
using a two-way ANOVA with rearing and sex as independent factors.
Western blot results of drug-naive 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
(F1,30=12.324, p<0.01), rearing (F13=10.291, p<0.01) and the interaction
between these factors (Fi3=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

Grial/Gria2 ratio in the mPFC of male mice.

We sought to identify the effect of MSEW on the gene expression of
Grial 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 Grial, we
did not find significative differences (Figure 3A). Results for the Gria2
showed a significative main effect of rearing (F13=5.939, p<0.05) and
the interaction sex X rearing (F13=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 X 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
compatison with the SN males (p<0.001). For the Grial/Gria2 ratio
and the statistical analysis showed a significative difference for the
interaction sex X rearing (F13=9.516, p<0.01) (Figure 3A). Bonferroni
post-hoc test revealed a significant increased Grial/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
Grial/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 (Fi3=9.744,
p<0.01) (y=-0.002244x+1.075) (Figure 3C).

Increased GluAl and GluA2 protein expression in female

compared to male mice.

Because of the differences observed in the Grial 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 GluA1l (Figure 3D), GluA2 (Figure 3E) and
the GluA1/GluA2 ratio (Figure 3F), using western blotting in male and
female mPFC of drug-naive mice. The two-way ANOVA showed a
main sex effect for GluA1 (Fy16=8.000, p<0.05) and GluA2 (Fy16=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 (F19=8.016, p<0.01) and the interaction sex X rearing
(F192=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 X
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 etfect 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

GluA1l, GluA2 or the GluA1/GluA2 ratio in the mPFC of mice.

In order to evaluate changes in the expression of GluA1l (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-naive mice. Three-
way ANOVA revealed a sex effect for GluAl (F1:=31.094, p<0.001)
and GluA2 (F152=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 X rearing interaction for GluAl. The
Bonferroni post-hoc test for the interaction specified that: SN females
showed a higher GluAl 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 GluAl/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-naive 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 Grial 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 GluAl or GluA2 in the mPFC of
depressed rats (Treccani et al. 2016). Additionally, other authors
reported no changes in Grial 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. 2000). 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
GluAl 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
X rearing interaction for the GluA1l, but any alteration induced per se by
the drug exposure (Figure 5A). However, these results indicate that
MSEW females have increased GluAl 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 (Barros-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 (Kirkkiinen et al. 2013).

Following our suggestion, it could be expected that MSEW males
exposed to cocaine, show an increase in the levels of GluAl. 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 GluAl 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 AMPATs 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

(ke p<0.01). Bonferroni post-hoc comparison for the interaction sex

X 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-naive mice. (A) Heatmap
representing mRNA expression of Grial, Gria2 and Grial/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-naive mice. Sex main effect of the
ANOVA (*kp<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 (k*p<0.01). Bonferroni post-hoc compatison for the

interaction sex X 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 GluA1l, GluA2 and GluA1/GluA2 ratio in
the mPFC of SN and MSEW mice. Mean fold change relative to SN
males drug-naive of (A) GluAl, (B) GluA2 and (C) GluA1l/GluA2
levels in the mPFC. Representative western blot showing protein levels
of (D) GluAl and (E) GIluA2 in the mPFC. The protein of interest in
red and tubulin in green. Sex main effect of the ANOVA (kp<0.05,

* % % p<0.001). Bonferroni post-hoc compatison for the interaction

sex X rearing (H#p<0.05, ###p<0.001). Data are expressed as mean *
SEM (n=5, run in triplicate).
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Figure 5.
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RESULTS

Table 1. Antibodies

GluA2 AB1768 AB_2313802 1:1000 Milipore
BD
B-tubulin 556321 AB_396360 1:5000 o
Biosciences
goat anti-rabbit IgG
611-144-002 AB_1660962 1:2500 Rockland
H&L (DyLight 680)

Table 2. Primers for qPCR

Grial Forward ACA ACT CAA GCG TCC AGA ATA G

Gria2 Forward CCT TTC TTG ATC CTT TAG CCT ATG A

36B4 Forward TCC AGG CTT TGG GCA TCA
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DISCUSSION

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; Martinez-

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 o evaluate the long-term effects of MSEW in factors
related to nenroplasticity, 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-Lépez 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-Lépez 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 Nurrl 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 Nurrl in the VT'A decreased significatively
(Gracia-Rubio et al,, 2016a), in accordance with clinical studies
reporting decreased Nurrl expression in midbrain dopaminergic

neurons of cocaine abusers (Bannon et al., 2002).

Moreover, Larsen et al. (2016) reported that Nurrl 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.,
2010). 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 behaviout.

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 GluAl
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

197



DISCUSSION

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
GluAl in the NAc.

Concerning to cocaine exposition, studies in rats show increased GluA1l
levels and higher GluA1/GIuA2 ratio in the N Ac after repeated cocaine
exposure (Boudreau and Wolf, 2005). However, we did not find
significative differences when we compared the GluAl, 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, cleatly stated a higher
cocaine-secking 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,
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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 VT'A 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 (Martinez-
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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
GluAl in the VTA following cocaine consumption (Choi et al., 2011).
In our case, we observed a significant GluAl 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 GluAl
after cocaine reinstatement in comparison to the GluAl 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 pPCREB/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/GIuA2 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 VI'A of MSEW mice (reduced
GluA2 and increased GluA1l/GluA2 ratio), we suggest that MSEW
mice display an enhanced excitability of VT'A 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 VT'A; such adaptations have a pivotal
role in the incubation of cocaine craving and cocaine-seeking (Liischer,

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-seecking 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 (Bickstréom and Hyytid, 2003) or reinstatement to cocaine seeking
(Bickstrom and Hyytid, 2006). These data cleatly 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.
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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-
secking 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

etal., 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 L'TP in the VT'A 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 (Andrasfalvy 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 GluA1l in the NAc;
this cocaine-induced GluAl 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 Catrlezon, 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 GluA1l and GluA2 in rats and that GluAl
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overexpression in the VT'A 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/GIluA2 ratio in the VTA of males, but not
in females. Furthermore, MSEW drug-naive males show lower GluA2
than the SN drug-naive males and even lower than the MSEW drug-

naive females.

Our results revealed that cocaine SA acquisition induced a negative fold
change of GluAl and GluA1/GIuA2 ratio in VT'A 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 VT'A (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-naive
males, and, consequently, GluAl expression. The same relation
(PCREB>GluAl) was present for females- and males- drug-
experienced. Results yield that levels of pCREB and GluAl 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
GluA1l 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 GluAl, yield
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the idea that GluA1l 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 GluAl and GluAl/GluA2
expression in these animals, which would lead to a higher GABAergic
inhibition of VT'A dopaminergic neurons. These observations sustain

our hypothesis formulated in the Objective 1.

Regarding cocaine exposure, our results evidenced that only males
showed increase pPCREB/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 VT'A 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 (1.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 GluA1l, 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), GluA1l

expression, and possibly TH synthesis, and finally dopamine firing.
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Besides, our results yield that pCREB and GluAl 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
GluAl 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 VT'A 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 Grial and Gria2 (codifies for
GluAl 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
Grial 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 Grial, 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
GluAl and GluA2. We observed that females showed higher GluAl
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., 2000). 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 undertlying
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 (Barrés-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 trelated 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 GluAl 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 GluAl 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 (Barrés-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 GluA1l 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 GluAl 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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CONCLUSIONS

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 despait-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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10.

11.

12.

MSEW reduce the expression of Gria2 in the mPFC of mice, a gene

that correlates with despair-like behaviour.

GluAl in the NAc of females, is a factor that increase vulnerability
to cocaine SA but confers resilience to MSEW-induced early-life

stress.

MSEW enhances NAc-glutamatergic function in males which
increase pCREB, GIluR1 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

Because the NAc GluA1 basal level in females are already high, they
are less affected by the MSEW-induced GluAl alteration. This
higher GluA1 level in females would seem to explain why they are

more vulnerable to cocaine addiction but resilient to such stress.

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.

Due to the enhanced inhibition of the VTA dopamine neurons,

MSEW males will develop depressive-like behaviour, higher
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13.

acquisition rates and tolerance to the rewarding effects of cocaine,

being more susceptibility to cocaine-seeking.

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

15.

glutamatergic alterations in the mesocorticolimbic system of mice,
as well as novel information about sex differences in cocaine-

seeking behaviour.

These findings could contribute to find new therapeutic targets to

treat CUD.
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HIGHLIGHTS

® CBD treatment induces anxiulyﬁc and eognhive effects showing a bell-shaped dose-response mrvc

® CBD treatment reduces i place but not
® CBD attenuates cocaine intake and breaking point but does not alter reinstatement of cocaine-seeking behaviour.
® CBD increases CBIR expression and neural progenitor in the of cocaine self- animals.
ARTICLEINFO ABSTRACT
Keywords: Cannabinoid derivatives have shown promising results for treating neuropsychiatric disorders, including drug
Cocaine addiction. Recent studies on the therapeutic effects of Cannabidiol (CBD) on drug abuse showed mixed results,
Cannabidiol especially with psychostimulant substances such as cocaine. To determine whether CBD can attenuate cocaine
Sl ackn nraiion; reinforcement, we assessed behavioural responses induced by cocaine in mice, using the behavioural sensiti-
N“‘;“"““‘ " zation, place and We show that repeated CBD
¢ treatment produces anxiolytic effects in the elevated plns maze test, increases the discrimination index of the
novel object recognition task and attenuates i place but does not affect

behavioural sensitization. CBD reduced cocaine voluntary consumption and progressive ratio breaking point in
the self-administration paradigm, but not drug-induced reinstatement. In parallel, CBD increased expression of

typel receptor, MAPK-CR BDNF and neural cell proliferation in the
hippocampus, and reduced the GluA1/2 AMPA subunit receptor ratio in the striatum. In summary, we show that
CBD can modulate some behavioural and molecular of cocaine rei Moreover, our

findings show that CBD has pro-neurogenic effects also in cocaine consuming animals. Overall, this novel evi-
dence provides new perspectives to use CBD as a therapeutic tool.

1. Introduction studies show that cocaine is the second most widely consumed illicit
drug in Europe (EMCDDA, 2016) and the United States (CBHSQ, 2015).
Cocaine addiction is a chronic and relapsing disease characterized Thcre are no effecnve treatments, however, so it is required to develop

by compulsive drug seeking and use, despite its harmful ies (Czoty et al., 2016).
(Volkow et al., 2016). Repeated cocaine use promotes neural plasticity Cannabinoids, as cannabidiol (CBD), have drawn interest from
processes that cause aberrant motivation towards the drug and related clinical and preclinical researchers as a strategy for treating substance
stimuli, which can produce neurobiological alterations leadmg to dmg use disorders (Ware, "OIB Wenzel and Cheer, 2018). CBD is the most

addiction (Everitt et al., 2018; Pascoli et al., 2015). inoid among the more than eighty
S-HTI,R, 5 ine 1 A receptor; ANOVA, Analysis of variance; BrdU, 5-bromo-2* i R, Type 1 receptor;
CB2R, Type 2 receptor; CBD, C: CREB, cAMP response element-binding protein; ERK1/2, Extracellular ngm—.q;ulmd kinases 1/2; GluA1/2,

AMPA receptor subunit 1/2; MAPK, Mitogen-Activated Protein Kinases; NeuN, Neuronal Nuclei; THC, A;tetrahydrocannabinol
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Fabra, Dr. Aiguader 88, Barcelona, 08003, Spain.
E-mail address: olga.valverde@upf.edu (O. Valverde).

https://doi.org/10.1016/j.neuropharm.2018.09.043

Received 28 June 2018; Received in revised form 4 September 2018; Accepted 26 September 2018
Available online 28 September 2018

0028-3908/ © 2018 Elsevier Ltd. All rights reserved.

281



ANNEX

MA. Lujdn et al

compounds present in Cannabis sativa plant. CBD has a multi-target
pharmacological profile, it can act as a 5-hydroxytryptamine 1 A re-
ceptor (5-HT14R) agonist (Russo et al., 2005), a p-opioid receptor po-
sitive allosteric modulator (Kathmann et al., 2006), an adenosine up-
take inhibitor (Liou et al., 2008), a negative allosteric modulator of type
1 (CB1R) (Laprairie et al, 2015) and type 2 cannabinoid receptors
(CB2R) (Martinez-Pinilla et al., 2017), and an inhibitor of fatty acid
amide hydrolase activity (Chauvet et al., 2015). So far, CBD has been
outlined as an anxiolytic agent (Campos et al., 2013) with antipsychotic
(Renard et al., 2016) and antidepressant (Schiavon et al., 2016) prop-
erties. CBD can also attenuate cue-induced heroin-seeking in rats (Ren
et al., 2009) and humans (Hurd et al., 2015), reduces morphine-induced
conditioned place preference (Markos et 2017), and facilitates in-
tracranial self-stimulation in rats (Katsidoni et al., 2013). Research on
CBD and psychostimulants-induced behavioural effects have revealed
contradictory results. CBD disrupts extinction of conditioned place
preference induced by cocaine and amphetamine (Parker et al., 2004),
impairs reconsolidation of contextual morphine-associated memories in
the same paradlgm [de Car\ alho and Jak.\lnsln 2017), and blocks
ion in rats (Renard et al.,
2016). In contrast, CBD does not inhibit the reward-facilitating effects
of cocaine on intracranial self-stimulation (Katsidoni et al., 2013), and
does not modify context-specific reversal of cocaine sensitization
(Gerdeman et al., 2008). Recently, Mahmud et al. (2017) showed that
acute CBD administration does not influence cocaine self-administra-
tion in rats. However, a 7-day treatment based on transdermal delivery
of CBD robustly i of cocaine self-
administration in rats (Gonzalez-Cuevas et al., 2018).

These discrepancies in the literature evidence that the pharmaco-
logical effects and targets of CBD and its protective actions on drug
addiction are still poorly understood. So far, there are different neu-
robiological mechanisms that could support a putative effect of CBD
over the motivational dysfunctions associated with cocaine intake.
Recent studies proved the modulation of dopamine release in the nu-
cleus accumbens (Nac) by CBD (Renard et al., 2016) through a me-
chanism involving the activation of 5-HT1, receptors (Norris et al.,
2016). As a result, CBD-treated animals showed a robust reduction in
the amphetamine-induced locomotor sensitization. Moreover, evi-
dences confirm the hippocampal pro-neurogenic effects of CBD
(Campos et al., 2017). CBD induced cell proliferation and hippocampal
neurogenesis after repeated treatment in mice (Schiavon et al,, 2016).
Interestingly, the increased rate of adult hippocampal neurogenesis
induced by CBD was necessary to observe some of its behavioural-re-
lated changes. For instance, Campos et al. (2013) reported that the
anxiolytic ffect of CBD on chronically stressed mice depended on

neurogenesis. activity levels of

neural progenitor proliferation in the dentate gyrus have been con-
sistently linked to a reduction of drug taking and increased neuropro-
tection (for an extensive review see Chambers, 2013). More specifically,
Wolf et al. (2010) and Campos et al. (2013) have suggested an in-
volvement of CB1R transmission in this possible mechanism of CBD. In
this sense, mitogen-activated protein kinases/cAMP response element-
binding protein (MAPK/CREB) signalling pathway has been described
as a plausible link between increased CBIR transmission and neural
proliferation enhancement (Prenderville et al., 2015). Overall, pre-
clinical published results led us to hypothesize that: (1) the reduction of
neural proliferation commonly observed after cocaine consumption
could be attenuated in CBD-treated animals (Castilla-Ortega et al,,
2016; Deroche-Gamonet et al., 2018), and (2) CBD-treated mice could
exhibit an enhancement of MAPK/CREB pathway signalling, congruent
with an upregulated CBIR function in the hippocampus. To confirm
these hypothesis it is crucial to find evidence of a MAPK/CREB pathway
‘modulation that could link a putauve CBIR upregulation with the hy-
hesized neural i by CBD. Nevertheless, no
studies have so far addressed the pro-neurogenic effects of CBD or its
modulation of hippocampal MAPK/CREB pathway in drug-dependent

Neuropharmacology 143 (2018) 163-175

animals.

In this context, the aim of the present study was to investigate
whether CBD could modulate cocaine behavlouml neumadaprauons
using the intravenous self- ini
mouse model of cocaine intake, and to better understand the mod-
ulatory role of CBD on the signalling pathways underlying cocaine
consumption. The possible effects elicited by CBD on anxiety-like re-
sponses and cognitive effects in drug-naive mice were also investigated.
In order to evaluate the role of CBD in modulating behavioural neu-
roadaptations to cocaine, we settled a subchronic CBD treatment to test
its anxiolytic and cognitive effects. Then ‘we administered the CBD
treatment in animals cocai lated proce-
dures (behavioural sensitization, conditioned place preference and self-
::ldmmlstrauon)v and we fmmd that CBD attenuated cocaine-induced
i sensitization, We
have also proved that CBD modified CBIR expression and MAPK sig-
nalling in the hippocampus, and increased adult hippocampal neuro-
genesis in cocaine self-administering mice.

2. Materials and methods
2.1. Animals and drugs

Male CD1 mice (postnatal day 41-44) were purchased from Charles
River (Barcelona, Spain). All efforts were made to minimize animal
suffering and to reduce the number of animals used. Animals were
maintained in a 12-h light-dark cycle, in stable conditions of tem-
perature (22 °C), with food and water ad libitum. The CD1 mouse strain
was selected for its optimal sensitivity to the reinforcing and psychos-
timulating effects of cocaine (McKerchar et al., 2005). Four different
sets of mice were used for the elevated plus maze/object recogition
tests (n = 40), ine-i ion (n = 24), i
place preference (n =157) and self-administration (n = 72) experi-
ments. All animal care and experimental protocols were approved by
the PRBB-UPF Animal Ethics Committee, in line with European Com-
munity Council guidelines (2016/63/EU).

Cocaine HCI (0.75 or 10 mg/kg; Alcaliber S.A., Madrid, Spain) was
daily prepared fresh and dissolved in 0.9% NaCl solution. CBD (5, 10,
20 and 30 mg/kg) was generously provided by Phytoplant Research S.L.
(Cérdoba, Spain). CBD was first mixed with 2% Tween-80 and then
suspended by sonication (15min) in 0.9% NaCl. CBD solution was
prepared once and used along 10 days of treatment. For control groups,
vehicle consisted in a solution of 2% Tween-80 in 0.9% NaCl. The vo-
lume of injections for all the drugs used in this study was 0.1 mL per
10 g of mouse body weight.

2.2. Drug administration protocols and experimental design

For the elevated plus maze, object recognition, cocaine-induced
sensitization and conditioned place preference experiments, mice were
treated with CBD (5, 10, 20 and 30 mg/kg) or vehicle by intraperitoneal
(i.p.) injection for 10 consecutive days, and 5 days after the last CBD
injection mice underwent behavioural testing. In the case of the self-
administration experiments, mice received an ip. administration of
CBD 20mg/kg just before each acquisition session, so in this set of
experiments mice were treated in each session with CBD immediately
before being placed in the operant chambers and also during 10 con-
secutive days. The CBD doses selected for this study were based on
previous experimental studies (Ren et al., 2009; Gonzalez-Cuevas et al.,
2018). The behavioural procedures were carried out 5 days after the
last CBD exposure to evaluate the effects of a CBD sub-chronic treat-
ment on icity. For the self- ini ion experiment, beha-
vioural timelines were more extended, and CBD was administered
during the acquisition phase to ensure efficient treatment outcome. In
this case, we cannot discard that the acute effects of CBD could also
participate in the observed results. The progressive ratio test was
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maintained 5 days after halting CBD treatment (as previous behavioural
tests) to avoid the acute effects of CBD on this schedule of reinforce-
ment and to maintain consistence between protocols.

Animals were randomly assigned to an experimental group. During
the i i and data i i
were blind to the treatment that each animal had received.

2.3. Elevated plus maze test

The elevated plus maze test was performed as reported (Gracia-
Rubio et al., 2016), and it was carried out 5 days after the last CBD
administration. Each mouse (n = 8) was placed in the centre of the
maze for S5min. The percentage of time spent into the open arms was
measured using the Smart Software (Panlab s.l.u., Barcelona, Spain).

2.4. Novel object recognition task

The novel object recognition task used here was performed as de-
scribed by Cantacorps et al. (2017), and started 24 h after the elevated
plus maze test. First, CBD (5, 10, 20 and 30mg/kg) (n = 8/dose) or
mice pre-treated with vehicle (n = 8) were individually acclimatized to
the box for 15min. After 24 h, the animals could explore the maze for
10 min in the presence of either object A or object B (counterbalanced).
The retention trial occurred 24 h after and the objects A and B were

i placed in the open-field. The index (%) was
defined as " 100, being “¢" the time each mice
tnovel obect + Wamillr otjct)
spent exploring an object (recorded using Smart Software, Panlab s.l.u.,
Barcelona, Spain).

2.5. Ca induced

place pr

induced

place was assessed as pre-
viously described (Lépez-Amau et al., 2017). Experimental groups were
the following: saline-vehicle, n = 27; saline-CBD 5mg/kg, n = 11;
saline-CBD 10 mg/kg, n = 22; saline-CBD 20 mg/kg, n = 12; saline-
CBD 30 mg/kg, n = 12; cocaine-vehicle, n = 33; cocaine-CBD 5 mg/kg,
n=11; cocaine-CBD 10mg/kg, n =13; cocaine-CBD 20 mg/kg,
n = 16; cocaine-CBD 30 mg/kg, n = 16. We used an unbiased condi-
tioned place preference paradigm in which mice were placed in the
central compartment and had free access to both compartments of the
apparatus (Cibertec S.A., Madrid, Spain) for 18 min. During the con-
ditioning phases (4 cocaine pairings, 8 days), mice received an i.p. in-
jection of cocaine 10 mg/kg immediately before being placed into one
of the two conditioning compartments for 20 min. On the alternate
days, mice were treated with a saline injection and placed in the other
compartment for 20 min. Control animals received saline every day.
Data was represented as the difference of time spent between drug-
paired and saline-paired compartments (s) on the testing day.

2.6. C

induced

induced

was assessed as pre-
viously described (L6pez-Arnau et al., 2017). Briefly, to sensitize lo-
comotor responses induced by repeat cocaine treatment, mice (n = 12)
were administered with cocaine (10 mg/kg) or saline and placed on
actimetry boxes (LE881IR, Panlab, Barcelona, Spain) provided with 14
photobeam lasers (X and Y axes) for five consecutive sessions of 15 min.
A cocaine challenge (10 mg/kg, 15min) was administered 3 days after
the last cocaine injection. Total locomotor activity was defined as the
total number of photobeam crosses performed by an animal in a session.

2.7. Cocaine operant self-administration

Neuropharmacology 143 (2018) 163-175

(20 mg/kg) and vehicle-treated mice (n = 36) were trained to self-ad-
minister cocaine (0.75mg/kg/infusion) daily (2h) during 10 con-
secutive days under fixed ratio 1. Surgical implantation of the catheter
into the jugular vein was performed following anaesthetization with a
mixture of ketamine hy ide (100 mg/kg; Lyon,
France) and xylazine hydrochloride (20 mg/kg; Sigma Chemical Co.,
Madrid, Spain). The anaesthetics solution was injected in a volume of
0.15 mL/10 g body weight, i.p (Tourino et al., 2012). After surgery,
mice were housed individually and allowed to recover for at least 3
days. During recovery, mice were treated daily with an analgesic
(meloxicam 0.5 mg/kg, injected in a volume of 0.1 mL/10g, i.p.) and
an antibiotic solution (enrofloxacin 7.5 mg/kg, injected in a volume of
0.03mL/10 g, i.p.). The home cages were placed upon thermal blankets
to avoid post-anaesthesia hypothermia.

2.7.1. Acquisition of operant cocaine taking

Active and inactive nose-pokes holes were assigned randomly.
Cocaine was delivered in a 20yl injection over 2s via a syringe
mounted on a microinfusion pump (PHM-100A, Med-Associates,
Georgia, VT, USA) connected to the mouse's intravenous catheter. Fixed
ratio 1 session started with a cocaine priming infusion. When mice
responded on the active hole, the stimulus lights lit up for 4s. Each
infusion was followed by a 15s time-out period. Mice were considered
to have acquired stable self-administration behaviour when the fol-
lowing criteria were met on 2 consecutive fixed ratio 1 sessions: a) 80%
stability in rei infusions (the number of reil on each
day deviated by < 20% from the mean number of reinforces over the 2
consecutive days); b) = 65% of responses were received at the active
hole, and ¢) a minimum of 5 infusions on the active hole. After training,
mice that met acquisition criteria (vehicle, n = 32; CBD, n = 23) were
moved to a progressive ratio session, in which the response requirement
to earn an injection escalated according to the following series: 1-2-3-5-
12-18-27-40-60-90-135-200-300-450-675-1000. The progressive ratio
session was carried out because it allowed us to evaluate motivational
functions (such as instrumental learning, execution of efforts and sus-
tained engagement) closely related to the neuroadaptations underlying
drug abuse (Randall et al., 2012; Richardson and Roberts, 1996). After
completing the progressive ratio session, 9-10 animals of each treat-
ment group were randomly selected for brain tissue extraction and
biochemistry analysis.

2.7.2. Extinction and reinstatement of cocaine seeking

All animals that met the acquisition criteria underwent an extinc-
tion phase, after progressive ratio session, in which nosepokes in the
active hole produced neither cocaine infusion nor stimulus light pre-
sentation (L6pez-Arnau et al., 2017). Extinction sessions (2h) were
conducted once a day, 5 days/week until reaching the extinction cri-
teria (performing less than 40% of the mean nosepokes given after
having reached a stable fixed ratio 1 response). Twenty-four hours
after, mice underwent a cocaine-primed reinstatement session, in which
they were confined to operant chambers for 2 h immediately after re-
ceiving an i.p. cocaine injection (10 mg/kg). After the reinstatement
session, five animals per group were randomly selected and were sa-
crificed and perfused for doublecortin immunohistochemistry experi-
ments.

2.8. Western blotting and enzyme-linked immunosorbent assay
Seven days after CBD in cocai and self-ad
tering mice (Fig. 2a), total protein extracts were isolated from whole
hippocampus brain area (the exact number of samples is indicated in
the correspondent figure legend). Hippocampal tissue harvest was
performed 7 days after finishing CBD treatment to obtain data from the
molecular and cellular markers at the same temporal point than the

Self- ini it i were d as p de-
scribed in Soria et al. (2008) and Lépez-Arnau et al. (2017). CBD-
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I changes observed, once we can be sure that cocaine plasma
levels were disappeared. This time lapse was also required for BrdU
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Fig. 1. Effects of CBD treatment in the elevated plus maze,
object and cocaine-induced place
and (a) Schematic re-

of the CBD pi and the

behavioural experiments. (b) Time spent in the open ams (s)
of the elevated plus maze (n = 8/group) (Tukey, *p < 0.05
vs control group). (¢) Discrimination index in the object re-
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incorporation in still-young neurons that express the fate marker NeuN
(Snyder et al., 2009).

The tissue was first homogenized in 600yl of 4°C lysis buffer
[0.15M NaCl, 1% TX-100, 10% glycerol, 1 mM EDTA, 50 mM TRIS
pH = 7.4 and a phosphatase and protease inhibitor cocktail (Roche,
Basel, il )] were at 15,000g for
15minat 4°C. Aliquots of resulting supernatants (total lysate) were
stored at —80 °C until use for western blotting or ELISA determination.

2.8.1. Western blotting

Equal amounts of protein (20 pg) for each sample were mixed with
loading buffer (153 mM TRIS pH = 6.8, 7.5% SDS, 40% glycerol, 5mM
EDTA, 12.5% 2-B- thanol and 0.025% b 1 blue) and
loaded onto 10% polyacrylamide gels, and transferred to PVDF sheets
(Immobilion-P, MERCK, Burlington, USA). Membranes were im-
munoblotted using the primary antibodies listed in Table 1, and then
incubated for 1h with their respective secondary fluorescent anti-
bodies: goat anti-rabbit (1:2500, Rockland, PA, USA) or goat anti-
mouse (1:2500, Abcam, C: UK). Protein ion was
quantified using a Li-Cor Odyssey scanner (Li-Cor, Lincoln, USA).

2.8.2. ELISA determination

BDNF ELISA quantification was performed with the ELISA Emax
Immunoassay system (Promega, Madrid, Spain), as in Moscoso-Castro
et al. (2016), using Max-iSorp 96 well plates (Nunc, Denmark). The

was acid-treated and then ized to increase the

amount of detectable BDNF. BDNF levels were calculated as the per-
centage of the corresponding control normalized to the total amount of
protein.

Data from both biochemical analyses was normalized to 100%,
defined as the mean of the technical replicates in the control group.

2.9, Immunoftuorescence

The neuronal proliferation-related markers were selected according

to previous studies (Castilla-Ortega et al,, 2017) and they were the
ing: (1) 5-br (BrdU) to label the proliferating
population that incorporated BrdU and started expressing the neuronal
fate marker Neuronal Nuclei (NeuN), and (2) the microtubule-asso-
ciated protein doublecortin used to label more mature neurons (up to
four weeks), which may have started developing a differentiated neu-
ronal morphology. Mice were treated three times with the BrdU stain

o d, i
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Fig. 2. CBD 20 mg/kg reduced cocaine-taking (0,75 mg/kg/inf) behaviour and
breaking point values under a progressive ratio reinforcement schedule. (a)
Schematic of the carried out. (b)
Difference in behaviour ratios between vehicle-
and CBD-treated mice (Fisher's exact test, **p < 0.01). (c) Nosepoke activa-
tions during the self-administration sessions under a fixed ratio 1 reinforcement
schedule (n = 36). Dashed lines represent inactive nosepokes of the corre-
sponding group (Tukey, **p < 0,01 vs CBD-treated group active nasepokes).
(d) Area under the curve of the active nosepokes performed during the whole
fixed ratio 1 phase (Tukey, *p < 0.05). (e) Breaking point achieved in a 2 h
session under a progressive ratio reinforcement schedule (0,75 mg/kg/inf).
Only animals that reached the acquisition criteria are represented (vehicle,
n = 32; CBD, n = 23) (Tukey, *p < 0.05).

If.

(100 mg/kg, MERCK) within 24 h. Seven days later, mice were anaes-
thetized with pentobarbital (500 mg/kg, i.p.) and perfused with 4%
paraformaldehyde in 0.1M sodium phosphate buffer (PBS), as in
Gracia-Rubio et al. (2016). A mouse brain atlas (Paxinos and Franklin,
2004) was used to identify the anatomical location of the dentate gyrus
(a minimum of 3 coronal sections per animal, evaluated bilaterally).
Floating brain sections (30 um-thick) were incubated in 3% normal
donkey serum (Jackson ImmunoResearch, West Grove, PA, USA) for
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1h. Finally, BrdU-NeuN (n = 4) and doublecortin (n = 5) labelling was
analysed by i sections ight with the pri-
mary antibody (Table 1). Samples were then incubated for 2 h with a
fluorescent secondary antibody, namely goat anti-rat 1gG Alexa Fluor
488 (1:500; ThermoFisher, Barcelona, Spain) and goat anti-mouse IgG
Alexa Fluor 555 (1:500; ThermoFisher). Sections were mounted on
slides with Fluoroshield media (Sigma-Aldrich) and coverslipped for
microscopy. Double-labelled images of the region of interest were ob-
tained bilaterally using sequential laser scanning confocal microscopy
(Leica SP2 and Zeiss LSM510). BrdU/NeuN + and doublecortin/
Hoechst + neurons were quantified as the mean number of double-
labelled body cells in each hemisphere per brain slice. Cells were
counted using ImageJ software (NIH, Bethesda, MD, USA) by an ob-
server who was blind to treatment.

2.10. Statistical analysis

Elevated plus maze and object recognition test's data was analysed
using one-way analysis of variance (ANOVA) with the factor defined as
CBD treatment (“VEH” and the corresponding “CBD dose” levels). We
analysed the results of the itis place test, di
in protein phosphorylation and BrdU staining using two-way ANOVA
analysis. For the conditioned place preference test, factors were de-
signed as CBD treatment and cocaine treatment. In the protein phos-
phorylation studies, factors were defined as CBD treatment and protein
phosphorylation or subunit ratio. BrdU staining factors were CBD treat-
ment and cocaine self-administration (used levels: mice that underwent
“self- i and “cocail ive” mice). We three-
way ANOVA analysis to test the acquisition, extinction and reinstate-
ment of the self- i and the i i The
factors for the and data were
defined as CBD treatment, day of training (repeated measure) and nose-
poke (within-subjects factor, “active” and “inactive” levels). For the
reinstatement, factors were defined as CBD treatment, nosepoke and
experimental phase (repeated measure). Factors for the sensitization
study were defined as CBD treatment, day (repeated measure) and co-
caine treatment. To analyse the differences between treatments in the
progressive ratio test, and CBIR and BDNF expressions Student t-test
was used. When required, ANOVA analysis was followed by Tukey’s
post-hoc tests. We used the Fisher exact test to compare acquisition
ratios of self-administration behaviour. The a-level of statistical sig-
nificance was set at p < 0.05. Data were expressed as mean + SEM.
The exact group size for the individual experiments is shown in the
corresponding figure legends. Statistical analyse were made using
GraphPad Prism 7, La Jolla, USA.

If-

3. Results

3.1. CBD pre-treatment reduces anxiety-like behaviour in the elevated plus
maze and improves object recognition memory

One-way ANOVA calculation of the percentage of time spent in open
arms showed a significant CBD treatment effect (Fy3 = 3.94;
p = 0,012) (Fig. 1b). Tukey post-hoc test showed a higher percentage of
time spent in the open arm in the CBD 20 mg/kg group than in the
control group (p = 0,022). CBD 5, 10 and 30 mg/kg-treated groups
showed no differences with the control group (Tukey, p > 0,05). The
object recognition test was used to assess the effects of the CBD treat-
ment on memory, a 1-d dent task. One-way
ANOVA analysis yielded a significant effect of the CBD treatment factor
(Fa,33 = 2.66; p = 0,049) (Fig. 1c). Post-hoc analyses showed that CBD
at 20 mg/kg improved object recognition performance compared to
control group (p = 0,0479).
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Table 1
List of the primary antibodies used for the i and western blot studies.
Antibody Description Host Dilution Company Ttem number
81 eannabinoid receptor type 1 Rabbit 1:1000 Frontiers Institute #AB 2571591
CREB €AMP response element-binding protein Rabbit 1:500 MERCK #04767
also, i in-X Rabbit 1:2000 Abcam #ab18723
ERKi/2 extracellular signal-regulated kinases 1/2 Mouse 1:1000 Abcam #2b54230
GluAl AMPA receptor subuni 1 Rabbit 1:2000 MERCK #ABN241
GluA2 AMPA receptor subunit 2 Rabbit 1:5000 MERCK #AB1768-1
NeuN Neuronal Nuclet Mouse 1:1000 MERCK #MAB377
PCREB Phosphorylated cAMP response element-binding protein Rabbit 1:1000 MERCK #06-519
PERKy 2 Phosphorylated extracellular signal-regulated Kinases ¥ Mouse 1:5000 Abcam #ab50011
b Class Il p-tubulin Mouse 1:5000 BD Pharmigen #556321
3.2, C induced place preference is impaired by CBD (the number of active nosepokes given during the whole session), Stu-
treatment dent's t-test showed that CBD-treated mice displayed a significant de-

As shown in Fig. 1d, mice treated with vehicle or CBD (5, 10, 20 and
30 mg/kg) presented no initial unconditioned preference for any com-
of the it place maze. Two-way ANOVA
testing differences in the time spent in each compartment on the test
day showed a significant effect for CBD wreatment (Fsi76 = 5.77;
p = 0,0002), cocaine treatment (Fyy76 = 144.7; p = 0,0001) and inter-
action between these factors (F4,176 = 5.71; p = 0,0002). Mice treated
with CBD 10 (Tukey, p = 0,0001) and 20mg/kg (Tukey, p = 0,0001)
showed a reduced preference towards the cocaine-paired compartment
(Fig. 1e).
Based on these results, we selected a CBD dose of 20 mg/kg for the
next experiments.

3.3. Cocaine-induced locomotor sensitization is not affected by CBD
treatment

Cocaine induced a hyperlocomotor response that increased equally
in the CBD- and vehicle-treated groups (Fig. 1f). Three-way ANOVA
analysis with repeated measures showed an effect of day (F44 = 2.67;
p = 0,032), cocaine treatment (Fy 4 = 1035; p = 0,0001) and interaction
between these factors (Fy 4 = 8.2 p = 0,0001); there was no significant
effect for the CBD treatment (Fy,4 = 1.72; p = 0,191). When mice were
challenged three days after the last cocaine injection (Fig. 1g), there
were no di in ine-i ed between
CBD- and vehicle-treated mice (cocaine treatment factor F) 44 = 40.17;
p = 0,0001 and CBD treatment factor Fy 44 = 0.34; p = 0,558).

3.4. CBD treatment specifically disrupts the acquisition of cocaine self-
administration behaviour

Vehicle- and CBD-treated mice were trained to self-administer
0,75 mg/kg/inf cocaine for 10 days under a fixed ratio 1 reinforcement
schedule (Fig. 2a). CBD 20 mg/kg was administered immediately before
the inning of each self- ini: ion session; the percentage of
animals who met the acquisition criteria was lower in the CBD group
(Fisher's exact test; p = 0,0028) (Fig. 2b).

The three-way ANOVA analysis (CBD treatment x day of
training x nosepoke) showed significant effects for CBD treatment
(Fyo = 14.02, p = 0,0002) (Fig. 2c), day of training (Fgz = 6.47;
p = 0,0001), nosepoke (Fy 7 = 254.1; p = 0,0001), and interaction be-
tween these factors (¢raining x nosepoke Fgzy = 8.34; p = 0,0001). We
found an interaction between CBD treatment and nosepoke
(F1,71 = 10.49; p = 0,0012). Post-hoc comparisons revealed a difference
between vehicle and CBD groups in cocaine intake at day 10 (Tukey;
P = 0,0041). Moreover, the area under the curve of the whole fixed
ratio 1 cocaine intake revealed that CBD-treated group consumed less
cocaine during the whole procedure than VEH:-treated group (Student's
t-test; &y = 2.00; p = 0,0497) (Fig. 2d). In the progressive ratio test
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crease in breaking point values (Student's
p = 0,0055) (Fig. 2¢).

Cocaine-seeking behaviour was extinguished in both groups as re-
vealed by the three-way ANOVA analysis; day of training (Fg ;s = 3.2;
,006) and its interaction with nosepoke (Fo.s = 2.15;
p = 0,0086)], without differences between treated groups (CBD treat-
ment; Fy 35 = 0.09; p = 0,576) (Fig. 3b). Two animals from each group
did not extinguish cocaine-seeking behaviour. After extinction, animals
were cocaine-primed to reinstate their cocaine-seeking behaviour
(Fig. 3¢). Nosepokes measures were analysed throughout the different
experimental phases of which the self-administration procedure con-
sisted. Only data from animals that finally reinstated was used for these
analyses. The three-way ANOVA analysis showed significant effects for
the experimental phase (F ;5 = 8.47; p = 0,011) and the nosepoke fac-
tors (Fy,u5 = 27.7; p = 0,0001). Although no differences in the CBD
pretreatment factor were found (Fy,15 = 0,221; p = 0,645), a significant
CBD p X experi phase i i was observed
(F1 s = 7.517; p = 0,015). Compared to the active nosepokes given
during the last extinction session (Fig. 3¢), both groups reinstated its
cocaine-seeking behaviour (Tukey, p < 0,05) and no differences were
observed between vehicle- and CBD-treated groups in the reinstatement
session (Tukey, p > 0,05).

ttest; 153 = 2.89;

3.5. CBD treatment increases MAPK-CREB activity and neuronal
proliferation in the hippocampus, and reduces the GluA1/2 ratio in the STR
after cocaine self-administration

As CBD 20 mg/kg specifically impaired the acquisition of the co-
caine taking behaviour, we sought to determine whether CBD influ-
enced the activation of hippocampus MAPK pathway and its down-
stream pathways that regulate the expression of the transcriptional
(CREB) and neurotrophic (BDNF) factors, which are in tum responsible
for the levels of neuronal proliferation in this brain area. Hence, fol-
lowing CBD during self-administration we in-
vestigated phosphorylation and expression levels of extracellular sig-
nal-regulated kinases 1/2 (ERK1/2), CREB, CBIR and BDNF (Fig. 4)
parallel to neuronal proliferation (Fig. 5). The striatal AMPA receptor
subunit 1/2 (GluAl/2) ratio was also measured at this time point.
Additionally, we assessed neuronal differentiation (doublecortin) in the
dentate gyrus 24h after completing the cocaine-seeking behaviour re-
instatement session.

After CBD treatment, CBIR expression was increased in the hippo-
campus (Student’s t-test; tio = 3.24; p = 0,0088) (Fig. 4b). Moreover,
mice treated with CBD showed an increase in ERK1/2 phosphorylation
(CBD treatment, Fyso=7.98; p= 0,0083; protein phosphorylation,
F230 =34, p=00463; interaction, Fp3 =3.43, p=0,0455)
(Fig. 4c). CREB phosphorylation was also upregulated by CBD (CBD
treatment,  Fy 3 =4.74, p=0,0374; protein phosphorylation,
Fa50 = 3.94, p = 0.0302 and interaction, Fy g = 4.67, p = 0,0171)
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their home cages, without submitting them to cocaine self-administra-
tion. We performed a two-way ANOVA analysis with CBD treatment and
cocaine self-administration as main factors, and found that were sig-
nificant (CBD treatment, Fy 4 = 47.4, p = 0,0001 and cocaine self-ad-
ministration, Fy,14 = 10.08, p = 0,0067) (Fig. 5a), but that there was no
interaction between them (Fy 34 = 0.17, p = 0,684). Finally, Student's t-
test showed that doublecortin expression was higher in CBD-treated
mice than vehicle-treated animals (Student's ttest; g = 3.55;
p = 0,0075) (Fig. 5b).

4. Discussion

Our results show that repeated treatment with CBD may reduce the
cocaine rewarding and reinforcing effects as modelled in the condi-
tioned place and self- inistration di respectively.
Hnwever, bdaavmuml sensitization and drug-induced reinstatement of
o iour remained d. In parallel, the GluA1/
2 ratio was lower in the STR of CBD-treated mice. Our results also
document a reduction of adult hippocampal neurogenesis after cocaine
voluntary intake in CBD-treated mice. Related to the pro-neurogenic
effect of CBD (Campos et al., 3), our results show an upregulated
CBIR expression in the hippocampus. Congruent to our findings, CBD
treatment increased MAPK-CREB signalling and BDNF expression in the
hippocampus. Together, these results deepen in the available knowl-
edge concerning CBD actions in cocaine consuming animals along two
new evidences: (1) that CBD treatment enhanced hippocampal neural
proliferation concomitantly to a MAPK/CREB pathway upregulation
after voluntary cocaine consumption attenuation despite (2) that not all
the dimensions of the behavioural repertoire reflecting the abusive
likelihood of cocaine were affected.

4.1. CBD treatment anxiolytic and cognitive properties

We show that the repeated CBD treatment used here produced an-
xiolytic effects in the elevated plus maze test. CBD is well known to
produce an efficient anxiolytic response, especially when tested in this
model (Lee et al., 2017). An intriguing issue of the anxiolytic profile
reported here, and in the previous literature, is the observed effect in
bell-shaped dose-response curve. In previous studies, the CBD doses
varies among treatment schedules, administration routes, and animal
species including mice (Marinho et al., 2015; Onaivi et al., 1990), rats
(Guimaries et al., 1990), zebra fish (Nazario et al, 2015) and humans
(Zuardi et al., zm?) The most plausible lnterprelannn for that fact is

Cocaine-induced (10 mg/kg, Lp.) ‘beha-
viour in a 2 h session, 24 h after reaching the extinction criteria (Tukey,
*p < 0.05) (Tukey, #p < 0.05, ##p < 0.01 vs active nosepokes of the same
group in the same experimental phase) (vehicle, n = 9; CBD, n = 4). Only an-
imals that reached the extinction criteria are represented.

(Fig. 4d). Moreover, ELISA analyses revealed a significant increase in
BDNF expression in the hippocampus in the CBD-treated group (Stu-
dent's t-test; ty3 = 2.81; p = 0,0147) (Fig. 4e). In CBD-treated mice, the
STR GluA1/2 ratio was found to be reduced [subunit ratio (F3 59 = 4.28;
p = 0,0231); mearment (Fy a0 = 2.3; 0,136), with an interaction
between these factors, (Fas0 = 4.19; p = 0,0247)]. This significant in-
teraction allowed us to confirm by post-hoc comparisons that the
GluA1/2 ratio was reduced by CBD (Tukey, p = 0,0496), unlike the net
levels of GluAl (Tukey, p = 0,359) or GluA2 (Tukey, p = 0,421) sub-
units (Fig. 4f).

To compare dentate gyrus levels of neuronal proliferation in ve-
hicle- and CBD-treated mice, we administered BrdU (100mg/kg) i.p.
during the drug-free period, and then counted the number of BrdU/
NeuN stained cells. To ascertain the effects of cocaine self-administra-
tion and CBD on neuronal proliferation, we also compared these cell
counts to those in a group of mice that received the CBD treatment in

the impli of muluple h I 1 h: in the same
observed effect, i the I profile of
CBD (Campos et al., 2012). Among those possible mechanisms, pre-
vious studies have pointed out the possibility of 5-HT14R agonism
(Marinho et al., 2015), CB1R modulation (Casarotto et al., 2010) and
increased cell proliferation and neurogenesis (Campos et al., 2013
Schiavon et al., 2016). In agreement with these previous studies, our
results show that the CBD dose able to produce anxiolytic effects in-
duced also neural proliferation and CB1R increments in cocaine-naive
mice.

Results from the object recognition test indicate that CBD increased
the discrimination index of the novel object, a behavioural correlate of
declarative memory (Cohen and Stackman, 2015). It is noteworthy that
previous studies using CBD have consistently observed similar cognitive
effects in the object recognition test but only under vulnerability con-
ditions such as amyloid-f aggregation (Cheng et al, 2014), previous
chronic A™tetrahydrocannabinol treatment (Murphy et al, 2017),
prenatal infection (Osborne et al., 2017) or new-born hypoxia-ischemia
(Pazos et al., 2012). To our knowledge, this is a first-time report of an
enhancing effect of CBD on object recognition discrimination index in
control, healthy animals. The reason by which other studies did not find
such cognitive effect under standard conditions may be elusive, but

between could explain these
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Fig. 4. CBD 20 mg/kg reduced striatal GluA1/2 ratio
and upregulated MAPK-CREB pathway activity in the
hippocampus when administered before each self-
administration session. (a) Schematic representation
of the behavioural procedures carried out. (b, ¢, d)
Westem blot analyses of CBIR, ERK/pERK and
CREB/pCREB in the hippocampus of mice treated
with vehicle or CBD (Tukey, *p < 0.05, **p < 0.01
vs vehicle) (n = 6). (¢) BDNF protein levels in the

(% of control)

Protein / Tubuline

divergences. For instance, Cheng et al. (2014) treated mice with CBD
20 mg/kg, but they prolonged treatment during 8 weeks, while con-
ducting behavioural testing, thus animals received larger amount of
CBD than m this srudy (20 mg/kg, 10 days) The capability of the

Delt binol to be stored in fat resuvolrs

hippocampus of CBD- and vehicle-treated animals,
measured by ELISA (Student's t, *p < 0.05 vs ve-
hicle) (vehicle, n = 6; CBD, n = 7). (f) Westem blot
analysis of striatal GluA1/2 ratio in mice treated with
vehicle or CBD (Tukey, *p < 0.05 vs vehicle)
(n=6). The numbers in the bars represent the
number of individuals in that group. The lower pa-
nels show

% f control)

Protein / Tubuline

of place p
memones (du Carvalho .md Takahashi, 2017), and facilitates extinction
of di d place (Parker et al., 2004).
There are no previous findings of a CBD treatment targeting the ac-
quisition of the learning association necessary for the induction of co-

and then released back into blood plasma, ing long-l;
plasma concentration levels (Gunasekaran et al., 2009), raises the
question of whether other phytocannabinoid compounds could build
steady state plasma concentrations as well. Consroe et al. (1991) de-
monstrated that CBD had an elimination half-life of 2-5 days after a
chronic treatment (10 mg/kg, 6 weeks) in humans and Gonzalez-Cuevas
et al. (2018) reported that CBD (15mg/kg) disappeared from brain
tissue before the third day after the CBD administration. Based on this
previous work, we consider that in our experiments CBD was metabo-
lized and eliminated from the organism before the behavioural tests,
although no ph ic tests were developed in this study.
Intriguingly, the anxiolytic and cognitive effects induced by CBD
were observed at the same drug dose, showing a similar dose-response
pharmacological profile. This issue raises the possibility for a linked
effect between both behavioural outcomes. Evidence shows that cog-
nitive tests performance can be related to anxiety-lik (for an

caine place ps meaning that across
studies are still limited to the leaming mechanisms potentially targeted
with CBD. Nonetheless, our results suggest that CBD can modulate
different learning mechamsms mquxred for cocaine-| mduced condi-
tioned place and
We observed that CBD certain

after repeated cocaine, while others remained unaltered. Thus, we
found that CBD does not affect cocaine behavioural sensitization in
contrast with previous studies showing attenuated amphetamine-in-
duced sensitization in rats (Renard et al., 2016). Note that, while we
administered CBD via the i.p. route, Renard et al. (2016) microinfused
CBD directly into the nucleus accumbens. CBD is known to have poor
bioavailability (Devinsky et al., 2014), which could explain why sys-
temic CBD administration results in weaker effects than intra-ac-
cumbens injections. However, given the lack of studies addressing the

extensive review see Moran, 2016 and Owens et al., 2014). A negative
correlation has been consistently reported between levels of anxiety
and cognitive performance. In our study, it could be argued that ve-
hicle-treated mice performed the novel object recognition in an ele-
vated anxiety-like state (performed under stressful condition in the
open field), thus showing a non-optimal cognmve performance. Given
that the CBD treatment showed efficient anxi ies, the im-

ive effects of CBD over cocaine-induced sensitization, it is still
nol possible to rule out the possibility that a drug-specific mechanism is
producing the differences between R\ nard's et al, (2016) and lhls study.
The lack of effect of an i i on the i
process is often interpreted as an indicator that such manipulation does
not modify the ability of the drug to interact with the mesolimbic do-
pammetgnc system (Berridge and Robinson, 2016). Our behavioural

proved cognitive performance of the CBD-treated group could be due (o
a lower anxiety state during testing. However, a specific

results after CBD treatment seem to agree with such
slaremem. Accordlngly. Wu and French (2000) demonstrated that

effect of CBD on both cognitive and anxiety-responses was not ad-
dressed in the present study and further studies are needed to clarify the
possible link between these effects.

4.2. CBD treatment effects on
and behavioural sensitization

d place

CBD 10 and 20 mg/kg reduced cocaine-induced rewarding effects in
the place digm. This effect is i

CBD had neither excitatory nor inhibitory
effects on recorded VTA neuronal activity
levels. Nevertheless, the lack of effect over the cocaine-induced actions
in the mesolimbic dopaminergic system would not impede CBD to in-
fluence cocaine's reinforcing potential by other pharmacological me-
chanisms. Although no specific experiments have been carried out to
elumdate the mechamsms by which CBD 10 and 20 mg/kg attenuated

di d place we present evidence
lha! the CBD treatment here used produced an increase of adult hip-

with previous findings showing that CBD (10mg/kg) disrupts

170

in both posed and -naive mice. In-
creases in adult hippocampal neurogenesis have been proposed as a
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Fig. 5. CBD 20mg/kg increased BrdU/NeuN double-labelling in the dentate gyrus of cocaine-naive and cocaine-consuming (0,75 mg/kg/inf) mice. (a) Confocal
sections of the dentate gyrus, showing immunofluorescence for the neuronal marker NeuN (cyan), the cell proliferation marker BrdU (purple), and its colocalization
(yellow). Three injections of BrdU 100 mg/kg were i.p. administered 24 h after the last fixed ratio 1 self-administration session (0,75 mg/kg/inf). The left panel

summarizes data represented as means * SEM of BrdU/NeuN double-labelled cells (n = 5). Scale ba

150 um. White arrows indicate representative cases of

BrdU/NeuN colocalization. (b) Confocal sections of the dentate gyrus, showing immunoflucrescence for doublecortin (green) and Hoechst (blue) in animals treated
with CBD or vehicle that underwent extinction and reinstatement of cocaine-seeking behaviour. Left panel summarizes data represented as means + SEM of
doublecortin-labelled cells (n = 4) (Student's ¢, “p < 0.05 vs vehicle). Scale bar = 150 jm. White arrows indicate representative cases of doublecortin positive
neurons. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

mechanism to mm),«m- cocaine-induced conditioned place preference
(Castilla-Ortegs I, 2016) by enhancing hippocampal plasticity
( 2015) and leading to beneficial changes in cortical-striatal
network function (Chambers, 2013).

4.3. CBD treatment modulation of cocaine intake, progressive ratio breaking
point and drug-induced reinstatement of cocaine-seeking behaviour

Previous studies have evaluated the efficacy of CBD to reduce co-
caine sukuu. with incongruent results (Gonzalez-( 1 1 )
Mahm 1., 2017). We show that CBD 20 mg/kg is able to reduce

cocaine l.lkm}\ under a fixed ratio 1 runﬁ)rumcm s(ht’duln Unlike
C 2018) and Mahm ( we ad-
mmmrwd (‘Ill) during the acquisition phmu of the self-. adnmmn.nunn
to evaluate the impact of this cannabinoid in the cocaine taking beha-
viour and found that it was indeed reduced. Measures of responding
under a fixed ratio 1 reinforcement schedule are considered a measure

of the motivational consummatory phase with unique neuropsycholo-
gical implications (Kelley et a 05), different from those of the ap-
prn\xmmon or “appetitive” phase (for an extensive review, see Robe

I, 2013). Within this theoretical framework, we remark the po-
vomml of CBD treatment to attenuate cocaine consummatory responses
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in subjects undergoing acquisition and stabilization of a compulsive
pattern of cocaine use.

While cocaine compulsive seeking was robustly reduced in a pro-
gressive ratio test, cocaine seeking under drug-relapse conditions re-
mained unaffected. Two possible explanations could justify these ap-
parent diserepancies. First, CBD-induced changes remained effective
only until the progressive ratio test. After that, CBD-associated neuro-
plasticity dis d or become i to i king beha-
viour, as observed in the rei session's A
second explanation arises considering the way to induce reinstatement.
In this case, reinstatement was accomplished after giving a cocaine
10mg/kg priming injection. Instead, Gonzalez-Cuevas et al. (2018)
demonstrated an attenuation of cocaine seeking using cue- and stress-
induced reinstatement procedures. In their study, drug-induced re-
instatement was not eValuated Note that the neurobiological circuitry
underlying drug-seek vary depending on the source
used to produce relapse (Bossert et al., 2013), what can explain the
difference between the negative findings of our study and the at-
tenuation of cue- and st induced reil in Gonzalez-Cuevas
et al. (2018). In summary, self-administration results do not seem to
point CBD as a new treatment for cocaine abuse. The CBD regime of
treatment used in this study did not attenuate cocaine reinstatement
and consequently, CBD seems not to represent a putative pharmacolo-
gical tool to tackle cocaine relapse in cocaine-abstinent subjects. Our
study support, however, that the CBD treatment here investigated could
be useful as an adjuvant medication in an agonist repl therapy
for cocaine dependence. Replacement therapies for cocame abuse have
been proposed during the last decade as an

Neuropharmacology 143 (2018) 163-175

4.4. CBD changes on CB1R and BDNF expression, MAPK/CREB pathway
phosphorylation and neural progenitor proliferation in the hippocampus of
cocaine self-administering animals

We wanted to identify the neuroplastic changs present in CBD-
treated, cocaine- ing animals. i neu-
rogenic proliferation appears to be a common consequence of cocaine
exposure (Deroche-Gamonet et al., 2018). Therefore, as no studies have
assessed adult hippocampal neurogenesis in CBD-treated, drug-exposed
mice, we wanted to test if the commonly observed reduction in hip-
pocampal neural proliferation would be attenuated by CBD. Indeed, we
observed an important increase of BrdU/NeuN staining in the dentate
gyrus of CBD-treated, cocaine-consuming mice. However, this increase
was not necessarily related to cocaine consumption, as cocaine-naive
mice did also express higher levels of BrdU/NeuN staining after CBD
treatment. The Iack nf interaction between CBD treatment and cocaine

If- in neural probably means
that CBD would not modulate the same mechanisms by which cocaine
intake depletes adul[ hlppocampa] ne\lrogenesls In this regard, various
drug-rel have been proposed, as oxi-
dative stress or mltochondnal dysfunction (Cunha-Oliveira et al,
2008). Instead, CBD shall increase adult hippocampal neurogenesis by
other means, probably by increasing CBIR neurotransmission in the
hippocampus as proposed (Campos et al., 2013). Moreover, we consider
that such mechanisms differed in its efficiency to modulate hippo-

campal neuronal proliferation, since CBD treatment produced a
stronger effect on BrdU/NeuN cell count changes than cocaine con-

strategy to manage cocaine addiction (Negus and Henningfield, 2015).
Although such strategies are neither validated nor approved, evidence
points for using alternative dopaminergic agents to reduce cocaine
craving underlying drug relapse (Czoty et al, 2012; Mariani et al.,
2012). In this sense, CBD could reduce the compulsive and escalating
intake patterns of replacement psychostimulants to cocaine. Therefore,
the protective effects of CBD here reported open the possibility of using
this phytocannabinoid to deal with the reinforcing potential of the re-
placement compound.

Based on the self-administration resul's we sugges: that the CBD

ption, as revealed in the statistical analysis. Accordingly to this
hypothesis, we found that CBD signi ly increased CBIR i
in the hippocampus, a receptor that positively regulates adult neuro-
genesis in this area (Prenderville et al., 2015). While it is not possible to
determine how CBD caused this increase, previous studies have re-
ported similar changes in CBIR ion after CBD i
(Ren et al., 2009; Viudez-Martinez et al., 2017). Even further, our data
showed higher ERK1/2 (MAPK) and CREB phosphorylation, and en-
hanced BDNF expression in CBD-treated mice, Congruently, activation
of CBIR is known to induce phosphorylation of the MAPK-CREB
pathway (Mallipeddi et al., 2017), which in tum facilitates gene ex-

actions do not seem directly modul:

in the mesocorticolimbic system. Based on Roberts et al. (2013) revision
of the issue, dopamine agents tend to oppositely modify cocaine intake
and cocaine seeking measures. That is, experimental manipulations that
directly interact with the dopamine system usually increase drug intake
while reduce approximation response (De Wit and Wise, 1977;
Depoortere et al., 1993; Hubner and Moreton, 1991; Yokel and Wise,
1975), or vice versa (Loh et L\l 1992; Roberts and Vickers, 1984).
However, other non-d logical i i

pression to cell (Ortega-Martinez, 2015) and
BDNF activity (Zhang et al., 2016). In line of this evidence, we propose
that CBD may increase CB1R expression in the hippocampus resulting
in an upregulation of the downstream MAPK/CREB pathway. Finally,
MAPK/CREB pathway upregulation would translate into greater gene
expression facilitation and BDNF concentration contributing to the in-
creased neural cell proliferation here observed by im-
munohtstochermsu’y

produce no clear between and -seeking
outcomes (Espaia et al., 2010; Lin et al., 2012; McGregor et al., 1993).
Given that CBD partially changed cocaine-taking and -seeking (as
‘measured in the progressive ratio test) in the same direction, our results
point out that the CBD effects observed here seem to be regulated by a

non-dopaminergic mechanism.
ind

ly, the complex pharmacology of CBD remains poorly
unders\nod. so any possible interpretation of data is likely to be in-
complete. For instance, we observe an increase in the number of dou-
blecortin-positive cells in the dentate gyrus of CBD-treated mice 24 h
after the reinstatement session, and this marker of neuronal differ-
entiation has been linked to attenuated cocaine-primed reinstatement
(Deschaux et al., 2014). However, in this study, increased neuronal

Even so, pharmacological treatments can alter cocais ed
mesolimbic maladaptations without directly interfering with the do-
pamine system (Loweth et al., 2014). AMPA receptor subunits redis-
tribution is fundamental to synaptic plasticity throughout extensive
brain areas for learning and memory functions. Furthermore, changes
in GluA1/2 ratio can be associated with addiction-like behaviours
(Wolf, 2016). In this line, previous studies have documented the ability
of CBD to modify AMPA mcepmr subunlls conformation m herom—
seeking rats (Ren et al., 2009), d its 1 po-

was not by lower cocaine-primed re-
instatement. Besides, we cannot rule out the possibility that non-en-
docannabinoid neurotransmitter systems participate in the observed
effects. The previous work of Zhang et al. (2016) showed that 5-HT1,R
activation also leads to CREB-mediated neurogenesis, such that CBD
could also exert its pro-neurogenic actions through 5-HT1,R activation
(Russo et al., 2005).

5. Conelusi

tential to reduce some drt ions. In
we also describe a reduction in striatal GluA1/2 AMPA receptor sub-
units ratio in CBD-treated, cocaine-consuming mice.

172

We prove that CBD reduces cocaine voluntary consumption and
progressive ratio breaking point in the self-administration paradigm,
but it has no effect on cocaine-induced reinstatement. We extend the
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compelling evidence supporting the pro-neurogenic properties of CBD
o cocaine consuming animals. Moreover, we describe a series of mo-
lecular changes after cocaine self-administration related to the pro-
neurogenic effects of CBD treatment. As prevmusly described, CBD in-
crease CBIR levels in the hi we d an
upregulation induced by CBD of hlppucampal MAPK/CREB pathway
paralleled with an increase of the neurotrophic factor BDNF expression.
Finally, we report a reduction in the striatal GluA1/2 AMPA receptor
subunit ratio in agreement to the attenuation of cocaine voluntary
consumption. The limitations of this study highlight the need to deepen
our understanding of CBD-induced neurobiological effects to fully un-
derstand the therapeutic potential actions of this phytocannabinoid.
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HIGHLIGHTS

® Social defeat stress induces a long-lasting increase in anxiety like behavior.

® Social defeat stress enhances rewarding properties of cocaine.

® Social defeat stress increase BDNF levels in prefrontal cortex.

® Oxytocin treatment favors the extinction of cocaine-associated memories.

® Oxytocin administration counteracts stress effect in anxiety and in BDNF levels,

ARTICLE INFO ABSTRACT

Keywards: ‘The neuropeptide oxytocin (OXT) plays a critical role in the regulation of social and emotional behaviors. OXT
Social defeat plays a role in stress response and in drug reward, but to date no studies have evaluated its implication in the
Oxytocin long-lasting increase of the motivational effects of cocaine induced by repeated social defeat (RSD). During the
Cocalne social defeat procedure, 1 mg/kg of OXT was administered 30 min before each episode of RSD. Three weeks after
e the last defeat, the effects of cocaine on th place (CPP), locomotor and the

self-administration (SA) paradigms were evaluated. The influence of OXT on the levels of BDNF in the prefrontal
cortex (PFC), striatum and hippocampus was also measured. Our results confirm that raising the levels of OXT
during social defeat stress can block the long-lasting effects of this type of stress. OXT counteracts the anxiety
induced by social defeat and modifies BDNF levels in all the structures we have studied. Moreover, OXT prevents
RSD-induced increases in the motivational effects of cocaine. Administration of OXT before each social defeat
blocked the social defeat-induced increment in the conditioned rewarding effects of cocaine in the CPP, favored
the extinction of cocaine-associated memories in both the CPP and SA, and decreased reinstatement of cocaine-
seeking behavior in the SA. In conclusion, the long-lasting effects of RSD are counteracted by administering OXT
prior to stress, and changes in BONF expression may underlie these protective effects.

Conditioned place preference

1. Introduction (PVN) of the hypothalamus. It innervates brain regions associated with
stress and reward, such as the amygdala, septum, nucleus accumbens

The neuropeptide oxytocin (OXT) plays a critical role in the reg- (NAc) and the bed nucleus of stria terminalis, where OXT receptors
ulation of social and emotional behaviors (Johnson and Young, 2017; (OXTR) are expressed (see Gimpl and Fahrenholz, 2001). OXT also
Neumann and Slattery, 2016). OXT is a nine-amino acid cyclic neuro- plays an important role in learning and memory processes related to the
peptide synthesized mainly in the supraoptic and paraventricular nuclei fear response, and OXT neurons are activated by a variety of stressful
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stimuli (Onaka et al., 2012).

Several studies suggest that OXT produces prosocial behaviors, fa-
cilitating approach activities by inhibiting systems involved in social
anxiety and defense (Heinrichs and Domes, 2008; Neumann et al.,
2000). i involving ini ion of OXT reveal
anxiolytic effects in humans (Kirsch, 2005; Petrovic et al., 2008) and
animals (Neumann and Slattery, 2016; Smith and Wang, 2014; Yoshida
et al., 2009), though anxiogenic reactions have also been described
(Eckstein et al., 2014; Grillon et al., 2013; Peters et al., 2014), fueling
the hypothesis that variables such as dose and ini ion context

Neuropharmacology 146 (2019) 50-64

2005). The relation between OXT and SD on the other hand is not clear
if current literature is consulted. Several studies indicate that SD does
not alter OXT release (Engelmann et al., 1999; Wotjak et al., 1996). In
line with this, Wang et al. (2018) observed that chronic SD reduced
levels of OXT and OXTR in the shell region of the NAc. However, intra-
NAc shell OXT microinjections reversed alterations in social behavior
induced by chronic SD, whereas injections of an OXTR antagonist
blocked these effects. Other studies have demonstrated that OXT ex-
pression in the PVN is enhanced after single social defeat or acute

ional stress (Ebner et al., 2000; Engelmann et al., 1999), and de-

modulate the effects of OXT. On the other hand, it is well established
that the OXT system is implicated in the homeostatic response to stress.
Animal studies have highlighted profound alterations of said system
after chronic administration of cocaine or following its withdrawal
(Georgiou et al., 2016), In addition, postmortem studies in humans
suffering from depression have revealed higher levels of OXT im-

ive neurons in the hypothal (Purba et al., 1996). Alto-
gether, these results indicate that OXT is a contributing factor to the
pathophysiology of mood and drug-related disorders.

Stress is one of the main risk factors for depression, anxiety or ad-
diction (Logrip et al., 2012; Sinha et al., 2011). The close association
between the brain systems involved in the response to drugs of abuse
and stress suggests environmental stressors can cause long-term
changes in the brain's reward system function, inducing relapses in
drug-seeking and -taking. The social defeat (SD) paradigm is considered
the most representative animal model for studying the consequences of
social stress (Hammels et al., 2015). The agonistic encounter between
conspecifics of the same specie models the subordinate vs. outsider
relation in human interactions (Selten et al, 2013; Tornatzky and
i , 1993). Numerous reports have proved that SD increases both

feated mice have been shown to display elevated levels of OXTR mRNA
levels in the lateral septum (Litvin et al., 2011). A recent report has
described stress-induced increases in the activation OXTR and produces
social withdrawal, while a single dose of OXT - either systemically or
within the bed nucleus of the stria terminalis - reverses this stress-in-
duced social avoidance in female mice (Duque-Wilckens et al., 2018).
These findings imply an until now unappreciated therapeutic potential
of OXT in stress-induced psychiatric disorders.

In line with this, there is strong evidence that OXT is a promising
therapeutic agent for the treatment of addiction disorders. It has been
hypothesized that there is an association between the oxytocinergic and
dopaminergic systems by which they regulate motivational behaviors
(Zanos et al, 2014). Central or peripheral administration of OXT
acutely increases DA utilization within the NAc, while chronic admin-
istration of OXT decreases DA utilization within the basal forebrain of
mice (Kovacs et al., 1986, 1990). In addition, there is strong evidence
that OXT plays a role in the rewarding effects of drugs of abuse. Studies
in humans show that cocaine use decreases plasma OXT levels (Light
et al,, 2004), and OXT administration decreases stress-induced craving
for marijuana (McRae-Clark et al, 2013) and alcohol withdrawal

cocaine self- (SA) and ine-induced place
preference (CPP). Increased acquisiti ivation and

to take cocaine have been repeatedly observed using SA paradigms
(Boyson et al., 2014; Covington and Miczek, 2001; Covington et al.,
2005; Han et al., 2017; Holly et al., 2016; Quadros and Miczek, 2009).
CPP studies have painted a similar picture, with SD inducing short- and
long-lasting increases in the conditioned rewarding effects of cocaine,
increasing the time needed to extinguish the preference and suscept-
ibility to reinstatement of said preference (Hymel et al., 2014;
McLaughlin et al., 2006; Montagud-Romero et al., 2016a and b; Land
et al., 2009; Reguilén et al., 2017; Rodriguez-Arias et al., 2016, 2017).

SD stress induces pronounced physiological and endocrine re-
sponses, such as elevated levels of corticosterone (Lumley et al., 2000;
Meerlo et al., 2002; Montagud-Romero et al., 2016b; Rodriguez-Arias
et al., 2017), and alterations in the levels of BDNF (Wang et al., 2018;
Xu et al., 2018). SD stress induces prolonged BDNF expression in the
ventral tegmental area (VTA) (Berton et al., 2006; Fanous et al., 2010;
Krishnan et al., 2007), and an enhanced expression of proBDNF in the
dentate gyrus (DG) and basolateral amygdala (BLA) in adult and ado-
lescent mice subjected to SD (Montagud-Romero et al., 2017). The di-
verse intracellular signaling pathways activated by BDNF may underlie
responses to drugs, stress, or mood disorders (Nikulina et al., 2014). For
example, increased BDNF levels within the mesolimbic dopamine (DA)
system are iated with the devel; of a ive-like phe-
notype (Nestler and Carlezon, 2006), and current evidence strongly
implicates BDNF-TrkB signaling in the response to clinically used an-
tidepressant drugs (for review see Bjirkholm and Monteggia, 2016). In
addition, alterations in mesocorticolimbic BDNF expression have been
associated with the abuse potential of many drugs (Fumagalli et al.,
2007; Le Foll et al., 2005; McGough, 2004; Meredith et al., 2002;
Numan et al., 1998).

SD stress activates the PVN OXT neurons and OXTR —expressing
neurons in various brain regions, facilitating SD posture during defeat
stress (Nasanbuyan et al., 2018). Recent research suggests that OXT
modulates the stress response via its action on the hypothalamic-pi-
tuitary-adrenal (HPA) axis (Lukas and Neumann, 2014; Parker et al.,

(Pedersen et al, 2013). Equally, in basic studies, OXT has
been shown to reduce ethanol SA in mice (King et al., 2017; MacFadyen
et al., 2016) and morphine tolerance and withdrawal effects (Sarnyai
and Kovdcs, 2014). With respect to psychostimulants, OXT blocks me-
thamph i ditioned beh (Qi et al,, 2009) and reduces
reinstatement of methamphetamine seeking (Baracz and Cornish, 2016;
Carson et al., 2010; Cox et al., 2013). Both central and peripheral OXT

ini: i ine-induced locomotor hyperactivity,
stereotypies (Kovacs et al.,, 1990; Sarnyai et al., 1990, 1991) and tol-
erance to stereotypies (Sarnyai et al,, 1992). Systemic OXT decreases
cocaine intake during SA, and prime or cue-induced reinstatement of
cocaine seeking (Leong et al., 2016, 2017; Sarnyai and Kovdcs, 1994;
Zhou et al.,, 2014),

Despite the clear role of OXT in the stress response and in the re-
warding effects of drugs, no studies to date have evaluated its role in
the long-lasting increase of the motivational effects of cocaine induced
by repeated social defeat (RSD). To respond to this gap in the literature,
we administered 1 mg/kg of OXT 30 min before each episode of SD and
three weeks after the last defeat, we evaluated the motivational effects
of cocaine in different paradigms, including the CPP, the locomotor
sensitization and the SA. Due to the pivotal role of BDNF in SD stress,
we have also evaluated the effect of OXT on the levels of this neuro-
trophin in the prefrontal cortex (PFC), striatum (STR) and hippocampus
(HIP) in socially defeated mice.

2. Material and methods
2.1. Animals

A total number of 240 OF1 adult mice (Charles River, France) were
used in this study. Experimental mice were housed in groups of four in
plastic cages (27 x 27 % 14 cm) during the entire experimental proce-
dure. Aggressive opponents were individually housed in plastic cages
(21 x 32 x 20 cm) for at least a month prior to the initiation of the
experiments in order to heighten aggression (Rodriguez-Arias et al.,
1998). All mice were housed under the following conditions: constant
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temperature; a reversed light schedule (white light on 8:00-20:00 h);
and food and water available ad libitum, except during behavioral tests.
All procedures were in with the of the
European Council Directive 2010/63/UE regulating animal research
and were approved by the local ethics committees of the University of
Valencia and the UPF/PRBB respectively.

2.2. Drugs

For pre-treatment Oxytocin (Sigma-Aldrich, Spain) was dissolved in
physiological saline (NaCl 0.9%) and injected intraperitoneally (i.p.) at
a dose of 1 mg/kg 30 min before each social defeat episode. For CPP
establishment, doses of 1mg/kg and 10mg/kg of cocaine hydro-
chloride (Alcaliber laboratory, Spain) were used. These doses of cocaine
were selected on the basis of previous CPP studies showing 1 mg/kg to
be a non-effective dose and 10 mg/kg to be an effective dose (A
et al., 2014; Montagud-Romero et al., 2014; Vidal-Infer et al., 2012).
For SA studies a non-effective dose of 0.5 mg/kg/infusion of cocaine
‘was used for the acquisition phase and a priming injection of 10 mg/kg,
i.p. to induce Alli.p. ions were adjusted in a
volume of 0.01 ml/g of body weight. Saline control groups (SAL) were
injected with physiological saline (NaCl 0.9%), which was also used to
dissolve cocaine.

2.3. Experimental design

The experimental design is depicted in Table 1,

Table 1. The first set of mice (CPP experiment) was composed of a
total of 96 animals that underwent an RSD/EXP protocol and whose
anxiety-like behavior was assessed three weeks later using the EPM.
Subsequently, the animals underwent CPP induced by 1mg/kg
(n = 45) or 10 mg/kg cocaine (n = 51). Finally, 10 days after extinc-
tion of the CPP induced by 1 mg/kg of cocaine, the locomotor sensiti-
zation protocol was performed.

The second set of mice (SA experiment) was composed of a total of
92 animals that underwent an RSD/EXP protocol. After 12-16 days, the
animals underwent surgery to implant a catheter for the cocaine SA
procedure. After three days of post-surgery recovery the SA protocol
took place.

The third set of mice (Brain samples) was composed of 20 animals
that underwent an RSD/EXP protocol and were sacrificed for brain
sampling three weeks later,

2.4. Apparatus and procedures

2.4.1. Procedure of social defeat

Each episode of SD consisted of three phases, which began by in-
troducing the “intruder” (the experimental animal) into the home cage
of the “resident” (the aggressive opponent) for 10 min (Tornatzky and
Miczek, 1993), During this initial phase, the intruder was protected
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from attack, but the wire mesh walls of the cage allowed for social
interaction and species-typical threats from the male aggressive re-
sident, thus leading to instigation and provocation (Covington and
Miczek, 2001). The wire mesh was then removed from the cage to allow
confrontation between the two animals for a 5-min period. In the third
phase, the wire mesh was returned to the cage to separate the two
animals once again for another 10 min to allow for social threats by the
resident. Intruder mice were exposed to a different aggressor mouse
during each episode of $D. The criterion used to define an animal as
defeated was the adoption of a specific posture signifying defeat,
characterized by an upright submissive position, limp forepaws, up-
wardly angled head, and retracted ears (Miczek et al., 1982; Rodriguez-
Arias et al.,, 1998). All agonistic encounters were videotaped to confirm
social defeat of the intruder mice and to perform an ethological analysis
of the attack behaviors (duration) of the resident mice. The exploration
groups followed the same protocol, but without the presence of “re-
sident” mice: the mouse was placed in a new cage enclosed with a wire
mesh for 10 min, after which the mesh was removed for 5 min and then
returned again for the 10 last minutes of each exploration session.

2.4.2. Elevated plus maze-EPM

The elevated plus maze (EPM) test was carried out essentially fol-
lowing the procedure described by Daza-Losada and cols. (2009). The
maze consisted of two open arms (30 x 5 x 0.25 cm) and two enclosed
arms (30 x 5 X 15em), and the junction of the four arms formed a
central platform (5 x 5cm). The floor of the maze was made of black
Plexiglas and the walls of the enclosed arms were made of clear
Plexiglas. The open arms had a small edge (0.25cm) to provide the
animals with additional grip. The entire was elevated 45 cm
above floor level. In order to facilitate adaptation, mice were trans-
ported to the dimly illuminated laboratory 1h prior to testing. At the
beginning of each trial, subjects were placed on the central platform so
that they were facing an open arm and were allowed to explore for
5min. The maze was thoroughly cleaned with a damp cloth after each
trial. The measurements recorded during the test period were number
of entries and time and percentage of time spent in each section of the
apparatus (open arms, closed arms, central platform). An arm was
considered to have been visited when the animal placed all four paws
on it. The time and percentage of time spent in the open arms and the
number of open arm entries are generally used to characterize the an-
xiolytic effects of drugs. In addition, the number of closed and total
entries indicates motor activity.

2.

Conditioned place preference-CPP

Place conditioning consisted of three phases and took place during
the dark cycle (Maldonado et al, 2006), following an unbiased proce-
dure in initial spontaneous preference terms (for a detailed explanation
of the procedure (see Daza-Losada et al., 2009). For place conditioning,
twelve identical Plexiglas boxes with a black and white equally sized
compartments (30.7 cm x 31.5¢cm x 34.5¢m) separated by a grey

Table 1
Experimental design.
1st set of mice CPP Social defeat / Exploration CPP (1 or 10 mg/kg cocaine) Locomotor
sensitization
1st  2nd  3rd 4th 3 weeks EPM Pre-C test Conditioning ~ Post-C test Induction Test
PND 47 50 53 56 76 777879 84
2nd set of mice SA Social defeat / Exploration Catheter Cocaine self-administration
st 20d 3 4th implantation Acquisition Extinction phase Reinstatement
phase
PND 47 50 53 56 6872 77-88 89114 17

3rd set of mice Social defeat / Exploration
Brain samples 1t 2nd 3rd dth
PND 47 50 53 56

Brain Samples
77
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central area (13.8cm x 31.5cm x 34.5em) and containing photo-
electric cells were used (Cibertec, S.A., Madrid, Spain). In brief, during
preconditioning (Pre-C), the time spent by the animal in each com-
partment over a 15-min period was recorded. Mice showing a strong
unconditioned aversion (less than 33% of the time spent in either
compartments) or preference (more than 67%) for any compartment
were excluded from the study.

In the second phase (conditioning), animals underwent two pairings
per day. First, they received an injection of physiological saline before
being confined to the vehicle-paired compartment for 30 min. After a 4-
h interval, they received cocaine immediately before being confined to
the drug-paired compartment for 30 min. In the third phase or post-
conditioning (Post-C), the time spent by the untreated mice in each
compartment during a 15-min observation period was recorded. The
difference in seconds between the time spent in the drug-paired com-
partment in the Post-C test and that spent in the Pre-C test is a measure
of the degree of conditioning induced by the drug. If this difference is
positive, then the drug is considered to have induced a preference for
the drug-paired compartment, whereas the opposite indicates induction
of an aversion.

All groups in which a preference for the drug-paired compartment
was established underwent an extinction session every 72h, which
consisted of placing mice in the apparatus for 15 min. This was repeated
until the time spent in the drug-paired compartment by each group was
similar to that of Pre-C.

The effects of non-contingent administration of a priming dose of
cocaine  were 24h  after i of incti
Reinstatement tests were the same as for Post-C (free ambulation for
15 min), except that mice were tested 15min after administration of the
drug (half of the dose used for conditioning). After this first reinstate-
ment test, the groups that demonstrated reinstatement—i.e. a positive
significant difference between the time spent in the drug-paired com-
partment in the reinstatement and last extinction tests—were retested
until a new extinction was confirmed. The following day, the effects of
the priming (a quarter of the dose used for conditioning) on reinstate-
ment of place preference were evaluated following the procedure de-
scribed previously. This procedure was repeated with progressively
lower priming doses until a non-effective priming injection was de-
termined.

2.4.4. Locomotor sensitization testing

Locomotor sensitization induced by cocaine was measured by
evaluating the movements of mice inside the cage by means of photo-
cell beam breaks. Ten days after extinction of the CPP in the group of
animals conditioned with 1mg/kg cocaine, mice were assigned to a
cocaine or saline condition and injected with a dose of 25 mg/kg per
day of either on three consecutive days in their home cages. After five
days with no treatment all mice were injected with 10mg/kg cocaine
and placed for the first time in the actimeter. Locomotor activity was
automatically measured by an actimeter (Cibertec S.A., Madrid, Spain)
consisting of eight cages (33 x 15 x 13 cm), each with eight infrared
lights located in a frame around the cage. In this apparatus, beams are
positioned on the horizontal axis 2 cm apart, at a height just above the
bottom of the cage (body level of mice). The different frames are placed
4cm apart and, since they are opaque, prevent animals from seeing
each other while allowing them to hear and smell conspecifics being
tested at the same time.

2.4.5. Operant cocaine self-administration

The SA experiments were carried out in mouse operant chambers
(Model ENV-307A-CT, Medical Associates, Cibertee S.A., Madrid,
Spain) containing two holes; one was defined as active and the other as
inactive. Nose-poking in the active hole produced a cocaine infusion
that was paired with two light stimuli, one placed inside the nose-poke
and the other above the active hole. Nose-poking in the inactive hole
had no consequences. The side on which active/inactive holes were
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placed were counterbalanced. The chambers were placed in sound- and
light-attenuated boxes retrofitted with fans to provide ventilation and
white noise.

Surgery for catheter implantation. The surgery to implant the in-
travenous catheter was performed as described previously (Soria et al.,
2008; Lopez-Arnau et al., 2017). Surgery was carried out in 24 animals
in the exploration/saline group (EXP-SAL), 25 animals in the repeated
social defeat/saline group (RSD-SAL), 19 animals in the exploration/
oxytocin group (EXP-OXT), and 24 in the repeated social defeat/oxy-
tocin group (RSD-OXT). In short, mice were anaesthetized with a
mixture of ketamine/xylazine (50 mg/ml, 10 mg/ml, administrated in a
volume of 0.15ml/10g) and then implanted with a jugular catheter.
Animals were treated with analgesic (meloxicam 0.5mg/kg; i.p., ad-
ministrated in a volume of 0.10ml/10 g body weight) and antibiotic
solution (Enrofloxacin 7.5 mg/kg; i.p., administrated in a volume of
0.03ml/10g body weight). After surgery, animals were housed in-
dividually, placed over electric blankets, and allowed to recover.

2.4.5.1. Acquisition. At least 3 days after surgery, animals were trained
(on a fixed ratio 1, FR1) to self-administer cocaine (0.5mg/kg per
infusion) during 10 daily sessions (2 h). Cocaine infusion of 20 ul was
delivered over 2s via a syringe collocated on a microinfusion pump
(PHM-100A, Med-Associates, Georgia, VT, USA), connected via Tygon
tubing (0.96 mm outer diameter, Portex Fine Bore Polythene Tubing,
Portex Limited, Kent, England) to a liquid swivel (375/25, Instech
Laboratories, Plymouth Meeting, PA, USA) and the intravenous
catheter. In order to avoid overdosing, mice received a maximum of
150 infusions, and each infusion was followed by a 15-s time-out period
in which no cocaine infusions were delivered. At the beginning of each
session, the house light was ON for 3s and OFF during the rest of the
experiment. The session started with a priming injection of cocaine and
a 4-s light cue situated above the active hole. The number of infusions
(responses during time in) in the active and the inactive hole were
counted. The criteria for the acquisition of a stable SA were: 5 or more
responses in the active hole; more than 65% of responses in the active
hole; and a stable response with less than 30% deviation from the mean
of the total number of cocaine infusions obtained on two consecutive
days (70% of stability).

2.4.5.2. Extinction. Only animals that fulfilled the acquisition criteria
underwent the extinction phase. In this phase, the experimental
conditions were the same as those in the acquisition phase, except
that the active hole produced no consequences and the stimulus light
was turned off. The number of extinction sessions varied depending on
each animal. The number of responses (during time in) in the active and
the inactive holes were counted. The extinction criteria were: less than
30% of active resp on the day of i ion during
the acquisition phase, and a stable response with less than 30%
deviation from the mean of the total number of responses obtained
on two consecutive days (70% of stability).

The patency of the intravenous catheters was evaluated at the end of
the first extinction session by infusion of 0.1 ml of tiobarbital (thio-
pental sodium; 5mg/ml; i.v.; B. Braun Medical, $.A. Rubi, Barcelona,
Spain). If signs of anesthesia did not appear within the first 3s, the
mouse was removed from the experiment.

2.4.5.3. Reinstatement. Only animals who fulfilled the extinction
criteria were subjected to the reinstatement phase. The day after
mouse met said criteria, reinstatement was induced by a priming
injection of cocaine (10 mg/kg; ip.). Immediately following cocaine
administration, the mouse was placed in the self-administration box to
initiate the reinstatement procedure. The number of responses (during
time in) in the active- and the inactive hole were counted. The
reinstatement session was identical to the acquisition sessions, only
that animals did not receive the drug infusions.
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2.4.6. Sample collection and BDNF quantification

Five animals per group - exploration/saline (EXP-SAL), repeated
social defeat/saline (RSD-SAL), exploration/oxytocin (EXP-OXT) and
repeated social defeat/oxytocin (RSD-OXT) groups - were sacrificed by
cervical dislocation. The brains were immediately removed from the
skull and placed on a cold plaque. Cerebellum and olfactory bulbs were
eliminated, and the different brain areas of interest were dissected
(medial PFC, STR and HIP). Brain tissues samples were stored im-
mediately at —80°C until the BDNF assay was performed. Samples
were homogenized in cold lysis buffer (NaCl 0.15M, EDTA 0.001 M,
Tris pH 7.4 0.05M, 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). For BDNF quantification, the sandwich-
style ELISA using the Emax ImmunoAssay System (Promega, Madrid,
Spain) was performed according to the manufacturer’s instructions. The
protein concentration of each sample was evaluated using the DC
Protein Assay (Biorad, Madrid, Spain) to determine the number of pi-
cograms of BDNF per 100 mg of protein.

2.5. Statistical analyses

For the CPP induced by 1mg/kg of cocaine, the time spent in the
drug-paired compartment was analyzed using an ANOVA with a be-
tween-subjects variable— Treatment, with four levels (SAL-EXP, SAL-
RSD, OXT-EXP and OXT-RSD)—and a within-subjects variable—Days,
with two levels (Pre-C and Post-C). For the 10 mg/kg cocaine CPP, the
data was analyzed with a three-way ANOVA with two between-subjects
variables— Treatment, with two levels (SAL and OXT) — and Stress,
with two levels (RSD and EXP) and a within-subjects variable—Days,
with two levels (Pre-C and Post-C). In the groups showing CPP, ex-
tinction and reinstatement values were analyzed by a Student's t-test.
The time required for the preference to be extinguished in each animal
was analyzed by means of the Kaplan-Meier test with Breslow (gen-
eralized Wilcoxon) comparisons when appropriate (Daza-Losada et al.,
2009). Although the mean of the group as a whole determined the day
on which extinction was considered to have been achieved, preference
‘was considered to be extinguished when a mouse spent 380 s or less in
the drug-paired compartment on two consecutive days. We chose this
time based on the values of all the Pre-C tests performed in the study
(mean = 370s). When the preference was not extinguished in an an-
imal, it was assigned the number of days required for extinction for the
group as a whole.

Data from the locomotor sensitization test were analyzed using a
two-way ANOVA with two between-subjects variables - Treatment with
four levels (SAL-EXP, SAL-RSD, OXT-EXP and OXT-RSD) - and
Induction-treatment, with two levels (Saline and Cocaine). For the
analysis of the EPM data a one-way ANOVA with a between-subjects
variable— Treatment, with four levels (SAL-EXP, SAL-RSD, OXT-EXP
and OXT-RSD) was performed. For the analysis of the data of intruder
and resident behavior during social defeat a one-way ANOVA with a
between-subjects variable— Treatment, with two levels (SAL-RSD and
OXT-RSD) - was performed. In all cases, subsequent post-hoc compar-
isons were performed using the Bonferroni test. Data from the BDNF
levels were analyzed using a two-way ANOVA with Treatment and
Stress as independent factors, and the concentration of BDNF as the
dependent variable.

Data from the acquisition of cocaine SA were analyzed using a four-
‘way ANOVA with Treatment (SAL and OXT) and Stress (RSD and EXP)
as between-subjects variables and Hole (Active or Inactive) and Days as
within-subjects variables. For the extinction and reinstatement phases,
‘we compared the responses obtained on the first inction day, last
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Treatment and Stress. For the analysis of the percentages of acquisition,
extinction and reinstatement respectively, chi-squared tests were cal-
culated. Subsequent posthoc analyses were performed when they
corresponded using the Bonferroni test.

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.

3. Results

3.1. Oxytocin does not decrease the behavioral response of resident mice
during social defeat

‘The ANOVA performed for the intruder mice's behavior data during
the first episode of social defeat did not reveal any significant effects. In
contrast, the analysis of the fourth social defeat revealed an effect of the
variable Treatment [F (2,13) = 4.626; p = 0.03], and the post-hoe
analysis showed that oxytocin-treated mice spent less time in avoidance
behavior (p = 0.007) than animals injected with saline.

With respect to the behavior of resident mice, the ANOVA of the
first defeat data did not reveal any significant effect of the variable
Treatment, while the analysis of the fourth social defeat did show such
an effect [F (2,13) = 14.525; p < 0.001]. Post-hoc analysis revealed
that resident mice confronted with animals pretreated with oxytocin
spent more time engaged in threat behavior (p < 0.001) but had a
tendency to spend less time in attack (p = 0.061) (See Table 2).

Table 2. Oxytocin does not decrease the behavioral response of re-
sident mice during social defeat (n = 8). Data are presented as mean of
time in seconds (s). = S.EM. Bonferroni test **p < 0.01;
***p < 0.001 significant difference with respect to the corresponding
saline group.

3.2. Oxytocin prevents the long-term anxiogenic effects of repeated social
defeat

The data of the EPM test are presented in Table 3. The ANOVA of
the time spent in the open arms [F (3,52) = 8.126; p < 0.01]; per-
centage of time spent in the open arms [F (3,52) = 6.553; p < 0.001];
percentage of entries into the open arms [(3,52) = 2.782; p = 0.05];
number of entries into the closed arms [(3,52) = 9.158; p < 0.01]
revealed a significant effect of the variable Treatment. Post-hoe ana-
lyses showed that socially defeated animals pretreated with saline spent
less time and a lower percentage of time in the open arms than animals
in any of the exploration groups (p < 0.001), and socially defeated
animals pretreated with OXT (p < 0.05). A lower percentage of entries
into the open arms was registered in socially defeated animals pre-
treated with saline compared with defeated animals pretreated with
oxytocin (p < 0.05). On the other hand, secially defeated animals
under saline treatment performed a higher number of entries into the
closed arms than the rest of the groups (p < 0.001).

Table 3. Administration of oxytocin before each social defeat pre-

extinction day and day of reinstatement. For this comparison, a four-
way ANOVA was calculated using the same variables. For the result of
total cocaine intake during acquisition, the day of acquisition and the
day of extinction, two-way ANOVAs were calculated using the variables

vents the long-lasting anxiogenic effect in the EPM (SAL-EXP n = 15;
SAL-RSD n = 15; OXT-EXP n = 14; OXT-RSD n = 12). Data are
Table 2
Behavior of resident and intruder mice during 5-min agonistic encounters.
Social Defeat Saline treated Oxytocin treated
1st 4st 1st 4th
Intnuder mice
Avoidance (s) 16 = 3 25+3 155 10 £ 2**
ission (s) 58 + 10 74 £ 12 68 + 8 51 + 14
Resident mice
Threat (s) 9+3 52 9+3 16 + 2 ***
Atack (s) 29+6 28+5 2% 7 15 + 4
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Table 3
Long term effects of RSD on anxiety like behavior.
SALEXP  SALRSD OXT-EXP  OXT-RSD
Time in OA 89+ 8 42 = 54 61+ 2 68 %9
9%Time OA 34 +3 17 % 204 331 28 %4
9%Entries OA 35+3 25 = 5+ 37 %1 42+ 4
Closed entries 37 + 7 81 £ 13" 44+ 312 3224

presented as mean values of time in seconds (s). = S.E.M. Bonferroni
test ***p < 0.001 signi! i from d control
groups (SAL-EXP and OXT-EXP); + p < 0.05, +++ p < 0.0001
significant difference with respect to RSD animals treated with OXT
(OXT-RSD).

3.3. Oxytocin modifies the expression of BDNF in the prefrontal cortex,
striatum and hippocampus of treated mice

A two-way ANOVA of BDNF levels in the PFC revealed an effect of
the variable Treatment [F (1,20) = 9.006; p < 0.01] and the interac-
tion between Treatment and Stress [F (1,20) = 8.063; p < 0.05] (see
Fig. 1A). A Bonferroni post-hoc test revealed a lower expression of
BDNF in RSD-OXT vs. RSD-SAL mice (p < 0.01). In STR, a two-way
ANOVA showed an effect of Treatment [F (1,20) = 13.647; p < 0.01]
and Stress [F (1,20) = 8.63% p < 0.01], but no signif i i
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(1,21) = 5.702; p < 0.05] (see Fig. 1C). The post-hoc analysis shows
that the levels of BDNF were higher in the RSD-OXT group compared
with the EXP-SAL (p < 0.001); RSD-SAL (p < 0.001) and EXP-OXT
groups (p < 0.01), respectively.

3.4. Oxytocin blocks the increase in the conditioned rewarding effects of a
subthreshold dose of cocaine (1 mg/kg) induced by social defeat stress

The ANOVA of the CPP data (see Fig. 2) showed a significant effect
of the interaction Days and Treatment [F (3,50) = 3.930; p = 0.014].
As expected, socially defeated animals pretreated with saline (SAL-RSD)
developed CPP, since they spent more time in the drug-paired com-
partment in the Post-C than in the Pre-C test (p < 0.001). This place
preference was not developed in defeated mice pre-treated with oxy-
tocin (OXT-RSD).

3.5. Oxytocin decreases the number of sessions required to extinguish the
place preference induced by 10 mg/kg cocaine in both stressed and non-
stressed animals

The ANOVA of the CPP induced by 10mg/kg of cocaine (see Fig. 3)
showed a significant effect of the variable Days [F (1,47) = 50.898;
p < 0.001]. Post-hoc comparisons showed that all groups developed a
significant preference for the drug-paired compartment after being
iti with 10 mg/kg of cocaine.

between the two factors (see Fig. 1B). The effect of Treatment observed
demonstrates that animals who received OXT expressed higher BDNF
levels than those treated with saline in this brain area. The Stress effect
reveals higher levels of BDNF in the STR in animals that experienced
RSD vs. EXP. In the HIP, two-way ANOVA of BDNF levels indicated an
effect of Treatment [F (1,21) = 20.647; p < 0.001], Stress [F
(1,21) = 8.281; p < 0.01] and the interaction between these factors [F
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All groups were subjected to CPP extinction sessions, and the
Kaplan-Meier analysis revealed that more time was required to achieve
extinction in the SAL-RSD (17 sessions) than in those treated with
oxytocin OXT-RSD (x2 = 6.667; p = 0.01) (9 sessions) or OXT-EXP
(%2 = 6.418; p = 0.011) (9 sessions) (see Fig. 4). Reinstatement of the
preference after a priming dose of 5 mg/kg of cocaine was achieved in
both saline groups - SAL-EXP and SAL-RSD (p < 0.05) - and in socially

Fig. 1. Effects of RSD and/or OXT treatment on
BDNF levels. Mean of BDNF levels (pg/100 mg
protein) in (A) PFC, (B) STR and (C) HIP. Two-way
ANOVA and subsequent Bonferroni post-hoc test.
*%p < 0.01, versus EXP-OXT group. **p < 0.01,
***p < 0.001, versus RSD-SAL group. +p < 0.001
versus EXP-SAL group. Data are expressed as mean of
BDNF (pg/100 mg protein) + S.EM. (n = 5).
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SALINE OXYTOCIN

Fig. 2. Administration of oxytocin before each social defeat episode blocked acquisition of the CPP induced by 1 mg/kg of cocaine in defeated miee. Before
the social stress protocol animals were randomly assigned to the following groups according to treatment: saline (SAL-EXP n= 14; SAL-RSD n =15); Oxytocin 1mg/kg
(OXT-EXP n=12; OXT-RSD n=13). The bars represent the time (s) spent in the drug-p befo ing sessions in the PRE-C test (white bars),
and after conditioning sessions in the POST-C test (dark grey bars). Data are presented as mean values + S.E.M. Bonferroni's test *p < 0.05 significant difference in
the time spent in the drug-paired compartment versus PRE-C.

CPP induced by 10 mg/kg cocaine OPRE-C WPOST-C
DEXTINGT WREINSTS
.
550 DEXTINCT WREINST2.5

Time (5) in the drug-paired compartment

Fig. 3. Administration of oxytocin before each social defeat does not affect acquisition of the CPP induced by 10 mg/kg of cocaine, Before the social stress
protocol animals were randomly assigned to one of the following groups according to the pre-treatment they received: saline (SAL-EXP n = 14; SAL-RSD n = 12); or
Oxytocin 1 mg/kg (OXT-EXP n = 12; OXT-RSD n = 13). The bars represent the time (s) spent in the drug-paired before conditioning sessions in the
PRE-C test (white bars), and after conditioning sessions in the POST-C test (dark grey bars). Data presented as mean values = S.E.M. Bonferroni's test *p < 0.05;
**p < 0.01; ***p < 0.001 significant difference in the time spent in the drug-paired compartment versus PRE-C.
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Fig. 4. Effect of oxytocin administration before each social defeat on the
number of sessions needed to extinguish the preference induced by
10 mg/kg of cocaine. White bars represent the preference induced by 10 mg/
kg cocaine while grey bars represent the preference reinstated with a priming
dose of 5 mg/kg cocaine. p < 0.05 significant difference in the number of
extinction sessions versus the oxytocin (OXT) groups. Bonferroni's test
###p < 0.001 significant difference in the number of extinctions sessions
versus saline (SAL) groups.

defeated animals pretreated with oxytocin OXT-RSD (p < 0.001). No
reinstatement was observed in non-stressed mice treated with oxytocin
(SAL-EXP). Again, differences were observed in the time needed to
extinguish this preference, since the OXT-RSD group required less ex-
tinction sessions (2 sessions) than the SAL-EXP (x2=10.193;
p =0.001) (8 sessions) and SAL-RSD (x2 = 10.111; p = 0.001) (6
sessions) groups.

3.6. Oxytocin reduces the increased cocaine locomotor sensitization induced
by social defeat stress

Fig. 5 displays the scores during the first 10 min of induced motor
activity in animals after a motor sensitization protocol. The ANOVA
revealed an effect of the variables Treatment [F (3,50) = 4.111;
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p < 0.01] and Induction-treatment [F (1,50) = 38.854; p < 0.001].
Post-hoc analyses showed that animals treated with cocaine during the
induction phase (C-SAL-EXP, C-SAL-RSD, C-OXT-EXP, and C-OXT-RSD)
were more reactive to a challenge dose of 5mg/kg than those treated
with saline (S-SAL-EXP, S-SAL-RSD, S-OXT-EXP, and S-OXT-RSD)
(p < 0.001). Additionally, RSD induced cross-sensitization to cocaine,
since saline defeated animals (S-SAL-RSD) exhibited higher levels of
motor activity than their non-stressed counterparts (S-SAL-EXP)
(p < 0.05), an effect that was not registered in defeated animals pre-
treated with oxytocin (see Fig. 5).

3.7. Repeated social defeat increases cocaine intake in the acquisition phase
of cocaine self-administration

Following the criteria of acquisition, the percentage of mice that
acquired cocaine self-administration behavior was 47.8% for EXP-SAL
(n = 23), 47.6% for RSD-SAL (n = 21), 41.2% for EXP-OXT (n = 17)
and 45% for RSD-OXT (n = 20). Chi-squared analysis showed no sig-
nificant differences between the groups (¥2 = 0.217; p > 0.05). A
two-way ANOVA of total cocaine intake (see Fig. 6A) showed a main
effect of Stress [F (1,33) = 4.604; p < 0.05], indicating that mice ex-
posed to RSD consumed more cocaine than non-stressed mice. In rela-
tion to the day of acquisition (see Fig. 6B), the two-way ANOVA showed
no significant differences between groups. The cocaine infusions re-
ceived throughout the acquisition phase (Fig. 6C) were calculated by
means of a four-way ANOVA (Treatment, Stress, Days and Holes as
factors of variations), revealing a main effect of Days [F
(9,297) = 3.538; p < 0.001], Hole [F (1,33) = 32.630; p < 0.001], a
tendency for Stress factor [F (1,33) = 3.725; p = 0.062]; interaction
between Hole and Stress [F (1,33) = 5.428; p < 0.05] and Hole and
Days [F (9,297) = 4.941; p < 0.001]; and a tendency between Days
and Stress [F (9,297) = 1.893; p = 0.053]. Finally, we obtained an
interaction between Days, Hole and Stress [F (9,297) = 2.263,
p < 0.05]. Bonferroni post-hoc analysis revealed that animals exposed
to RSD engaged in a higher number of active infusions than non-
stressed mice (p < 0.05). Bonferroni's post-hoc analysis of Hole and
Days showed that RSD mice were capable of discriminating between the
holes from the first day of acquisition until day 10, (p < 0.05, in all the
cases), whereas non-stressed mice discriminated only on days 3, 4, 5, 6,
8 and 9 (p < 0.05, in all the cases). Additionally, the results showed
that mice exposed to RSD performed more active infusions than non-

4000 Fig. 5. Administration of 1mg/kg of oxytocin
Hoxx before each social defeat blocks the increased
locomotor sensitization to cocaine induced by
3500 social defeat stress. During the induction phase,
half of the animals in each group received pretreat-
3000 | *x * ment with saline (S) (S-SAL-EXP n = 8; S-SAL-RSD
n = 8; S-OXT-EXP n = 6; S-OXT-RSD n = 6) and the
® * other half received 25 mg/kg cocaine per day (C) (C-
S 2500 SAL-EXP n = 9; C-SAL-RSD n = 8 C-OXT-EXP
8 n = 7; C-OXT-RSD n = 6) on three consecutive days.
3 # Data presented as mean values = S.E.M. during the
§ 2000 first 10-min period of locomotor activity in photocell
K] counts. Bonferronis test * p < 005, **p < 0.01,
* 1500 4 **4p < 0.001 significant difference with the cor-
responding saline induction (S) group; #p < 0.001
significant difference with respect to the corre

1000 sponding Exploration (EXP) group.

500 1
0
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Mean acquisition day

-0~ EXP-SAL Active Hole
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Fig. 6. Effects of RSD and/or OXT on

behavior. (A) Mean of total cocaine intake (mg cocaine/kg mice)

throughout the 10 days of the acquisition phase (2 h per session). (B) Mean of days needed to acquire self-administration behavior. (C) Mean number of infusions in
the active/inactive hole during the 10-day acquisition phase (2 h per session). Four-way ANOVA and Bonferroni's post-hoc test. xp < 0.05, Stress effect on active
responses. +p < 0.05, ++p < 0.01, +++p < 0.001, discrimination between active/inactive holes among RSD mice. *p < 0.05,**p < 0.01, discrimination
between active/inactive holes among EXP mice. Data are expressed as mean + S.EM. (n = 7 to 11).

stressed mice on day 6 (p < 0.05). No effect of OXT treatment was
observed.

3.8. Oxytocin administration reduces the number of days needed to
extinguish cocaine seeking-behavior and reverses the cocaine-seeking
induced by repeated social defeat after a cocaine priming

The percentage of mice in which self-administration behavior was
extinguished did not differ between groups (x2 = 2.091; p > 0.05):
72.7% (EXP-SAL, n = 11), 70% (RSD-SAL, n = 10), 57.1% (EXP-OXT,
n =7) and 88.9% (RSD-OXT, n = 9). A two-way ANOVA of day of
extinction (see Fig. 7A) demonstrated an effect of Treatment [F
(1,23) = 15.468; p < 0.01], a tendency for Stress [F (1,23) = 3.942;
p=0.059] and an interaction between Treatment and Stress [F
(1,23) = 6.853; p < 0.05]. Bonferroni's post-hoc test revealed that
mice in the EXP-OXT group needed fewer days for cocaine-seeking
behavior to be extinguished than the EXP-SAL (p < 0.001) and RSD-
OXT groups (p < 0.01). To compare behaviors during the First Ex-
tinction Day, the Last Extinction Day and the Reinstatement Day (see
Fig. 7B), a four-way ANOVA was performed and showed an effect of
Days [F (2,46) = 9.906, p < 0.001] and Hole [F (1,23) = 27.139;
p < 0.001], and interactions between Days and Stress [F
(2,46) = 3.194; p < 0.05], Hole and Days [F (2,46) = 10.938;
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p < 0.001], Days, Treatment and Stress [F (2,46) = 4.541;p < 0.05],
Hole, Treatment and Stress [F (1,23) = 6.861; p < 0.05], Days, Hole
and Stress [F (2,46) = 3.565; p < 0.05] and between all the factors
(Days, Hole, Treatment and Stress) [F (2,46) = 3.390; p < 0.05]. The
Days effect revealed a lower number of responses during the Last Ex-
tinction Day in comparison with the First Extinction Day (p < 0.001)
and an i d number of on the Rei Day in
comparison with the Last Extinction Day (p < 0.01). The Hole effect
showed active responses were stronger than inactive responses
(p < 0.001). Bonferroni's post-hoc analysis of Stress and Days de-
monstrated that both groups exhibited more responses during the First
Extinction Day than the Last Extinction Day (p < 0.01 in both cases).
The interaction Days and Hole showed that animals displayed more
active responses during the First Extinction Day than on the Last Ex-
tinction Day (p < 0.01) and more active responses on the Reinstate-
ment Day versus the Last Extinction Day (p < 0.01). This interaction
also highlighted a discrimination between holes on all the days eval-
uated (First Extinction Day p < 0.001, Last Extinction Day p < 0.05
and Reinstatement Day p < 0.001). Interaction of Treatment, Stress
and Days revealed a higher response in the RSD-OXT group in com-
parison with the RSD-SAL group during the Last Extinction Day
(p < 0.05) and more responses in the RSD-SAL group than in the EXP-
SAL group during the Reinstatement Day (p < 0.01). Moreover, EXP-
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Fig. 7. Effects of RSD and/or OXT on the and of cocaine behavior, (A) Mean of days needed to
extinguish cocaine seeking-behavior. Two-way ANOVA and Bonferroni's post hoc test. ***p < 0.001, effect of Treatment in EXP mice. % %p < 0.01, effect of Stress
in animals treated with oxytocin. (B) Mean of responses in the active/inactive hole during the First Extinction Day, the Last Extinction Day and the Day of

i Four-way ANOVA and i's post-hoc test. *p < 0.05,**p < 0.01,***p < 0.001 discrimination between active/inactive holes. *p < 0.05,
*%%p < 0.001, active responses on the Last Extinction Day vs. active responses on the First Extinction Day. $$8p < 0.001, active responses on the Reinstatement
Day vs. active responses on the Last Extinction Day. +p < 0.05, active responses on Reinstatement Day vs. active responses on the First Extinction Day. a
(p < 0.05), effect of Treatment on the active responses of defeated mice during the First Extinction Day (a; p < 0.05), the Last extinction Day (b p < 0.05) and
Reinstatement Day (¢; p < 0.05). dd (p < 0.01), Stress effect on the active responses of mice treated with saline during Reinstatement Day. Data are expressed as

mean * SEM. (n = 4 to B).

SAL(p < 0.01) and RSD-SAL (p < 0.001) groups exhibited decreased
responses on the Last Extinction Day compared with the first extinction
day. However, only the RSD-SAL group displayed significantly in-
creased on the Reij Day d with the Last
Extinction Day (p < 0.001). Interaction between Treatment, Stress and
Hole was stronger in the RSD-SAL group compared with EXP-SAL
(p < 0.01) and RSD-OXT (p < 0.05) groups. This interaction also
highlighted discrimination between holes by the RSD-SAL (p < 0.001)
and EXP-OXT (p < 0.05) groups. There was a decrease in the inter-
action between Stress, Days and Hole during the Last Extinction Day in
comparison with the First Day of Extinction, independently of the Stress
experience. This interaction also shows that RSD mice displayed a
preference for the active hole during the First Extinction Day
(p < 0.01), Last Extinction Day (p < 0.05) and Reinstatement Day
(p < 0.001), while in the EXP groups, this preference was evident only
an the First Day of Extinction (p < 0.05). Bonferroni's post-hoc test of
all the factors revealed more active responses on Reinstatement Day
among RSD-SAL mice than in the EXP-SAL group (p < 0.01), deman-
strating that RSD increased cocaine seeking-behavior during the re-
instatement phase. We also observed a significant decrease of active
responses in the EXP-SAL (p < 0.05) and RSD-SAL groups (p < 0.001)
on the Last Extinction Day in comparison with the First Extinction Day.
In addition, the interaction between all factors on Reinstatement day

was more pronounced in RSD-SAL mice than in the EXP-SAL group
(p < 0.01), suggesting that RSD increased vulnerability to the re-
instatement of cocaine-seeking. Moreover, the RSD-SAL group was the
only one capable of discriminating between holes during the day of
reinstatement (p < 0.001), and the only one in which the number of
active resp was significantly higher on Rei Day com-
pared with the Last Extinction Day (p < 0.05) and even with the First
Extinction Day (p < 0.05). This result means that the RSD-SAL group
was the only one in which cocaine-seeking behavior was reinstated
after an i.p cocaine priming. Ultimately, RSD-OXT mice performed
stronger responses than the RSD-SAL group during the Last Day of
Extinction (p < 0.05). However, the RSD-OXT group showed weaker
responses on the First Day of Extinction (p < 0.05) and on Reinstate-
ment Day (p < 0.05) than their RSD-SAL counterparts, suggesting that
OXT treatment decreased the vulnerability to reinstate cocaine-seeking
induced by RSD.

4. Discussion

Our results confirm that elevated levels of OXT when experiencing
social defeat stress can block the long-lasting effects of this type of
stress. OXT counteracts the anxiety induced by RSD and modifies BDNF
levels in all the structures studied. RSD induced increases in the
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motivational effects of cocaine. Administration of OXT before each SD
prevented RSD-induced increases in the conditioned rewarding effects
of cocaine in the CPP, favored the extinction of cocaine-associated
memories in both the CPP and SA paradigms, and decreased re-
instatement of cocaine-seeking behavior in the SA.

Firstly, as the animals experienced the four SD episodes under the
effect of OXT, it was necessary to confirm that the mice were actually
socially defeated. The ethological analysis of the social encounter
showed that resident mice threatened and attacked both OXT- and
saline-treated mice to the same extent. Even more threats were ob-
served during the last social encounter when the residents were con-
fronted with mice treated with OXT. On the other hand, the intruder
mice treated with OXT displayed less avoidance behavior during the
last social defeat episode. In spite of these differences, we can conclude
that OXT-treated mice experience similar SD to saline-treated coun-
terparts, exhibiting similar behaviors to those observed in previous
reports (Montagud-Romero et al., 2017).

It is well known that SD induces a clear anxiogenic effect
(Albrechet-Souza et al., 2017; Macedo et al., 2018), which is completely
blocked by OXT administration. Although data are controversial (for
example, Grippo et al., 2012), many studies indicate that OXT exerts an
anxiolytic effect in both sexes and even in aged rats (Balmus et al.,
2018; Waldherr and Neumann, 2007). However, we did not observe
any OXT effect on non-stressed mice. On the other hand, acute or
chronic administration of OXT reduces anxiety-related behavior in
stressed rodents (Ring et al., 2006; Slattery and Neumann, 20105
‘Windle et al., 1997). In agreement with our results, Lukas et al. (2011)
showed that the loss of social p and social avoid: in re-
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response (Bjorkholm and Monteggia, 2016).

Although both are related to stress response, acute social stress has
been shown to induce DNA methylation in OXTR but not in the BDNF
gene (Unternaehrer et al., 2012). Emotional contagion-resistant mice -
characterized by reduced sociability - display elevated concentrations
of OXT but a reduced density of TrkB receptors in brain areas relevant
to behavior (Laviola et al., 2017). Havranek et al. (2015) demonstrated
that administration of OXT to the lateral ventricle of rats induces a
significant increase of mRNA and protein levels of BDNF in the HIP.
Additionally, Dayi et al. (2015) reported that administration of OXT to
stressed animals increased the expression of BDNF in the HIP. In this
way, the amelioration of the effects of stress appears to be related to an
increase of BONF. All of this evidence suggests that OXT exerts anxio-
lytie and effects and d the stress response by
modulating the CRF-HPA axis (Baracz et al., 2018). Our results de-
monstrate that OXT treatment increases BDNF levels in the STR and
HIP; however, this increase is higher in defeated animals, suggesting
that OXT exerts an like effect by the stress
response. In contrast with previous reports, we did not observe an in-
crease in BDNF levels in the PFC after OXT treatment; in fact, the op-
posite was observed, suggesting that alternative mechanisms are in-
volved in such an interaction.

The CPP paradigm evaluates the conditioned motivational proper-
ties of drugs (Tzschentke, 2007), and is also used to test the reinstate-
ment of drug-seeking after extinction (Aguilar et al, 2009). In ac-
cordance with previous reports, socially defeated mice underwent a
long-lasting increase in the conditioned rewarding effects of cocaine,

sponse to a single SD could be restored by intracerebroventricular in-
fusion of OXT 20 min before the social preference test. In this sense, our
results demonstrate that OXT administration before social stress can
diminish the long-lasting increase in anxiety observed in defeated ani-
mals.

Numerous reports show that SD stress induces prolonged BDNF
expression in the VTA and NAc, which have been associated with de-
pressive-like symptoms (Berton et al, 2006; Fanous et al., 2010;
Krishnan et al., 2007; Nikulina et al., 2012), although Miczek et al.
(2011) observed an increase in tegmental BDNF in episodically defeated
rats, whereas continuously subordinate rats showed suppressed BDNF
levels. In the HIP, a reduction, an increase or a lack of changes after
exposure to SD have been reported (Coppens et al., 2011; Duclot and
Kabbaj., 2013; Lagace et al., 2010; Pizarro et al., 2004; Taylor et al.,
2011; Tsankova et al., 2006). Previous studies in the PFC have de-
scribed increases or decreases of BDNF immediately after social stress,
without changes four weeks after stress (Fanous et al., 2010; Wang
et al., 2018). In our study RSD did not affect BDNF in either of the
structures evaluated. In previous work in our laboratory, we observed a
d ion in proBDNF ion — a role in contrast to that of
BDNF - in the NAc of defeated mice three weeks after the last social
stress episode (Montagud-Romero et al., 2017). Interestingly, our re-
sults showed that RSD interacted with the OXT treatment, increasing
the levels of BDNF in the STR and HIP, while paradoxically decreasing
BDNF levels in the PFC.

Although there have been several reports of the positive effects of
‘OXT in rats exposed to stress (Leuner et al., 2011; Cohen et al., 2010),
few studies have focused on the relation between OXT, stress and
BDNF. Dayi and coworkers (2015) described how OXT administration
in rats exposed to restraint stress increased the expression of BDNF in
the HIP, which correlated with an improvement of the cognitive deficit
induced by stress. Therefore, in line with the present results, the ame-
lioration of stress effects seems to be related to an increase of BDNF.
Moreover, antidepressant administration also increased the expression
of BDNF in the PFC, NAc and HIP after SD (Yang et al., 2016a,b). It is
likely that synaptogenesis, including BDNF-TrkB signaling in the PFC
and HIP, may underlie this sustained antidepressant effect. Indeed,
current data suggest that BDNF plays a key role in the antidepressant

loping CPP with a ffective dose of cocaine (Ferrer-Pérez et al.,
2018). On the other hand, all groups conditioned with an effective
(10 mg/kg) dose of cocaine in the CPP showed a preference that was
reinstated with successive smaller doses of cocaine, as previously re-
ported (Maldonado et al., 2006; Montagud-Romero et al., 2016b;
Rodriguez-Arias et al, 2009). OXT administration before each SD
blocked the increased preference observed in defeated mice condi-
tioned with 1 mg/kg of cocaine and induced a faster extinction of the
memories associated with 10 mg/kg of cocaine CPP in stressed animals.
Although no differences in reinstatement were observed in defeated
mice after OXT t ed animals d with OXT
did not present reinstatement with a priming dose of 5mg/kg, in con-
trast to controls, which did.

In agreement with previous reports, SD increased vulnerability to
cocaine SA (e.g. Boyson et al., 2011; Burke and Miczek, 2015; Leonard
et al., 2017; Yap et al., 2015). Socially defeated mice consumed more
cocaine than non-stressed animals, with no OXT effect being detected.
However, OXT administration reduced the number of days needed to
extinguish cocaine-seeking behavior. The number of active responses
fell between the first and last extinetion day in all the groups, except for
the OXT-treated defeated group, which showed a reduced number of
responses from the first day of extinction. In response to a cocaine-
priming dose, only defeated saline-treated animals showed an increased
number of active responses, while OXT treatment reverted this effect.
Several reports have pointed out that acute OXT administration reduces
cocaine intake and reinstatement of cocaine SA (Leong et al., 2016,
2017; Sarnyai and Kovécs, 1994; Zhou et al., 2014), but given that in
our experiments OXT was administered weeks before initiating the
procedure, we believe that OXT does not affect cocaine SA, but rather
only the changes induced by RSD.

OXT prevented the increase in the conditioned rewarding effects of
cocaine when a non-effective dose was administered in the CPP, but it
did not modify the enhanced cocaine SA induced by RSD. It also de-
creased cocaine-priming-induced reinstatement of SA, but it did not
affect reinstatement of the preference in the CPP. Both paradigms are
used to evaluate the motivational value of a drug, but each assesses
different aspects of drug-induced reward and, thus, different char-
acteristics of relapse and addictive behavior. SA evaluates the primary
rewarding properties of drugs using operant conditioning, where a
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reinstatement after extinction implies the restoration of a concrete
operant response. On the other hand, CPP is based on Pavlovian con-
ditioning and it evaluates cue-elicited drug-taking behavior by asses-
sing the incentive value of drug-associated cues and the reinstatement
of CPP (consisting of the reappearance of approach behavior towards a
drug-associated context) (Aguilar et al., 2009). Interestingly, in both
paradigms, OXT accelerates the time needed to extinguish operant be-
havior or conditioned preference. Therefore, we can affirm that OXT
diminishes the potency of the memories associated with drug use. Nu-
merous reports have shown that OXT modifies learning and memory
processes, mostly through hippocampal and related limbic mechanisms
(Gaffori and De Wied, 1988; Gard et al., 2012; Kovics et al., 1979).
However, OXT has a long-term inhibitory effect during acquisition,
retention, consolidation and retrieval (Kovécs and de Wied, 1994 for
review; Boccia et al, 1998; Boccia and Baratti, 2000). More im-
portantly, OXT seems to play a role in behavioral flexibility and
adaptive responses (Chini et al., 2014), and may increase the cognitive
flexibility necessary to acquire new learning during the extinction
process.

Increased motor response after intermittent drug administration is
defined as behavioral sensitization (Kalivas and Stewart, 1991; Steketee
and Kalivas, 2011). As expected, all the groups that received cocaine
pretreatment in our experimental protocol developed cocaine motor
sensitization. In addition, SD induced cross-sensitization with cocaine.
Socially defeated mice pretreated with saline showed comparable en-
hancement of motor activity to that observed in those pretreated with
cocaine (Ferrer-Pérez et al., 2018; Kalivas et al., 1998; Lu et al., 2001).
As with the effect observed in our CPP and SA experiments, OXT ad-
ministration prior to each social defeat completely abolished cross-
sensitization, without affecting cocaine-induced sensitization.

Our results demonstrate that OXT is capable of reverting the long-
lasting increase in anxiety, in sensitivity to the motivational value of
cocaine, in cross-sensitization, and in BDNF changes induced by social
stress. In line with our results, several reports have indicated that OXT
represents a potential new therapeutic approach for stress-induced
psychiatric disorders (Ebner et al., 2000; Engelmann et al., 1999; Litvin
et al., 2011; Wang et al., 2018). Also, in agreement with our results, a
recent report showed that a single dose of OXT, systemically or within
the bed nucleus of the stria terminalis, reverses stress-induced social
avoidance in female mice (Duque-Wilckens et al., 2018). Based on
previous reports (see review Sarnyai and Kovics, 2014), we propose
that OXT exerts this effect independently of other mechanisms affecting
the stress response, exerting an action on learning and memory pro-
cesses associated with cocaine. Cocaine induces synaptic plasticity in
neural systems that are vital for the development of addiction (re-
viewed by Hyman et al., 2006; Malenka and Bear, 2004), modifying a
number of signaling cascades, including BDNF, whose elevated ex-
pression has been associated with susceptibility to drugs of abuse
(Berhow et al., 1995; Flanagin et al., 2006; Guillin et al., 2001; Hall
et al., 2003; Thomas et al., 2008; Tsai, 2007).

5. Conclusions

In conclusion, our results show that the long-lasting effects of RSD
on anxiety and the motivational effects of cocaine are counteracted if
OXT is administered before this type of stress is experienced. We hy-
pothesize that, among other mechanisms, alterations in BDNF expres-
sion are involved in these protective effects. In this way, our results
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