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Dissertation outline 
 
 According to Linda Spear the adolescence is a period of transition 

between youth to maturity, characterized by risk taking at behavioral level, 

but also by an increase in sexual hormones (Spear, 2000). Apart from that, 

there is an important transformation in the adolescent brain, particularly in 

hippocampus (Hp), amygdala and prefrontal cortex (PFC). In those areas, as 

well as in others, occurs a dendritic pruning, myelination, neurocircuitry 

strengthens, and the participation of dopamine, serotonin and melatonin 

are crucial in the adolescent behavior (Arain et al, 2013). Furthermore, in 

this critical period, the exposition to some events like stress or drug abuse 

may have a negative long-lasting impact, however exposure to benefit 

situations like environmental enrichment may propitiate the adaptation of 

the brain to the environment (Marco et al, 2011). 

 

 Besides, chronic exposure to stress, either during the prenatal 

period, infancy, childhood, adolescence, adulthood or aging, has an 

important impact on different brain structures related with cognition and 

mental health (Lupien et al, 2009). Repeated exposition to stress has also an 

important impact on learning and memory, significantly in prenatal and 

peripubertal period. This implies a remodeling of the brain circuitry with 

functional effects on spines, dendritic arbor, plasticity-related molecules, 

which are mediated in part by glucocorticoids (McEwen and Morrison, 2013; 

Vyas et al, 2016) 

 It is well known that stress, including social defeat, is a precipitating 

factor to neuropsychiatric disorders like major depressive disorder (MDD) 

and schizophrenia (Negrón-Oyarzo et al, 2015). Besides that, different type 

of studies using neuroimaging and other approaches have shown structural 
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alterations in the PFC, amygdala, Hp and other vulnerable brain regions in 

both stress and neuropsychiatric disorders (Gilabert-Juan et al, 2013; Perez-

Cruz et al, 2007; Radley et al, 2008; Radley and Morrison, 2005; Shenton et 

al, 2001). 

 

 Plasticity processes including synaptic and dendritic remodelling, 

incorporation of new neurons to the established circuitry, which are crucial 

in learning and memory, are underlying these structural alterations. In 

these plastic processes, the polysialylated form of neural cell adhesion 

molecules (PSA-NCAM); a plasticity-related molecule expressed mainly in 

interneurons (Gómez-Climent et al, 2011; Varea et al, 2007; Nacher et al, 

2002) seem to have a key role. Changes in PSA-NCAM have been described 

after chronic stress (Cordero et al, 2005; Gilabert-Juan et al, 2011) and PSA-

NCAM-dopamine interaction may be relevant to the dopaminergic 

hypothesis of schizophrenia. 

Moreover, PSA-NCAM may be a key player in the abnormalities in inhibitory 

circuits observed in this psychiatric disorder, because neural cell adhesion 

molecule (NCAM) and one of its polysialyltransferases are candidate genes 

for schizophrenia and the expression of PSA-NCAM is altered in the 

prefrontal cortex (PFC) and the Hp of schizophrenic patients (Nacher et al, 

2013). 

 

 Besides this, a large number of studies have indicated that exposure 

to cannabis is associated with increased risk of developing schizophrenia ( 

Di Forti et al, 2007; Smit et al, 2004; Andréasson et al, 1987), being observed 

a dose–response relationship between cannabis use at age 18 and the 

diagnosis of schizophrenia 15 years later. Due to the fact that only 3% of 

heavy cannabis users went on to develop schizophrenia, it was suggested 
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that cannabis might exert its causal role only in already vulnerable 

individuals.  

Keeping in mind all of these data, we planned two different studies in which 

analyze on the one hand, the influence of environmental enrichment during 

the adolescence on the social stress effects and on the other hand, the 

effect of the cannabis consumption during adolescence above socially 

reared mice and above a "double-hit" model of schizophrenia.  
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Chapter 1 

Study 1: Influence of enriched environment 

during adolescence on the psychosocial stress 
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1.INTRODUCTION 

1.1 Stress concept. 

 

 The use of the stress term in its current conception is 

attributed to Hans Selye (Selye, 1936). He based his definition on the 

previous contributions of two physiologists; Claude Bernard and Walter 

Cannon. Claude Bernard defined the internal environment (Milieu interieur) 

(Bernard, 1856), characterized to be stable against environmental variability 

and Walter Cannon coined the term "homeostasis" understood as a set of 

physiological mechanisms that allows to maintain the balance of internal 

environment. Selye defined stress as non-specific response of the organism 

when exists any demand on it after observing a series of physiological 

changes in rats such as loss of body weight, immunosuppression, adrenal 

hypertrophy and gastric ulceration (Selye, 1946). He stood out as most 

relevant physiological aspects of stress, the adrenocortical activation and 

glucocorticoids secretion into the blood circulation. Moreover, he 

introduced the "stressor" term to define the stimulus that triggers stress. 

Also, Hans Selye highlighted that stress could produce disease when it 

extends in time. A new concept was developed by him, General Adaptation 

Syndrome (GAS) (Selye, 1950, 1974, 1976). Relevant parameters of the 

stress response were attributed to secretion of adrenocorticotropic 

hormone (ACTH) and subsequent activation of adrenal cortex (Figure 1). 

 

Moreover, other authors have contributed to the research on stress with 

the distinction between "stressor" and "stress response". From this point of 

view a stressor is considered a stimulus that threatens homeostasis and the 

stress response is the reaction of the organism to maintain homeostasis 

(Chrousos, 2009).  
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However, some authors have shown the ambiguity of definition of stress in 

terms of threat to homeostasis (McEwen, 1998; Day, 2005; Romero et 

al.,2009). From that point of view this definition of stress needs a critical 

consideration. Several authors reconsidered the classical definition of stress 

and they argued that only the uncontrollable and unpredictable stimulus 

can be considered as a stressful stimulus, being defined unpredictability as 

a absence of an anticipatory response and loss of control being reflected by 

a delayed recovery of the response and the presence of a typical 

neuroendocrine profile (Koolhaas et al., 2011).  

 

1.2 Social stress 

 Social interactions serve as evolutionarily important sources of stress, 

and are virtually ubiquitous among mammalian species (Blanchard et al, 

2001). In humans, stress has mainly a social origin (Wood et al., 2012) and 

may happen throughout life; school bullying, sport competition or work 

harassment (Björkqvist, 2001; Salvador and Costa, 2009; Salvador, 2012) 

Social stress impacts strongly on behavior and may have important 

pathological implications. For this reason, several types of animal models 

are being tested in the laboratories. Animal models of social stress involve 

single, intermittent or chronic exposure of a subject animal to a 

conspecific(Blanchard et al, 2001). Among the most used animal models in 

the laboratories to study social stress are agonistic encounters between 

males. These encounters often produce victorious and defeated or 

dominant and subordinate animals that exhibit different types of responses 

(Henry et al, 1986; Salvador, 2005, 2012; Denmark A. et al., 2010). It should 

be noted that successive victories in agonistic encounters result in a 

dominant status in social hierarchy, with concrete behavioral and 

physiological characteristics, while the defeat results in a subordinate status 
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with different characteristics (Denmark et al, 2010). Social defeat has been 

studied, especially in rodents, and it is considered one of the most 

important models in the study of social stress (Miczek et al., 1991; Yap et al., 

2006; Walker et al., 2009; Lehman and Herkenham, 2011, Kudryavtseva, 

2016). Social defeat can be considered as one of the most severe stressors 

in terms of neuroendocrine activation (Koolhaas J.M. et al., 1997) with a 

strong sympathetic predominance. 

The differences between dominant and subordinate animals occur at 

different levels: behavioral, neuroendocrine, neurochemical and 

immunological (Blanchard R.J. et al., 2001; Bartolomucci et al., 2004; Berton 

et al., 2006; Keeney et al., 2006; Salvador, 2012). However, we should not 

ignore the fact that dominant animals also experiment social stress, 

although with differences from that experienced by subordinate animals 

(Miczek et al., 2001; Bartolomucci et l., 2004; Koolhas J.M et al., 2011). 

 

1.2.1 Animal models of social stress. 

 

 There are different animal models of social stress and their 

study need a thorough knowledge of the life style of the species considered. 

Most models of social stress are based on aggressive interactions between 

co-specific animals. These encounters produce activation of systems related 

to the stress response in dominant and subordinate animals, especially at 

the hypothalamic-pituitary-adrenal (HPA) axis (Blanchard, D.C. et al., 1995; 

Bartolomucci et al., 2004) (Figure 1.1). 
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Figure 1.1 HPA axis in rodents. Main components of the HPA axis: CRF and AVP 

from the paraventricular nucleus of the PVN stimulates ACTH release from the 

anterior pituitary, which induces glucocorticoid (corticosterone in rodent) release 

from the adrenal cortex. GRs in the HPC and other brain regions mediate negative 

feedback to reduce the stress response. 

 

 

The classical social stress model is the "resident-intruder", developed 

initially by Miczek (Miczek, 1979). This model has been adapted by other 

authors (Ebner et al., 2000, 2005) who housed resident and intruder 

animals together in the resident's cage during a time period. As a 

consequence, the resident mouse attacks the intruder. In some models, the 

animals can be separated by a methacrylate barrier through which they can 

see, hear and smell each other, but cannot have physical contact  ("sensory 

contact model", SCM) (Kudryavtseva, 1991) (Figure 1.2). 

PVN

Hp

Adrenal cortex

ACTH corticosterone

Pituitary
CRF
AVP
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Figure 1.2. Sensory contact stress cage. The image shows the experimental cage 

used in sensory contact stress with a transparent perforated partition through 

which animals could see, hear and smell each other but not touch. Sensory contact 

stress paradigm is conducted for ten consecutive days in the same cage in which 

mice were housed, by removing the methacrylate separator for 10 minutes. 

 

 

After 30 minutes, the intruder is taken back to its cage. Some other authors 

have modified the exposition time, with adaptations of the sensory contact 

model, hosting the intruder in resident's cage with expositions of 5 minutes 

in 12 minutes intervals. Then, the second part of the day the animals are 

separated by a barrier (Bartolomucci et al., 2001, 2004). These authors 

employed 3, 5 and 15 days of confrontation with three sessions per day. 

Other authors have changed this model housing previously the resident in 

an individual cage for a week. After this week, the intruder is introduced in 

the resident's cage during 10 minutes and after this, the animals are 

separated. This process is repeated for 21 days. The advantage of this 

model is that it offers the opportunity of investigate the possession of the 

territory, the social status and the interaction. We can introduce variations 
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to this model by manipulating the previous isolation housing. In fact, the 

isolation increases the duration and intensity of fighting (Parmigiani and 

Pasquali, 1979). However, other data suggests that male cohabitation also 

increases the social aggression, when compared with mice maintained in 

isolation housing (Goldsmith et al., 1978). In the last modification of SCM 

(Kudryavtseva et al, 2014) after the agonistic encounter, each defeated mice 

of one pair is paired with the winner mice of another pair each day. The 

defeated mouse is placed on one side of the partition in a cage which is 

unfamiliar and the winner mouse stays in the same compartment, 

obtaining therefore a great number of mice with positive fighting 

experience within daily agonistic encounters with a duration of 10 or 20 

days.  

The SCM was previously employed with some modifications in the 

Laboratory of Social Cognitive Neuroscience (directed by Professor Alicia 

Salvador) as a model of chronic social stress (Rodríguez-Alarcón, 2008) to 

test effects of social interaction on the reinforcing properties of 3,4 

methylenedioxymethamphetamine (MDMA) (Rodriguez-Alarcón et al, 2007). 

Also, this model of social stress has been employed to test the effect of 

social interaction on immune system and tumor development in mice (De 

Miguel, 2010). 

 

1.2.2 Behavioral effects of chronic social stress.  

 

 Several studies show sustained levels of aggression among 

mice chronically living in sensory contact (Kudryavtseva, 2000; Bartolomucci 

et al., 2004; Kudryavtseva et al., 2014; Kudryavtseva et al., 2016), as a result 

of the accumulation of specific pheromonal stimuli, which trigger the 

aggression (Kudryavtseva, 1987). There is a decrease of the vigorousity of 
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the attacks, demonstrated by winners in 20th to 30th confrontation 

(Kudryavtseva, 1991). Moreover, a decrease in sexual behavior and 

aggressive behaviour has also been observed (Albonetti and Farabollini, 

1994). In contrast, in subordinate animals, active defense in early agonistic 

confrontations is substituted by passive and submissive postures 

(Kudryavtseva and Bakshtenovskeya, 1989). In this sense, an increase of 

submissive and defensive behavior also occurs in social defeated males 

when they are confronted with other males (Blanchard R.J. et al., 2001; 

Kudryavtseva et al., 2014; Hyman S. E., 2007). Socially defeated males show 

reduced exploration in an area marked with the urine of an aggressive male 

(Blanchard R.J. et al., 2001). On the other hand, chronic social stress also 

alters a large number of non-social behaviors. Thus the subordinate 

animals present a motor inhibition, with a decline of general activity, 

especially in exploratory activities (Kudryavtseva, 1991; Chung et al., 1999). 

They also show a decrease in food and beverage intake after repeated 

social defeat (Bartolomucci et al., 2004; Merlot et al., 2004). Increase in 

grooming behavior and disorganization of this behavior has been observed 

in socially stressed animals (Tornatzky and Miczek, 1994; Demmark et al., 

2010), as well as a decline in hippocampus-dependent memory (Ohl et al., 

2000). In this sense, studies in Tree shrew showed that four weeks of 

psychosocial stress had a negative effect on hippocampus-mediated 

memory, tested using a hole board paradigm (Ohl et al., 2000). 

 

1.2.3 Neuroendocrine effects of chronic social stress.  

 

 Social stress maintains elevated levels of ACTH, as well as of 

corticosterone in the bloodstream (Ebner et al., 2005; Bartolomucci et al., 

2004). Moreover, other investigators have reported that repeated social 
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stress provokes a rise in corticosterone, while testosterone levels increase, 

but not always, with successive agonistic encounters (Blanchard et al., 

2001). More specifically, and referring to the status, measurements of 

serum concentrations of testosterone and corticosterone in mice previously 

exposed to 5 days (10 minutes per day) of agonistic encounters following 

the sensory contact stress model, demonstrate that dominant mice have 

higher testosterone but sharply lower corticosterone levels than 

subordinates (Rodríguez-Alarcón et al., 2007). On the other hand, a lower 

availability of the type I corticosteroid receptors and lower uptake levels of 

corticosteroids in plasma have been observed (Spencer at al., 1996). A 

higher weight of adrenal glands has been recorded also as a consequence 

of social stress (Bartolomucci et al., 2004; Ebner et al., 2005).   

There are a lot of studies that provide information about increased levels of 

corticosterone in subordinate animals (Rodríguez-Alarcón et al., 2007; Ebner 

et al., 2005; Bartolomucci et al., 2004) but there are also different 

exceptions to these findings. Higher levels of corticosterone in dominant 

than in subordinate males seem to be related with contextual factors 

(Williamson et al, 2017). In an experiment performed using CD1 mice paired 

with unfamiliar partner, dominant mice exhibit more corticosterone plasma 

levels than subordinate mice (Williamson et al, 2017). Also, previous 

environmental enrichment in DBA/2J mice influences the corticosterone 

levels after resident-intruder test; more specifically dominant mice with 

previous environmental enrichment present higher levels of plasma 

corticosterone in comparison with dominant animals with previous 

standard environment as well as in comparison with subordinate mice 

previously enriched (Haemish et al., 1994). 
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1.3 Environmental enrichment. 

 

 The environmental enrichment paradigm (EE), described first 

by Donald Hebb (1947), refers to housing conditions, either in home cages 

or in exploratory chambers, which facilitate enhanced cognitive and motor 

stimulation relative to standard housing conditions. In some experimental 

paradigms, enrichment can also include increased social stimulation 

through larger numbers of animals per cage. Enrichment objects generally 

vary in composition, shape, size, texture, smell and color. In addition, there 

is variation on whether enrichment involves access to running wheels, 

which has significant implications, because enhanced voluntary exercise by 

itself has effects on the brain. Home cages used are generally larger than 

standard cages (Figure 1.3). 

 

 

 

Figure 1.3. Environmental enrichment paradigm. In general, environmental 

enrichment paradigms are characterized by enhanced motor activity in large 

cages which provide stimulation, exploration as well as voluntary excecise in 
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running wheels and different objects (tunels, balls, ladders...); an increased 

cognitive stimulation induced by the complex environment, novelty and constant 

changes of the objects during the environmental enrichemnt period; increased 

somatosensory and visual input through different objects (balls, tunnels, 

ladders...) with different color and textures and by increased social interaction 

due to a high number of conspecifics in each cage (8-20 animals). 

 

 

One key aspect appears to be the provision of environmental complexity, 

with enrichment objects that provide a range of opportunities for visual, 

somatosensory and olfactory stimulation. Another key aspect appears to be 

environmental novelty, achieved by changing the objects and the position 

of the objects in the enriched environment, which might provide additional 

cognitive stimulation with respect to the formation of spatial maps. One 

final key parameter that varies widely within the literature is the age at 

which enrichment commences and the duration of exposure to the 

enriched environments (Nithianantharajah and Hannan, 2006).  

Different types of enriched environments can be observed, and it depends 

of the purpose of the each study, however the majority of authors have 

been used nesting material, like grass, paper or wood, as well as different 

objects that increase the complexity of the environment (Brain, 1992). 

Leach and colleagues suggested that a enriched environment should be 

maximize the diversity of positive natural behaviors and decrease the 

abnormal behaviors; promoting thus the animal’s ability to cope with the 

alterations produced by housing (Leach et al., 2000) 

Early studies investigating the effects of differential housing showed that 

enrichment altered cortical weight and thickness (Bennet et al.; 1969, 

Diamond et al., 1976). Subsequently, various studies have shown that 

enrichment increases dendritic branching and length, the number of 
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dendritic spines and the size of the synapses on some neuronal populations 

(Faherty et al., 2003). Also, EE enhances cell proliferation, promote 

neurotransmitter release and produce an increase in neurotrophic factors, 

including brain derived neurotrophic factor (BDNF), as well as nerve growth 

factor (NGF) in different brain regions (Nithianantharajah and Hannan, 

2006; Nithianantharajah et al., 2004; Birch et al., 2013). Moreover, 

enrichment increases hippocampal neurogenesis and the integration of 

these newly born cells into functional circuits (Kempermann et al., 1997).  

At the behavioral level, enrichment enhances learning and memory (Lee et 

al., 2003), reduces memory decline in aged animals (Redolat and Mesa-

Gresa, 2011), decreases anxiety and increases exploratory activity (Friske et 

al., 2005). EE produces some benefits in neurodegenerative disorders, as 

Huntington’s disease, specifically wheel running produces a delay on 

emergence of motor deficits in mouse models (van Dellen et al., 2008). In 

general, brains exposed to a high stimulation, through enhanced mental 

and physical activity are better prepared to cope with neurodegenerative 

processes or other neural dysfunctions, but brain cognitive reserve in 

association with other mechanisms may exert a compensation for neural 

dysfunction; being so both processes causative of clinical benefits 

derivatives of enhanced mental and physical activity (Nithianantharajah and 

Hannan, 2009).  

 

1.4  Stress and memory. 

 

 Stress is an important modulator of learning and memory 

processes (McEwen and Sapolsky, 1995; Sandi, 2004). Although stress 

effects are frequently considered as noxious to cognitive functions, in some 

cases they could facilitate neural function and cognition (de Kloet et al., 
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1999). It is important to remember that in order to evaluate the effects of 

stress on memory, different factors such as stressor intensity, duration, 

type of learning and the phase at which stress acts, predictability and 

controllability and the existence of individual differences have to be taken 

into account (Sandi and Pinelo-Nava, 2007). In the case of extrinsic stress, 

which occurs when not directly associated with the cognitive task, it has 

been hypothesized that it does not facilitate learning and memory, unlike 

the intrinsic stress (Sandi and Pinelo-Nava, 2007).  

Repeated stress produces an overactivation of HPA axis, resulting in an 

excessive production of glucocorticoids (GCs) and as a consequence of this, 

several neuroanatomical and neurochemical alterations can be observed in 

different brain regions such as hippocampus, prefrontal cortex and 

amygdala among others (McEwen, 2006). 

Chronic stress produce alterations on cognitive functioning, mainly on the 

consolidation and memory retrieval, and it seems to be mediated by 

glucocorticoid hormones released in stress (de Quervain et al., 1998, 

Rozendaal et al., 2009). Also, acute exposure to stress would have some 

benefits to the organism unlike which occurs with long stress expositions 

(Bowman et al., 2003). 

One of the procedures used to evaluate memory in animals is the inhibitory 

avoidance task. Some authors have used avoidance as a measurement of 

contextual conditioning (Bueno et al., 1993). In this task, animals learn to 

avoid an innate behaviour, such as the preference for dark places. In the 

passive avoidance learning, different regions have been proposed to be 

involved: amygdala, hippocampus, prefrontal cortex, basal nuclei, septum 

and nucleus accumbens (Roozendaal et al., 2001; Izquierdo et al. 2002). 
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1.5 Stress, amygdala and structural plasticity. 

 

 Stress can induce neuronal structural plasticity in different 

cerebral regions (McEwen, 2005; Roozendaal, et al., 2009). In particular, 

chronic stress induces dendritic atrophy and decreases spine density in 

principal neurons of the medial prefrontal cortex (mPFC) (Radley et al., 

2004,2005) and the hippocampus (Watanabe et al., 1992; Sousa et al., 2000). 

By contrast, chronic stress induces opposite effects in principal neurons of 

the basolateral amygdala (Vyas et al., 2002). These structural effects of 

chronic stress in the amygdala are more complex, since the same paradigm 

induces loss of spines in the medial amygdaloid nucleus (Bennur et al., 

2007) and leaves the central nucleus unaffected (Vyas et al., 2003). Apart 

from these structural changes, different electrophysiological experiments 

indicate that stress or high levels of corticosteroids induce activation of the 

amygdala, leading to an increase in the excitability of principal neurons 

(Roozendaal et al., 2009). This increase in excitability can be also the result 

of a stress-induced reduction in inhibitory neurotransmission, which has 

also been reported in the amygdala (Davis et al., 1994). Although all the 

studies on the stress-induced neuronal structural plasticity have been 

focused on principal neurons, it is also possible that changes in the 

structure of interneurons may mediate the effects of stress on the 

amygdala. Different molecules have been studied in order to understand 

the molecular bases of these changes in the structure of amygdaloid 

neurons and in the physiology of inhibitory and excitatory circuits of the 

amygdala. The polysialylated form of the neural cell adhesion molecule 

(PSA-NCAM) is a very promising candidate to mediate these changes. 

 

1.5.1 Stress and PSA-NCAM. 
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 The neural cell adhesion molecule (NCAM) is a cell surface 

protein that belongs to the immunoglobulin (Ig) superfamily and it plays a 

key role in synaptic plasticity and memory formation (Schachner, 1997). This 

molecule can incorporate long chains of the carbohydrate a 2,8 linked 

polysialic acid (PSA). This addition of PSA is mediated by two 

polysialyltransferases, ST8SiaII (STX) and ST8SiaIV (PST) (Hildebrant et al., 

2008). PSA chains are negatively charged and, as a consequence, they are 

surrounded by water molecules, which produce a steric impediment for 

homotypic and heterotypic interactions of NCAM and other cell adhesion 

molecules (Rutishauser, 2008) (Figure 1.4). 

 

 

Figure 1.4. Scheme of the NCAM isoforms and the polysialylated form of the 

NCAM molecules (PSA-NCAM). The three major isoforms of the NCAM molecule 

(NCAM 120, NCAM 140 and NCAM 180) have identical extra-cellular structures (five 

immunoglobulin(Ig)-like domains and two fibronectine type III repeats), but differ 

in their molecular weight (120, 140 and 180 kDa, respectively) and the way in which 

they are anchored to the cell membrane. Whereas the NCAM 140 and the NCAM 

180 isoforms contain a transmembrane and an intracellular domain, the NCAM 

120 isoform lacks those domains and it is anchored to the cell membrane via  

glycosylphosphatidylinositol (GPI) linkage. All isoforms can be modified by the 

Fibronectine type III 
repeat

Ig-like domain
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addition of polysialic acid (PSA) on two N-glycosylation sites located in the fifth Ig-

like domain. PSA is negatively charged and attracts H2O molecules.  

 

 

PSA confers antiadhesive properties to NCAM, thus facilitating structural 

plasticity in the Central Nervous System (CNS) (Bonfanti, 2006). PSA-NCAM is 

very abundant during CNS development, but it can also be found in several 

regions and cell populations during adulthood. In the adult brain, PSA-

NCAM has been related to the remodelling of synapses and neurites of 

certain cerebral regions. It is also present in the adult neurogenic regions 

(Rousselot et al., 1995; Bonfanti, 2006) and in the paleocortex layer II 

(Gómez-Climent et al., 2008), where it is transiently expressed by immature 

neurons (Bonfanti et al., 1992). Moreover, previous studies from our 

laboratory have shown that PSA-NCAM is present in a subpopulation of 

mature interneurons in the hippocampus, the neocortex and the amygdala 

(Nácher et al., 2002; Varea et al., 2005, 2007; Gilabert-Juan et al., 2011; 

Gómez-Climent et al., 2011). Given the important role of NCAM molecules in 

synaptic function and circuit remodeling, they play a role as mediators of 

chronic stress induced cognitive and structural alterations (Sandi, 2004). 

Different studies have shown that repeated exposure to stress increases 

the expression of PSA-NCAM in the hippocampus (Sandi et al., 2001), an 

effect that was obvious in the dentate gyrus after 3 weeks of daily restraint 

and which reverted to the baseline within 3 weeks of recovery from stress 

(Pham et al., 2003). It is important to note that no changes in NCAM 

polysialylation were found after acute restraint stress, a procedure that 

does not induce structural changes in hippocampal neurons (Pham et al., 

2003). Apart from the hippocampus, the effects of stress on NCAM 

polysialylation are present in other cerebral regions. A 3-week restraint 

stress procedure increases the number of PSA-NCAM immunoreactive cells 



 41 

in the piriform cortex layer II (Nácher et al, 2004), but reduces PSA-NCAM 

expression in several amygdaloid nuclei (Cordero MI et al., 2005). It is 

already known that GCs participate in the stress modulation of CAM's 

expression, and that these hormones can affect NCAM gene expression 

through the interaction with at least two transcription factors. 

Consequently, it seems reasonable to propose that GCs may act in 

conjunction with other stress-activated mechanisms to regulate NCAM 

expression. Initial evidence indicates that GCs may also modulate the 

expression of polysialyltransferase enzymes (Coughlan et al., 1998). It is also 

likely that the differential effects on the expression of distinct NCAM 

isoforms induced by chronic stress were mediated by changes in the 

relative amount of NMDA receptor expression (Sandi, 2004). And finally, 

stress-induced changes in CAM's and neurotrophic factors expression might 

be part of a cooperative response, which attempts to compensate for 

specific deficits in each type of molecule to ensure neuronal survival. In 

brief, NCAM seems to be an important mediator of the effects of stress on 

the brain and, consequently, cell adhesion molecules may serve as potential 

therapeutic targets to treat stress-related cognitive disturbances (Sandi, 

2004). 

 

1.6 Perineuronal nets and plasticity. 

 

 Cell adhesion molecules and several components of the extracellular 

matrix have been shown to be critical for structural plasticity in the CNS 

(Tiraboschi et al, 2013; (Dityatev et al, 2010; Sandi, 2004). In this regard, the 

PSA-NCAM and the perineuronal nets (PNNs) are interesting candidates to 

mediate these changes (Guirado et al, 2013). These molecules play a key 

role in synaptogenesis and neurite remodeling (Howell and Gottschall, 
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2012; Rutishauser, 2008). PNNs are considered indicators of neuronal 

maturation, and consequently, the number of neurons expressing these 

specialized region of extracellular matrix increases with age (McRae et al, 

2007; Nowicka et al, 2009). PSA-NCAM and PNNs are found in subsets of 

interneurons in the adult cerebral cortex.  

1.6.1. Perineuronal Nets  

Perineuronal nets (PNNs) are reticular structures that surround the cell 

body of many neurons, and extend along their dendrites and their axon 

initial segment. PNNs were first described by Camillo Golgi in 1882. They 

are a specialized region of the extracellular matrix in the central nervous 

system (CNS) (Wang and Fawcett, 2012). 

The extracellular matrix (ECM) of the central nervous system (CNS) occupies 

a large volume of the neural tissue. It serves a variety of functions, ranging 

from the support of cell migration and the regulation of synaptic 

transmission and plasticity, to the active modulation of the neural tissue 

after injury (Suttkus et al, 2016). By filling the space between the different 

types of neurons and glial cells, the ECM enables the communication 

between neural cells, the stabilization of synaptic contacts, cell migration, 

maturation, and differentiation, as well as survival. The chondroitin 

sulphate proteoglycans (CSPGs) are among the major constituents of the 

neural ECM. Several studies support the idea that CSPGs are involved in the 

formation and maintenance of neural networks (Morris and Henderson, 

2000). Moreover, recent evidence indicates that the ECM, and especially the 

PNNs, might play a role in the genesis and progression of 

neurodegenerative diseases.  

PNNs mainly appear surrounding neurons expressing parvalbumin (PV), a 
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calcium binding protein, which is present in basket and chandelier 

interneurons. However, these specialized regions of the ECM also appear 

surrounding other types of interneurons and certain pyramidal neurons 

(Härtig et al, 1992; Morino-Wannier et al, 1992) PNNs surround neuronal 

cell bodies and proximal dendrites in a mesh-like structure with open 

“holes” at the sites of synaptic contacts (Celio et al, 1998; Celio and Blümcke 

1994; Zaremba et al, 1989;  Hockfield and McKay, 1983).  

The formation of PNNs starts together with the establishment and 

stabilization of synaptic circuitry. Its final maturation coincides with the 

closure of the critical period and the maturation of parvalbumin expressing 

neurons. Therefore, PNNs appear to play a crucial role in the stabilization of 

neural connection and to limit synaptic plasticity, specially in cortical 

inhibitory networks.  

A number of methods have been developed to visualize PNNs, such as the 

use of the plant lecticans Vicia villosa and Wisteria floribunda agglutinins 

(WFA), which have affinity for N-acetylgalactosamine (Schweizer et al, 1993; 

Brückner et al, 1993; Nakagawa et al, 1986), of colloidal iron hydroxide 

staining for the detection of polyanionic components (Seeger et al. 1994) 

and of monoclonal antibodies against chondroitin sulfate proteoglycans 

(CSPGs) (Asher et al,1995; Bertolotto et al, 1990; Guimaraes et al, 1990; 

Watanabe et al, 1989; Fujita et al, 1989; Hockfield and McKay 1983). These 

methodologies gave more insight into the structural components of PNNs 

and began our modern understanding of these nets.  

1.6.2  Role of PNNs in the Critical Periods  

Traditionally, critical/sensitive periods have been defined as discrete stages 

of rapid neural development in which plasticity is enhanced, allowing early 
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environmental input to fine-tune final wiring patterns in the brain before 

plasticity is reduced in adulthood. The onset and offset of critical periods is 

not a simple age- dependent maturational process (Fagiolini and Hensch, 

2000; Levelt and Hübener, 2012). Rather, the timing of critical periods can 

be manipulated by different experiences which affect the various molecular 

and cellular signals involved in their opening and closure.  

In non-human animals critical/sensitive periods have also been shown to 

occur in a variety of sensory and emotional systems, such as song learning 

in birds, attachment learning in rats, and cortical responses to vibrissa 

stimulation in rats. The best characterized animal model of critical period 

plasticity, however, is that of ocular dominance (OD) plasticity induced by 

monocular deprivation.  

 

2.AIMS  

The two main objectives of the Study1 were: i) to examine the effects of 

social stress on social behavior, memory, hormonal levels and the 

expression of interneurons and PSA-NCAM in the amygdala of male mice 

exposed to the “sensory contact stress” paradigm and ii) to study the 

influence of environmental enrichment experienced during adolescence on 

the previously mentioned potential effects in the adulthood. We based our 

study on the hypothesis that repeated exposure to social interactions will 

produce different status in mice (dominant vs subordinate animals) that 

would imply cognitive and physiological differences whereas the previous 

exposition to an enriched environment would compensate the adverse 

effects of stress. From our two main objectives, we derive the subsequent 

specific objectives: 
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1. To analyze whether the “sensory contact stress” model produce clear, 

asymmetric (dominant vs subordinate) status in male mice, characterized 

by the predominance of behavioral categories of dominance (threat, attack) 

and subordination (avoidance-flee and defense-submission), respectively. 

2. To evaluate whether the exposure to repeated social stress ("sensory 

contact stress" model) would differently impair memory tested with a 

Passive avoidance task in function of status. 

3. To analyze whether the different social status derived from the sensory 

contact stress model would modify the corticosterone levels. 

4.To analyze whether the exposure to the "sensory contact stress" can 

modulate the expression of PSA-NCAM, a molecule implicated in structural 

plasticity, in the amygdala. 

5. To evaluate whether an enriched environment modifies the effects of 

social stress on social status and behavioral categories, memory, hormone 

levels, and the expression of parvalbumin cells (PV), a specific 

subpopulation of interneurons, perineuronal nets (PNNs), an important 

regulator of central nervous system plasticity, and PSA-NCAM, a molecule 

implicated in structural plasticity, in the amygdala. 

 

 

3.MATERIAL AND METHODS 

 

3.1 Animals 

 

  78 adult (four months-old) male NMRI mice from Harlan (Harlan 

Laboratories, IN) were used. All experiments and manipulations were 

performed during the dark phase of the light cycle. All animal 

experimentation was conducted in accordance with the Directive 
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2010/63/EU of the European Parliament and of the Council of 22 September 

2010 on the protection of animals used for scientific purposes. 

When the animals arrived at the laboratory (postnatal day 21(P21) and 12-

14 grams (g)), they were housed under standard conditions, at 21oC, with 

food and water ad libitum and with a reversal light/dark cycle (lights off: 

8:00-20:00 local hour). On arrival, they were housed in groups of four in 

standard plastic cages (25x25x15 centimeters (cm)) from Panlab (Panlab, 

S.L.U, UK) under the above described conditions during one week 

(adaptation week). After the adaptation week (A), the animals followed the 

different phases of the experimental protocol summarized in figure 1.5. 

 

 

 
 

Figure 1.5. Schematic representation of the experimental design. A, indicates the 

adaptation week. B, indicates the period in which light-dark cycle was changed 

(lights on 16:30-04:30, local hour). C, indicates the period of adaptation to the 

sensory contact cage. D, a day of separation between sensory contact stress and 

inhibitory avoidance learning, to avoid improper responses in the learning task. 

 

 

3.2 Housing in standard cages or enriched environment during 

adolescence. 
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From P28 to P120 (figure 1.5) animals were maintained in different housing 

conditions to determine the influence of an enriched environment on the 

response to psychosocial stress during adulthood. 

After the adaptation week (A), 38 of the animals were housed in five groups 

of 8 on an enriched environment. In the environmental enrichment 

paradigm (EE) the animals were housed in large plastic cages 

(55.6x33.4x19.5 cm) (Panlab, S.L.U, UK) with several type of objects (plastic 

houses, plastic tunnels, color toys, balls and running wheels) 

(Nithianantharajah and Hannan, 2006). All the objects present in these 

cages were removed and replaced once a week except plastic tunnels, 

running wheels and plastic houses. During this phase of housing, the 

animals were maintained at 21oC, with food and water ad libitum and with a 

reversal light/dark cycle (lights off: 8:00-20:00 local hour). The other 40 

animals were housed in ten groups of 4 on standard environment. In the 

standard environment (SE) the animals were housed in standard plastic 

cages (25x25x15 cm) from Panlab (Panlab, S.L.U, UK) under the food, 

temperature and light/dark conditions previously described. 

 

3.2.1 Isolation phase. 

 

 After the EE or SE housing (P28 to 120, see figure 1.5) the light/dark 

cycle was changed (lights off: 4:30-16:30 local hour; see period A in fig 1) 

due to practical reasons, but the other laboratory conditions were 

maintained. One week after this change in the cycle, when the animals were 

127 days old, all mice (n=78) were housed singly in plastic cages (20x10x13 

cm) for two weeks prior to any manipulations, with the aim of removing the 

immediate/acute effects of previous group interactions and to facilitate the 
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ability of all males to demonstrate aggression (Kudryavtseva et al, 1991; 

Parmigiani and Pasquali, 1979). 

 

3.3 Social stress paradigm  

 

 After the period (P127 to P141, figure 5) of social isolation described 

in the previous paragraph, the animals were assigned to different groups 

directed to evaluate the effects of social stress using a sensory contact 

stress paradigm. In order to establish social status all animals were 

assigned to one of six groups: 1) social stress cohabitation group with SE 

(StSE) 2) social stress cohabitation group with EE (StEE), 3) cohabitation-non 

confronted group with SE (CCSE), 4) cohabitation-non confronted with EE 

(CCEE), 5) isolation group with SE (ICSE) and 6) isolation group with EE (ICEE). 

To assign animals to the four first groups (1-4), the criterion selected was a 

similar weight in both members of each pair. During the cohabitation, 60 

mice were housed in pairs in plastic cages (20x20x13 cm) (Panlab) 

separated by a methacrylate wall with small holes through which animals 

could see, hear and smell each other but not touch (Kudryavtseva et al, 

1991). Two days of adaptation to cohabitation conditions were necessary 

before the beginning of agonistic encounters within the social stress 

paradigm. The 18 remaining animals were maintained in isolation, as a 

control group. One hour previous to the first agonistic encounter, blood 

was taken from the tail vein of all animals by puncture with a needle of 22 G 

(BD, USA) to analyze corticosterone levels. 

Sensory contact stress model was conducted for ten consecutive days in the 

same cage in which mice were housed, by removing the methacrylate 

separator for 10 minutes. The cage was transported from the housing room 

to a test room illuminated by a red light (40 w) at 21oC.  One minute 
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adaptation, for the activation of the animal, was necessary before the 

separator was removed (Kudryavtseva et al, 1991). The last day of agonistic 

encounters blood was taken from the tail vein as described above; this 

procedure was performed one hour after the last encounter, in order to 

analyze the corticosterone levels. 

 

3.3.1 Generation of dominant and subordinate animals. 

 

 All agonistic encounters were recorded using an analogic camera 

(HITACHI VM-E535LE-8mm). The videotapes were analyzed using a personal 

computer with a custom-developed program. This program was developed 

to assess duration, frequency and latency of eleven behavioral categories 

displayed by rodents during agonistic encounters (Martínez et al., 1991). 

These behavioral categories were grooming, scratching, non-social 

exploration, exploration from a distance, social investigation, threat, attack, 

avoidance-flight, defense-submission, sexual behavior and immobility. Each 

of these behaviors is defined by a series of behavioral elements (Martínez et 

al., 1991). A mouse was defined as dominant if during the agonistic 

encounters it showed elements of attack and threat but not characteristic 

elements of subordinate status as avoidance-flight or defense-submission. 

In contrast, a mouse was defined as subordinate if during the agonistic 

encounters it showed elements of avoidance-flight and defense-submission, 

but not characteristic elements of dominant status (Rodriguez-Alarcón et al, 

2007). The groups generated after agonistic encounters were defined as 

follows: 1) dominant group with SE (DSE), 2) dominant group with EE (DEE), 

3) subordinate group with SE (SSE), 4) subordinate group with EE (SEE) 5) 

cohabitation-non confronted group with SE (CCSE), 6) cohabitation-non 

confronted with EE (CCEE), 7) isolation group with SE (ICSE) and 8) isolation 
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group with EE (ICEE). In the present study, we have analyzed only the videos 

of day five, seven and ten. 

 

3.4 Behavioural tests. 

3.4.1 Inhibitory avoidance test. 

3.4.1.1 Inhibitory avoidance box. 

 

 After the social stress paradigm, all the animals were subjected to an 

inhibitory avoidance test. The behavioral test was conducted in a specific 

room, from one day after the last agonistic encounter to the same day in 

which the animals were sacrified (P154 to P161, figure 1.5). 

A step through inhibitory avoidance box for mice (Ugo Basile, Comerio-

Varese, Italy) was employed for this test. The box, made of methacrylate 

plates, is divided in two compartments, each one measuring (15x9x16.5 cm) 

and separated by a mobile door. One of the two compartments was white 

and illuminated with a white fluorescent tube, 10 wats (W), placed at its top.  

The other compartment was black and was not illuminated. The floor was 

composed of forty-eight stainless steel bars with a diameter of 7 milimeters 

(mm) and separated by 8 mm. This box was placed in a sound isolation cage 

and was connected to a passive avoidance controller, located outside the 

cage. This controller allowed adjusting the duration and intensity of the 

shock current supplied through the floor, to adjust the door delay and to 

register the latency time. 

 

3.4.1.2 Inhibitory avoidance procedure. 

 

All experimental groups were subjected to the training phase of inhibitory 

avoidance. In this phase each mouse was introduced into the white 
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compartment, where there was a period of adaptation during 90 seconds 

(s). After this period, the door between compartments was opened for a 

maximum of 300 s, but if the animal entered the dark compartment, the 

door closed and the animal received an inescapable footshock of 0.3 

milliamps (mA) with a duration of 5 s. In this paradigm we measured the 

time spent to enter the dark compartment, defined as crossing latency 

(measured in tenths of a second and manually recorded). The second phase 

of this procedure took place one week later; in this test phase there was 

only one difference from the previous one: the footshock was of 0.1 mA and 

of 1 s of duration. 

 

3.5 Hormone analysis 

 

 As previously described, blood samples for corticosterone analysis 

were obtained by tail puncture one hour before the first agonistic 

encounter and one hour after the last agonistic encounter. Once social 

status was established, and after memory test, blood for testosterone and 

corticosterone analyses was obtained by cardiac puncture and mice were 

sacrified. The blood samples were prepared by centrifugation to separate 

out the serum, and after that serum was immediately frozen (-80 °C). 

Corticosterone and testosterone analysis were performed using 

enzymimmunoassay method with commercial kits.  

Serum corticosterone, in nanogram/mililiter (ng/ml), was determined by 

Enzyme-Lynked InmunoSorbent Assay (ELISA) using Immunodiagnostic 

systems kit (IDS Ltd.) (UK). The sensitivity, defined as defined as the 

concentration corresponding to the mean minus 2 standard deviations of 

20 replicates of the zero calibrator, was 0.55 ng/ml. Inter and intra assay 

variation coefficients were all below 10%. Serum testosterone (ng/ml) was 
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determined by ELISA using Demeditec diagnostics systems kit (Germany). 

The sensitivity was 0.066 ng/ml. Inter and intra assay variation coefficients 

were all below 12%. 

 

3.6 Histological procedures. 

3.6.1 Perfusion and microtomy techniques. 

 

 After the last session of behavioral tests, mice were transcardially 

perfused under deep pentobarbital anesthesia (1 mililiter/kilogram, (ml/kg)), 

first for 1 minute with NaCl (0,9%) and then with 4% paraformaldehyde. The 

paraformaldehyde solution was delivered for 25 minutes with a flux of 

4ml/min. Thirty minutes after perfusion, brains were extracted from the 

skull and their hemispheres separated. 

Brain hemispheres were cryoprotected with 30% sucrose in cold PB 0.1 M 

(4ºC) for 48 hours and then cut in 50 µm coronal sections using a freezing-

sliding microtome (Leica SM2010 R, Leica; Germany). Slices were collected in 

6 subseries and stored at 4ºC in PB 0.1 M with sodium azide or stored at -

20ºC in a cryoprotective solution (30% glycerol, 30% ethylene glycol in PB 

0.1M) until used. 

 

3.7 Immunohistochemistry. 

 

All the antibodies used in this thesis can be found in table 1.1 For each 

experiment, all the studied sections passed through all procedures 

simultaneously to minimize any difference from immunohistochemical 

staining itself. To avoid any bias, all slides were coded prior to the analysis 

and the codes were not broken until the experiment was finished. 
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Primary antibodies 

Anti- Host Isotype Dilution Incubation Company 

CAMKIIa (2) Mouse IgG1 1:500 48 hours, 4ºC Abcam 

CB1r (2) Rabbit IgG 1:1000 24 hours, 25ºC Synaptic Systems 

GFP (2) Chicken IgY 1:1000 24 hours, 25ºC Abcam 

PSA-NCAM (1) Mouse IgM 1:700 48 hours, 4ºC Abcys 

PV (1 & 2) Guinea pig IgG 1:2000 24 hours, 25ºC Synaptic Systems 

SYN (2) Guinea pig IgG 1:1000 24 hours, 25ºC Synaptic Systems 

VGAT (2) Rabbit IgG 1:500 24 hours, 25ºC Synaptic Systems 

VGLUT1 (2) Guinea pig IgG 1:2000 24 hours, 25ºC Abcam 

WF Lectin biotin 

conjugated (1 & 2) 

Wisteria 

Floribunda 

- 1:200 24 hours, 25ºC Sigma 

Secondary antibodies 

Anti- Host Label Dilution Incubation Company 

Chicken IgY (2) Goat CF 488 1:400 1 hour, 25ºC Sigma 

Rabbit IgG (2) Donkey Cy3 1:400 1 hour, 25ºC Jackson 

Inmunoresearch 

    Streptavidin 

Alexa Fluor 

647 (1&2) 

1:400 1 hour, 25ºC Invitrogen 

Mouse IgG1 (2) Donkey Dylight 405 1:400 1 hour, 25ºC Jackson 

Inmunoresearch 

Rabbit IgG (2) Donkey AlexaFluor 555 1:400 1 hour, 25ºC Invitrogen 

Guinea pig IgG (2) Goat Alexa Fluor 

647 

1:400 1 hour, 25ºC Invitrogen 

Guinea pig IgG (1 and 

2) 

Donkey Cy3 1:400 1 hour, 25ºC Jackson 

Inmunoresearch 

Rabbit IgG (2) Donkey Alexa Fluor 

647 

1:400 1 hour, 25ºC Molecular Probes 

Mouse IgM (1) Donkey Biotin-SP 1:400 1 hour, 25ºC Jackson 

Inmunoresearch 
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Abbreviations: CaMKIIα, α subunit of the Ca2+ /calmodulin dependent protein 

kinase II; CB1 r, cannabinoid receptor 1; GFP, green fluorescent protein; PSA-

NCAM, polysialylated form of de neural cell adhesion molecule; PV, parvalbumin; 

SYN, synaptophysin; VGAT, vesicular γ-aminobutyric acid (GABA) transporter; 

VGLUT1, vesicular glutamate transporter 1; WF, Wisteria Floribunda. 

Table 1.1 Primary and secondary antibodies. 1) antibodies used in the study 1; 2) 

antibodies used in the study 2; 1&2) antibodies used in both studies. 

 

3.7.1 Immunohistochemistry for light microscopy. 

 

 Tissue was processed "free-floating" using the avidin-biotin-

peroxidase (ABC) method (Hsu et al, 1981) as follows: All sections were 

incubated for one minute with an antigen unmasking solution (0.01 M 

citrate buffer, ph 6) at 100 oC. After cooling down the sections to room 

temperature they were incubated with 3% hydrogen peroxide (H2O2) in 

phosphate buffered saline (PBS) for 10 minutes to block endogenous 

peroxidase activity. After this, sections were incubated for one hour with 10 

% normal donkey serum (NDS; Jackson Immunoresearch Laboratories, West 

Grove, PA) in PBS with 0.2 % triton X-100 (Sigma-Aldrich, St. Louis, MO). The 

tissue sections were then incubated for 48 hours at 4°C in mouse IgM anti 

PSA-NCAM (1:700, Abcys) in PBS with 0.2% triton X-100 and 5% NDS. After 

washing, sections were incubated for one hour at 25°C with donkey anti 

mouse biotin SP (1:400, Jackson Inmunoresearch), in PBS with 0.2 %triton 

and 5 % NDS. Then, sections were incubated with an avidin-biotin-

peroxidase complex (ABC, Vector Laboratories, Peterborough, UK) in PBS 

for 30 minutes. Color development was achieved by incubating with 3.3' 

Diaminobenzidine tetrahydrochloride, DAB (Sigma Aldrich) for 4 minutes. 

After this, sections were mounted on slides, dried for one day at room 



 55 

temperature, dehydrated with ascending alcohols (PANREAC, España) and 

rinsed in xylene (Sigma-Aldrich). Finally, sections were coverslipped using 

Eukitt mounting medium. 

 

3.7.2 Immunohistochemistry for confocal microscopy 

 

 Fifty µm coronal sections were processed “free floating” and were 

treated for 1 hour with 10% normal donkey serum (NDS) (Biowest LLC, 

Kansas City, USA) in PBS with 0.2% Triton-X100 (Sigma-Aldrich, St. Louis, 

MO). After this, sections were incubated for 24 hours at 25 °C with 

polyclonal guinea pig anti parvalbumin (1:2000, Synaptic systems) and 

Wisteria Floribunda lectin biotin conjugated (WFA) (1:200, Sigma). After 

being washed, sections were light-protected and incubated for an hour at 

room temperature in donkey anti guinea pig Cy3 antibody and Streptavidin 

Alexa Fluor 647 antibody. All sections were mounted on slides and 

coverslipped using DakoCytomation fluorescent mounting medium (Dako 

North America Inc., Carpinteria, CA).  

The WFA histochemistry is a special histochemistry designed in order to 

detect PNNs, which are structures containing glycoconjugates. This type of 

structure can be recognized by the N-acetylgalactosamine-(GalNac-) binding 

plant lectin Wisteria Floribunda agglutinin (Härtig et al, 1992) 

 

3.8 Analysis of PSA-NCAM grey levels. 

 

 To analyze PSA-NCAM expression in immunostained sections, 

photographs of different amygdaloid nuclei were taken from animals with 

different experimental conditions. In study 1 we studied the following 
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amygdaloid nuclei: Lateral amygdaloid nucleus (La), basolateral amygdaloid 

nucleus (BL), central amygdaloid nucleus (Ce), medial amygdaloid nucleus 

(Me) and basomedial amygdaloid nucleus, anterior part (BMA) at Bregma: -

1.58 mm, interaural: 2.22mm according to the Mouse Brain Atlas (Paxinos 

and Franklin, 1997). In brief, from each immunostaining section examined 

per animal with an Olympus CX41 microscope under bright-field 

illumination, homogeneously lighted and digitalized using a CCD camera (C-

5060 wide zoom, OLYMPUS, Spain), photographs of the different amygdala 

nuclei were taken at 20X magnification and mean grey levels from 5 

randomly selected square areas (15×15 µm) per nuclei and animal were 

measured, averaged, background was substracted and values were 

converted to optical densities (OD) using FIJI software (NIH) (Schindelin et al, 

2012). The grey levels were calculated from a relative scale of intensity 

ranging from 0 to 255; 0 corresponding to non- specific binding levels and 

255 corresponding to the higher intensity of labeling. Non-specific grey 

levels in stained sections were measured from the corpus callosum 

(Bregma: -1.58 mm, interaural: 2.22 mm (Paxinos and Franklin, 2001) 

 

3.9  Density of parvalbumin cells and perineuronal nets. 

 

 Sections were processed for parvalbumin (PV) immunohistochemistry 

and the histochemical detection of PNNs and were observed under a 

confocal microscope (Olympus Fluoview FV 10i, Olympus, Japan) using a 10x 

objective. We estimated the density of cells expressing PV or surrounded by 

perineuronal nets (PNN) in the Ce Bregma: -1.58 mm, interaural: 2.22mm 

according to the Mouse Brain Atlas (Paxinos and Franklin, 2001). 

The area of the Ce was determined for each animal. The result is expressed 

as the number of immunoreactive positive cells per mm2. 
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3.10 Statistical analysis 

 Two-way ANOVAs with status (isolation control, IC, cohabitation 

control, CC, dominant, D, and subordinate, S) and environment (standard 

environment, SE, and environmental enrichment, EE) as between factors, 

were used to assess the differences in the behavioral categories of 

dominance and subordination. 

ANOVA for repeated measures with environment and status as between 

factors and time (corticosterone levels of day 1 and corticosterone levels of 

day 10 of agonistic encounters) as within-subject factor was carried out to 

assess differences in corticosterone between the days. An ANOVA for 

repeated measures with environment and status as between factors and 

time (training and test phase of inhibitory avoidance task) as within-subject 

factor was performed to assess whether the learning of the task is 

produced. 

Two-way ANOVAs with status (isolation control, IC, cohabitation control, CC, 

dominant, D, and subordinate, S) and environment (standard environment, 

SE, and environmental enrichment, EE) as between factors, were used to 

assess the differences in the corticosterone and testosterone levels of the 

day of sacrifice, in the density of PV-expressing cells, PNNs nets and their 

colocalization in the Ce, and in PSA-NCAM expression of the amygdala. 

We used Greenhouse-Geisser if the requirement of sphericity was violated. 

Post-hoc analyses were performed using Bonferroni adjustments. When not 

otherwise specified, the results shown are mean ± the standard error of the 

mean (SEM). All the data were analyzed using the SPSS package, 22.0 

version, and graphs were created using GraphPad Prism 6.  
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4.RESULTS 

 

4.1 Behavioral observations following agonistic encounters and 

establishment of dominant and subordinate status. 

 

 Agonistic encounters of days 5, 7 and 10 were evaluated. 14 of 19 

pairs established their social status manifested in clearly asymmetric 

behaviors. Five pairs were discarded because they did not meet the criteria 

previously established at the 10 day (see Material and Methods). The data 

obtained by the observation of the videos of day 5, 7 and 10 showed a 

different establishment of the hierarchy, depending on the type of previous 

housing (enriched environment (EE) or standard environment (SE)). This 

process was more rapid in the EE animals. However, there were a higher 

number of pairs in SE animals  (figure 1.6). 

 
Figure 1.6. Accumulated percentage of pairs established in days 5, 7 and 10 of 

agonistic encounters. 
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4.1.1 Sensory contact stress model. 

 

During sessions of agonistic confrontation, mice established social status in 

clearly asymmetric behaviors. Following 10 days of aggressive confrontation 

mice consolidated patterns of responding (dominance vs. submission) 

already evident in the fifth and seventh agonistic session. Quantification of 

duration (seconds) of the four behavioral categories (attack, threat, 

avoidance-flee and defense-submission) in the fifth, seventh and last 

agonistic session is shown in the Table 1.2. 

 

Table 1.2 Accumulated duration (seconds) in the four behavioral categories of 

social dominance and subordination in SE and EE animals. Discrete behaviors were 

recorded during the 10 min confrontation. Values indicate means±S.E.M. for 

behaviors displayed by all pairs undergoing confrontation.  

 

The duration of attack was higher in dominant than in subordinate animals 

in day 5 F(1,24)=12,820; p=0,002, in day 7 F(1,24)=17,263; p<0,001 and in day 

 SE EE 
 dominant subordinate dominant subordinate 

5th day     
attack 31,57±8,46 5,30±8,46 39,15±9,77 0,00±9,77 
threat 54,05±10,49 2,84±11,24 57,62±12,11 11,43±12,11 
avoidance-flee 11,61±89,45 62,86±9,45 0,49±10,91 55,392±10,91 

defense-submission 7,40±86,72 25,87±6,72 1,07e-13±7,76 35,40±7,76 

7th day     
attack 39,92±10,109 0,00±10,109 50,81±11,67 0,00±11,67 
threat 49,10±8,66 1,03e-13±8,10 32,15±9,35 1,10e-13±9,35 
avoidance-flee 0,00±5,86 67,59±5,86 0,00±6,77 55,16±6,77 

defense-submission 0,00±4,80 28,32±4,80 0,00±4,80 33,54±5,54 

10th day     
attack 32,79±6,08 2,96±6,08 32,05±7,03 2,75±7,03 
threat 59,99±11,68 4,48±12,49 106,63±13,49 3,47±13,49 
avoidance-flee 10,47±9,23 82,93±9,23 1,28e-13±10,73 73,14±10,73 
defense-submission 0,84±11,64 36,46±11,64 0,38±13,44 66,12±13,43 
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10 F(1,24)=20,239;p<0,001 of agonistic encounters. In addition, the duration 

of threat was higher in dominant than in subordinate animals in day 5 

F(1,23)=17,927; p<0,001, in day 7 F(1,23)=20,932; p<0,001 and in day 10 

F(1,23)=37,856;p<0,001 of agonistic encounters.  

The duration of avoidance-flee was higher in subordinate than in dominant 

animals in day 5 F(1,24)=27,042; p<0,001, in day 7 F(1,24)=94,022; p<0,001 

and in day 10 F(1,24)=52,654;p<0,001 of agonistic encounters. Also the 

duration of defense-submission was higher in subordinate than in 

dominant animals in day 5 F(1,24)=13,757; p<0,001, in day 7 F(1,24)=35,582; 

p<0,001 and in day 10 F(1,24)=16,262; p<0,001 of agonistic encounters.  

 

4.1.2. Enriched environment and the duration of behavioral categories 

of dominance (threat, attack) and subordination (avoidance-flee and 

defense-submission). 

 

When we compare the duration of behavioral categories that characterize 

the dominant status on day 5, no differences in the duration of threat 

F(1,23)=0,279; p=0,602 and attack F(1,24)=0,015; p=0,902 were reported 

between SE and EE mice. On day 7, no differences in the duration of threat 

F(1,23)=0,910; p=0,350 and attack F(1,24)=0,248; p=0,623 were reported 

between SE and EE mice. On day 10, no differences in the duration of threat 

F(1,23)=3,312; p=0,082 and attack F(1,24)=0,005; p=0,943 were reported 

between SE and EE mice. 

After comparison the duration of behavioral categories of subordinate 

status on day 5, no differences in the duration of avoidance-flee 

F(1,24)=0,830; p=0,371 and defense-submission F(1,24)=0,021; p=0,885 were 

reported between SE and EE mice. On day 7, no differences in the duration 
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of avoidance-flee F(1,24)=0,965; p=0,336 and defense-submission 

F(1,24)=0,254; p=0,619 were reported between SE and EE mice. On day 10, 

no differences in the duration of avoidance-flee F(1,24)=1,019; p=0,323 and 

defense-submission F(1,24)=1,349; p=0,257 were reported between SE and 

EE mice. 

 

4.2 Serum hormone levels. 

4.2.1. Corticosterone levels at day 1 and day 10 of the agonistic 

encounters. 

 

In order to know whether environmental enrichment (EE) during 

adolescence and the exposition to social stress in the adulthood induced 

differences in the corticosterone levels, we measured the concentration of 

corticosterone one hour before the first agonistic encounter, and the 

concentration of corticosterone one hour after the last agonistic encounter.  

The repeated measures ANOVA with status and environment as between 

factors and time (corticosterone levels of day 1 and corticosterone levels of 

day 10 of agonistic encounters) as within-subject factor, revealed significant 

differences according to time factor [F(1,20)=6,989; p=0,016], being higher 

the level of corticosterone at day 10 in comparison with day 1 (figure 1.7).  

This analysis also revealed an statistically significant effect of status 

[F(3,20)=11,988; p<0,001]. Bonferroni post-hoc analysis for status revealed 

higher levels in the corticosterone concentration in dominant animals in 

comparison with isolation control and cohabitation control animals 

(p<0,001).  

 

Also, interaction between status and time factor was found, [F(3,20)=6,032; 

p=0,004), being significant higher the concentration of corticosterone in 
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subordinate (p=0,005) and dominant mice (p=0,001) at day 10 in 

comparison with day 1, but not in the other groups.   

Also, differences at day 1 in D mice in comparison with IC (p=0,013) and S 

mice (p=0,036); and differences at day 10 in D mice in comparison with IC 

mice (0,004) and CC mice (0,001) and in S mice in comparison with CC mice 

(0,049). Nevertheless, no statistically significant effects of environment and 

the status-environment, time-environment and time-environment-status 

interactions were found. 

 

 

 

Figure 1.7. Concentration of corticosterone in animals with a specific 

environment (SE or EE) and status (IC, CC, D or S) at day 1 and 10 of agonistic 

encounters. The columns represent the mean ± S.E.M of corticosterone 

concentration (ng/ml). Asterisk indicate statistically significant differences due to 

time factor (between day 1 and day 10) after repeated measures ANOVA analysis; 

p<0.05 (*), p<0.01 (**), p<0.001 (***). 
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4.2.2. Serum corticosterone and testosterone levels before sacrifice. 

 

In order to know whether environmental enrichment (EE) during 

adolescence, the exposition to social stress in the adulthood and other 

experimental manipulations induced differences in the hormonal levels, we 

measured the concentration of corticosterone and testosterone at the end 

of the experimental procedure, just before the sacrifice of the animals. No 

differences in the corticosterone (figure 1.8) and testosterone (figure 1.9) 

levels were found according to the status, adolescence environment, as well 

as in the interaction of status and adolescence environment.  

 

 

 

 

 

Figure 1.8. Concentration of corticosterone in animals with a specific environment 

(SE or EE) and status (IC, CC, D or S) at day of sacrifice. The columns represent the 

mean ± S.E.M of corticosterone concentration (ng/ml).  
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Figure 1.9. Concentration of testosterone in animals with a specific environment 

(SE or EE) and status (IC, CC, D or S) at day of sacrifice. The columns represent the 

mean ± S.E.M of corticosterone concentration (ng/ml).  

 

4.3 The inhibitory avoidance response. 

 

In order to know whether environmental enrichment (EE) during 

adolescence and the exposition to social stress in the adulthood induced 

differences in the memory of mice, we assessed the memory with a passive 

avoidance task. The learning of the task was assessed comparing the 

crossing latency in training phase with the crossing latency of test phase. To 

evaluate the learning in the inhibitory avoidance task, ANOVA for repeated 

measures with environment and status as between factors and time 

(training and test phase of inhibitory avoidance task) as within-subject 

factor was carried out but it did not revealed significant differences 

according to time, status, environment factor and their interactions. The 

between subjects analyses did not show differences due to status, 

environment factor and their interactions (figure 1.10). 
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Figure 1.10. Crossing latency in training and test phase of inhibitory 

avoidance task in animals with a specific environment (SE or EE) and status 

(IC, CC, D or S). The columns represent the mean ± S.E.M of crossing latency 

(arcsenÖp).  

 

4.4. The expression of PSA-NCAM in the amygdala. 

In order to know whether the exposition to social stress and the 

environment during adolescence induced changes in the neuronal 

structural plasticity, we measured the expression of PSA-NCAM in the 

different regions of the amygdala: lateral amygdaloid nucleus (La), 

basolateral amygdaloid nucleus (BL), basomedial amygdaloid nucleus, 

anterior part (BMA), medial amygdaloid nucleus (Me) and central 

amygdaloid nucleus (Ce). 

We found a significant effect of adolescent environment. Thus the 

expression of PSA-NCAM was reduced in animals exposed to EE during the 

adolescence in BMA [F(1,38)=7,681; p=0,009], Me [F(1,38)=5,111; 

p=0,030].and Ce [F(1,38)=5,488; p=0,024] (Figure 1.11).  
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Figure 1.11. Photomicrographs showing the PSA-NCAM expression in the 

amygdala of the  different experimental groups (A-H) with a specific environment 

(SE or EE) and status (IC, CC, D or S). Scale bar: 250 µm. B, graph representing the 

mean ± S.E.M of PSA-NCAM (grey level). Asterisks indicate statistically significant 

differences between SE and EE after two-way ANOVA analysis; p<0.05 (*), p<0.01 

(**), p<0.001 (***). 

 

 

Nevertheless, social stress and the social stress-previous environment 

interaction did not have a significant effect on PSA-NCAM expression.  

 

 

4.5 Density of parvalbumin cells and perineuronal nets of the central 

amygdaloid nucleus. 

 

In order to know whether environmental enrichment during adolescence 

and social stress in the adulthood induced changes in parvalbumin cells and 

perineuronal nets (PNN) we studied the density of PV expressing cells, PNN 

and their colocalization in the central amygdaloid nucleus (Ce). 

 

 

No significant effects of environmental enrichment during 

adolescence and/or social stress during adulthood were found on the 

density of PV expressing interneurons and PNNs in the Ce (Figure 1.12).  
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Figure 1.12. Expression of PNNs in PV-immunoreactive neurons. A1, 

representative confocal images showing the distribution of PV (red) and PNNs 

(blue) in the amygdala. A1 shows a panoramic view. A2 shows in detail (2x 

magnification) the nucleus of the amygdala which was analyzed (Ce) and A3-A5 

shows in detail the PV-expressing cells and PNNs. Scale bar: panoramic views, 273 
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µm; detailled view, 45 µm. B, shows no differences in the density of parvalbumin 

cells, PNNs and their colocalization in Central amygdaloid nucleus in animals with a 

specific environment (SE or EE) and status (IC, CC, D or S). The columns represent 

the mean ± S.E.M of cell density (cells/mm2).  

 

 

5.DISCUSSION 

 

 This study combines the housing in an enriched environment or 

standard environment during the adolescence (3 months) with the 

exposure to a social stress paradigm during the adulthood in NMRI male 

mice. The results found indicate some behavioral and hormonal as well as 

structural plasticity changes in a social stress paradigm applied during 

adulthood with a previous experience of environmental enrichment during 

the adolescence. 

 

 The first aim of our study was to analyze whether sensory contact 

stress produce clear, asymmetric (dominant (D) vs subordinate (S)) status in 

male mice, characterized by the predominance of behavioral categories of 

dominance (threat, attack) and subordination (avoidance-flee and defense-

submission), respectively. We evaluated the duration of behavioral 

categories employing ethological criteria based in previous studies 

(Martínez et al, 1991; Brain et al, 1989). Our results revealed the 

establishment of social status in clearly asymmetric behaviors using a 

model of social interaction which identified mice as dominant or submissive 

based on their agonistic or non-agonistic behaviors (Kudryavtseva, 2000a; 

Kudryavtseva et al, 1991). Therefore, D animals mainly exhibited typical 

categories of dominance as threat and attack, and in contrast, S animals 
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mainly exhibited typical categories of subordination as avoidance-flee and 

defense submission. In fact, in general, agonistic interactions should always 

occur. And after two or three days of interaction with the same oponent, 

usually the superiority of one of the members of the partner is also evident. 

During the encounters, one male is observed attacking the opponent, who 

only exhibits defensive behavior (upright postures, withdrawal, lying on the 

back, inmovilization...) (Kudryavtseva et al, 2014). In other models of social 

stress described in the literature as resident-intruder paradigm (Miczek et al, 

2001), the differences between resident, which exerts as a dominant and 

intruder, subordinate or defeated, are quickly evident, displaying the 

resident typical ofensive postures; as the attack bite and kicking movements 

of the rear legs are very common as well as the sideways threats and 

attacks. It is important to note that the expression of aggression in winners 

may vary depending of the duration of the stressor in terms of days with 

positive fighting experience as well as the strain of mice (Kudryavtseva, 

2000b; Kudryavtseva et al, 1991, 2014). 

 

 The second aim of our study was to evaluate whether the exposure 

to repeated social stress ("sensory contact stress" model) would differently 

impair memory tested with a Passive avoidance task in function of status. In 

general, it is known stress can modulate learning and memory producing 

effects of facilitation, impairment or even an absence of effects, playing 

glucocorticoids a key role as a mediators (Luksys and Sandi, 2011; Sandi and 

Pinelo-Nava, 2007). In our study, we employed the inhibitory avoidance 

task, which is a commonly used behavioral task to investigate learning and 

memory in rodents. In this task only one footshock stimulus is enough to 

produce a firm long-term memory (Roozendaal and McGaugh, 2011; Malin 

and McGaugh, 2006). Also, it is known that environmental enrichment can 
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enhance learning and memory processes (Nithianantharajah and Hannan, 

2006, 2009; Rampon et al, 2000). The learning of the task used was assessed 

comparing the crossing latency in training phase with the crossing latency 

of test phase. In this sense, our results showed no significant differences 

due to status between the crossing latency in the training an test phase, 

therefore no inhibitory avoidance learning was observed. No inhibitory 

avoidance learning was also observed in control animals.  

These results contrast with a previous study in which after a resident-

intruder paradigm of 21 days (5 minutes/day) the adult CD1 mice, both, 

stressed and non stressed exhibited longer latencies in test phase than in 

training phase so they experimented inhibitory avoidance learning 

(Monleón et al, 2015). It is presumable that these differences are due to a 

different duration of the daily exposition to stress, because in our study the 

mice received ten minutes of stress daily during 10 days; but also it is 

probably that the differences are due to the different strain used in the 

experiments. 

 

 The third aim of our study was to analyze the corticosterone 

levels according the different social status derived from the sensory contact 

stress model and the previous environmental experience. In our study, 

corticosterone levels measured one hour before the first agonistic 

encounter revealed higher corticosterone levels in the dominant mice in 

comparison with isolation control mice. It could be possible that this 

difference be a consequence of cohabitation conditions in the dominant 

animals two days before the first agonistic encounter; this new housing 

condition could induce a response of novelty in dominant animals 

producing then an increase of corticosterone. 



 72 

One hour after last agonistic encounter, higher levels of corticosterone 

were found in dominant and subordinate animals in comparison with 

isolation control mice and cohabitation controls, but not significant 

differences appeared between dominant and subordinate animals. In 

general, social stress studies describe increases in the corticosterone levels 

in subordinate animals in comparison with dominant animals, but there are 

a few studies which have found that dominants have more corticosterone 

levels than subordinates (Ely, 1981; Haemisch et al, 1994).  

When we compare the corticosterone levels between day 1 and day 10 of 

agonistic encounters we found that the levels of corticosterone of day 10 in 

dominant and in subordinate animals are higher than the corticosterone 

levels of day 1 of agonistic encounters. Previously higher levels of 

corticosterone in stressed animals after a protocol of chronic stress have 

been reported, (Ely, 1981; Haemisch et al, 1994)being higher in subordinate 

than in dominant animals, but our results did not show this pattern. 

 

Also, we measured the corticosterone and testosterone levels of blood 

extracted at the end of the experimental protocol, just before the sacrifice 

of the mice, and we did not obtain any differences due to a status and/or 

environment. Several studies have described a recovery of corticosterone 

levels after several days without stressful situation and, in this sense, our 

results follow the same pattern. Regarding to the testosterone levels, 

previous studies employing the same stress social paradigm found higher 

levels of testosterone in dominant animals in comparison to subordinate 

animals (Rodriguez-Alarcón et al, 2007), but in this study the testosterone 

levels were measured just after the last agonistic encounter. This fact could 

contribute to justify the differences in regard to our study, being that we 

collected the blood samples eight days after the last agonistic encounter; 
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eight days in which the animals remained housed under isolation (IC) or 

under cohabitation (CC, D and S).  

 

 PSA-NCAM is a molecule with anti-adhesive properties, which 

was one of the first molecules related to structural plasticity studied after 

chronic stress in experimental animals (Sandi et al, 2001) and has remained 

the focus of several studies in different cerebral regions since then (Sandi, 

2004). As it has been demonstrated for many PSA-NCAM expressing 

structures in the cerebral cortex (excluding those of immature neurons) 

(Gómez-Climent et al, 2011; Varea et al, 2005), many PSA-NCAM expressing 

neurons in the amygdala (Gilabert-Juan et al, 2011) express markers of 

interneurons and lack expression of molecules exclusively found in 

principal neurons. Consequently, changes in PSA-NCAM expression should 

primarily affect the structure of interneurons, rather than that of principal 

neurons.  

 The fourth aim of our study was to analyze whether 

"sensory contact stress" can modulate the expression of PSA-NCAM. Our 

results showed no significant differences in PSA-NCAM expression between 

stressed and control mice. A previous study performed in marmosets 

(Callithrix jacchus) described that after seven days of social defeat, 

marmosets did not experiment differences in the density of PSA-NCAM in 

amygdala and also in hippocampus in comparison with control animals 

(Marlatt et al, 2011). Previous studies (Gilabert-Juan et al, 2011; Cordero et 

al, 2005) have shown that stress is a powerful modulator of PSA-NCAM 

expression in different amygdaloid nuclei. However, these studies reported 

reductions in the expression of PSA-NCAM in the amygdala of chronically 

stressed rats in Ce and Me nuclei (Cordero et al, 2005) and reductions in the 

expression of PSA-NCAM in the amygdala of chronically stressed mice in Ce, 
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although not in Me nuclei (Gilabert-Juan et al, 2011). These different 

patterns of PSA-NCAM expression between our experiment and the 

previous ones, which employed restraint stress, suggest that probably 

exists a different regulation of this molecule depending on the type of 

stress applied. Restraint stress is more physical than social stress and it is 

known that this type of stress is less strong in terms of CORT release than 

social stress (Koolhaas et al, 2011) 

 

 The fifth aim of our study was to evaluate whether an 

enriched environment influences the effects of social stress on social status 

and behavioral categories, memory, hormone levels, and the expression of 

parvalbumin cells (PV), a specific subpopulation of interneurons, 

perineuronal nets (PNNs), an important regulator of central nervous system 

plasticity, and PSA-NCAM, a molecule implicated in structural plasticity, in 

the amygdala. Our results show that environment did not produce 

differences in the duration of the behavioural categories of dominance and 

subordination. These results contrast with previous results obtained in a 

study with the same mice strain, NMRI, in which EE mice displayed more 

time in threat than SE animals, but regarding to attack, avoidance-flee and 

defense-submission, the time spent was the same (Mesa-Gresa et al, 

2013a). The differences in threat between the cited study and our study 

may be due to several factors; one of them could be the period of 

development in which the agonistic behavior in the cited study was 

evaluated, early adulthood (P56-P58), besides this, the agonistic encounters 

took place in a neutral arena while in our study the agonistic encounters 

took place in the same cage in which mice are housed and also, the 

protocol used to generate agonistic encounters (Chistyakov et al, 2010) was 

different of which we used. 
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 In reference to EE, other authors described that animals 

exposed to environmental enrichment exhibit less aggressive behavior 

(Akre et al, 2011; Abramov et al, 2008). According to this, there is another 

study in which animals exposed to periadolescent enriched environment 

and exposed to 15 minutes during 5 days of social stress in a neutral cage 

reduced levels of offensive behaviors, displaying a less aggressive profile 

during the five sessions of agonistic encounters (Pietropaolo et al, 2004). 

The lack of isolation phase in previous cited papers, could be the main 

difference between these studies and our results, because it is possible that 

the use of isolation in order to remove the effects of group interactions 

(Kudryavtseva, 2000a) are masking those possible differences that should 

be seen using another model of agonistic encounters.   

 

 In reference to the inhibitory avoidance response, we observed that 

mice that lived in an enriched environment or in a standard environment 

during adolescence did not show differences in both phases of inhibitory 

avoidance task (training and test phases). Neither they showed a different 

learning when we compared the scores of both phases. In general, different 

studies have shown inhibitory avoidance learning in rats (Lu et al, 2017) and 

mice (Lee et al, 2013; Mesa-Gresa et al, 2013; Leger et al, 2012; Kazlauckas 

et al, 2011) previously exposed to environmental enrichment. However, 

there are different studies that also demonstrated a lack of inhibitory 

avoidance learning in rats after housing in enriched conditions 

(Ahmadalipour et al, 2015; Rojas et al, 2013; Ronzoni et al, 2016). As in the 

study of Ronzoni and collaborators (Ronzoni et al, 2016) our study applied 

the EE during the adolescence and the assessment of the inhibitory 

avoidance learning was in the adulthood, although in our study seven days 

passed between training and test phase. 
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 Regarding to hormone levels, in our study, corticosterone levels 

measured one hour before the first agonistic encounter revealed no 

differences due to environment. Previous studies have been described a 

decrease in corticosterone levels after four weeks of social stress in rats 

previously housed in communal nesting (Branchi et al, 2006) which suggests 

a protective role of EE. However, other study suggest that if social stress is 

applied while the animals are housed in EE, the corticosterone levels 

increase in EE with stress animals in comparison with EE no stress animals 

(Mesa-Gresa et al, 2016). These data suggest a positive impact of EE when it 

is applied before the stress, probably due to an increase of coping strategy 

in enriched mice. 

 

Regarding to the expression of PSA-NCAM, our results shown a significant 

decrease of PSA-NCAM inmunoreactivity in mice previously exposed to 

enriched environment in comparison with animals exposed to previous 

standard environment. In contrast, different studies have shown an 

increase in the expression of PSA-NCAM in hippocampus after EE (Rizzi et al, 

2011; Zerwas et al, 2016) and also in striatum (Urakawa et al, 2007). In this 

sense, it is possibly that environmental enrichment have different effects on 

different brain areas and also that the pattern of expression of PSA-NCAM 

be different in response to the EE in different brain areas. 

 In reference to the expression of a specific subpopulation of 

interneurons, parvalbumin (PV), and the expression of perineuronal nets 

(PNN) in the amygdala, we did not find changes in the density of PV cells, as 

well as in the density of PNN and their colocalization in central amygdaloid 

nucleus (Ce). It is known that there is a variety of local GABAergic 

interneurons in the Ce (McDonald, 1982). Concretely, most of the PV 

expressing cells in this area are surrounded by PNN which are specialized 
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extracellular matrix structures involved in synaptic plasticity and closure of 

critical periods, and remarkably, the maturation of PV cells is concurrent 

with the postnatal developmental maturation of PNN (Mauney et al, 2013a). 

Reductions in the expression of PV cells in the hippocampus have been 

reported in other models of chronic stress, as chronic restraint stress in 

mice (Hu et al, 2010) or chronic psychosocial stress in tree shrews (Tupaia 

belangeri) (Czeh et al, 2004). Despite of we used a chronic social stress 

model, the differences in comparison between other models could be due 

to the use of different animal specie as well as the study of different brain 

areas. It is possible that the stress affects in different way the parvalbumin 

cells of the amygdala. 

Besides this, and regarding to the PNNs our results are consistent with the 

results of other studies in which changes in the expression of parvalbumin 

cells normally occur when the stress happens in the adolescence but rarely 

in the adulthood. In this sense, a decrease in the number of PV-expressing 

cells have been described in the Hp of Tree shrews after psychosocial stress 

in the adulthood (Czeh et al, 2004). In other models of stress as neonatal 

separation stress, an increase in the density of PV-cells have been described 

in anterior cingulate and precentral medial cortex (Helmeke et al, 2008) 

whereas in a model of prenatal stress, a decrease in the ratio PV-GAD67 

expressing cells in mPFC and Hp have been described (Lussier and Stevens, 

2016). It would be interesting to analyze other brain areas, as the 

hippocampus in which alterations in PV-expressing cells have been 

described after psychosocial stress in the adulthood(Czeh et al, 2004). 

Moreover, more studies are needed in order to understand the paper of PV-

expressing cells and PNN in the amygdala. 
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Chapter 2 

Study 2. Impact of delta-9-

tetrahydrocannabinol administration during 

the adolescence. 
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1.INTRODUCTION 

1.1 Schizophrenia: Symptoms and age of onset. 

 

 According to Diagnostic and Statistical Manual of Mental Disorders 

(fifth edition) DSM VÒthe spectrum disorders of schizophrenia and other 

psychotic disorders are schizophrenia, other psychotic disorders and 

schizotypal (personality) disorder. They are defined by anomalies in one or 

more of the following five domains: delusions, hallucinations, thought 

(speech) disorganized, very disorganized or abnormal motor behavior 

(including catatonia) and negative symptoms.   

Concretely, schizophrenia is characterized by a range of cognitive, 

behavioral and emotional dysfunctions, but no single symptom is 

pathognomonic of the disorder.  These symptoms include positive 

symptoms which are delusions, auditory and visual hallucinations, 

disorganized speech and grossly disorganized or catatonic behavior; 

negative symptoms which are avolition, demotivation, self-neglect and 

reduced emotion; and cognitive symptoms which can include 

disturbances in declarative memory, working memory and language 

function, slower processing speed, abnormalities in sensory processing and 

inhibitory capacity, as well as reductions in attention. Some individuals with 

schizophrenia also show social cognition deficits.  (American Psychiatric 

Association, 2013; Andreasen, 1995) 

 According to World Health Organization (WHO) the onset of symptoms 

occurs between late adolescence and early adult life (15-25 years), and the 

emergence is earlier in men than women (Cannon and Jones, 1996; 

Jablensky et al, 1992) 

The prevalence of this psychotic disorder according to DSM VÒ is 

approximately 0.3 to 0.7%, although some variations have been reported 
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according to race or ethnic group, as well as according to the country. The 

sex ratio is different according to the sample and population (American 

Psychiatric Association, 2013) 

There are different factors which appear to contribute to the risk of 

developing schizophrenia. This risk factors are:  

 

Environmental; the season of birth has been linked to the incidence of 

schizophrenia. The incidence of schizophrenia and related disorders is 

higher in children growing up in urban environments and in some minority 

ethnic groups. 

 

Genetic and physiological; there is an important contribution of genetic 

factors to the risk of developing schizophrenia. However, the majority of 

people diagnosed of schizophrenia have no family history of psychosis.  

The predisposition seems to be linked to some common and rare risk 

alleles, which have been identified, but they are also associated with other 

mental disorders such as bipolar disorder, depression and disorders of the 

autistic spectrum. 

Complications of pregnancy related with hypoxia and increased parental 

age are also associated with a higher risk of developing schizophrenia. In 

addition, other situations as prenatal and perinatal adverse events, such as 

stress, infection, malnutrition, maternal stress and other medical 

conditions, have also been associated with schizophrenia (American 

Psychiatric Association, 2013; Dean and Murray, 2005; Mäki et al, 2005; 

Crow, 1982;). 

 

1.2 The medial prefrontal cortex in schizophrenia: structure and 

circuitry  
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 Different frontal functions such a working memory, attention, eye 

movement, judgment and insight seems to be impaired in patients suffering 

from schizophrenia (Petit et al, 1995; Anderson et al, 1994; Goldman-Rakic 

and Friedman, 1991) . Frontal lobe abnormalities have been hypothesized 

to contribute to schizophrenia and some studies have described cognitive 

impairments, which are persistent across the illness (Keefe, 2007) 

These impairments suggest the existence of an alteration in cognitive 

control, which depends on the coordination between different brain 

regions, including the anterior cingulate and prefrontal cortices, specifically 

the dorsolateral prefrontal cortex (DLPFC) (Miller and Cohen, 2001). 

Impaired relationships between different brain regions may underlie some 

of the deficits observed in this pathology, in particular attentional deficits. In 

fact, several studies have described abnormal connections between frontal 

areas and cortical and subcortical structures in schizophrenic patients, 

using fMRI (Foucher et al, 2005; Honey et al, 2005). Moreover, a number of 

studies have reported a dysfunction in frontal regions of schizophrenic 

patients when compared to control subjects in different tasks (Holmes et al, 

2005; Perlstein et al, 2003) suggesting the presence of selective defects of 

frontal regions in this pathology. It is known that there are connections 

between different frontal areas, and that these connections are involved in 

attentional control. Specifically, the dorsolateral prefrontal cortex (DLPFC) 

displays more activity when attention is focused on sensory events, 

whereas the medial prefrontal cortex (mPFC) appears to be more activated 

during self-referential tasks (Wicker et al, 2003) 
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1.3 Schizophrenia: Neurobiological basis and precipitating factors 

Increasing evidence suggests that schizophrenia is a disorder of brain 

development and plasticity. Since in 1987, Murray and Lewis (Murray and 

Lewis, 1987) suggested for the first time the neurodevelopmental 

hypothesis of schizophrenia, different studies have provided information 

supportting this hypothesis, which suggests that both, genetic and 

environmental factors may be the cause of this pathology and that pre-

perinatal as well as adolescence insults may be determinant in the 

subsequent abnormalities observed. ( Rapoport et al, 2012; Owen et al, 

2011; Fatemi and Folsom, 2009). Prenatal viral infection, placental 

pathology, obstetric complications and low birth weight are  some of the 

environmental factors ( Rapoport et al, 2012; Fatemi and Folsom, 2009). 

Additionally, several genetic studies have identified different candidate risk 

genes  for the pathology, among which disrupted in schizophrenia 1 

(DISC1), Neuregulin 1 (NRG1), catechol-O-methytransferase (COMT) are 

included (Le-Niculescu et al, 2007; Owen et al, 2005). 

The neurobiological basis of this disorder are still poorly understood, but it 

is known that there are important alterations in the neuronal structure and 

the neurotransmission, in particular within the prefrontal cortex (PFC) of 

schizophrenic patients.  There are different studies supporting the idea that 

in schizophrenia cytoarchitectonic anomalies can be found in the entorhinal 

gray matter (Arnold et al, 1997) and aberrant neurons in the white matter of 

prefrontal cortex (Akbarian et al, 1996), as well as in temporal and 

parahippocampal regions (Arnold et al, 2005). All these data suggest 

different developmental abnormalities in schizophrenia, such as atypical 

cortical neuronal migration. Some other evidences have demonstrated 

volumetric changes in cortical neuropil (Goldman-Rakic, 1999), 
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ultrastructural changes, quantitative and qualitative shortage in neuronal 

processes and synaptic connectivity in this psychotic disorder (Honer et al., 

2000). Moreover, decreases in dendritic spine density on the pyramidal 

neurons in the dorsolateral prefrontal cortex (DLPFC) have been described 

in patients with schizophrenia (Glantz and Lewis, 2000) (Figure 2.1). 

 

Figure 2.1. Neurodevelopmental model of schizophrenia. a, Normal cortical 

development involves proliferation, migration, arborization (circuit formation) and 

myelination, with the first two processes occurring mostly during prenatal life and 

the latter two continuing through the first two post-natal decades. The combined 

effects of pruning of the neuronal arbor and myelin deposition are thought to 
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account for the progressive reduction of grey-matter volume observed with 

longitudinal neuroimaging. Beneath this observed overall reduction, local changes 

are far more complex. Data from human and non-human primate brain indicate 

increases in inhibitory and decreases in excitatory synaptic strength occurring in 

prefrontal cortex throughout adolescence and early adulthood, during the period 

of prodrome and emergence of psychosis. b, The trajectory in children developing 

schizophrenia could include reduced elaboration of inhibitory pathways and 

excessive pruning of excitatory pathways leading to altered excitatory–inhibitory 

balance in the prefrontal cortex. Reduced myelination would alter connectivity. 

Although some data support each of these possible neurodevelopmental 

mechanisms for schizophrenia, none has been proven to cause the syndrome. 

Detection of prodromal neurodevelopmental changes could permit early 

intervention with potential prevention or preemption of psychosis. (Image from 

Insel, 2010) 

 

 

Additionally, there are hypotheses on the etiopathology of schizophrenia 

pointing to alterations in different neurotransmitters. Most of these 

hypotheses have their origin on the neuropsychopharmacology (Kellendonk 

et al, 2006; Snyder, 2006) 

The ‘‘dopamine hypothesis’’ was formulated after finding that dopamine D2 

receptor blockade was a key mechanism for the action of antipsychotics. 

This was also supported by the observation that stimulant substances 

acting via dopamine, such as amphetamines, may produce psychosis in 

healthy individuals and may  exacerbate psychosis in individuals with the 

disorder (Howes and Kapur, 2009; Grace, 1991).   Several studies have 

shown that dopamine is an important modulator of cognitive function in 

the prefrontal cortex, a finding of high relevance to schizophrenia.  
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Glutamate, particularly acting through NMDA receptors, has also an 

important role in schizophrenia (Coyle, 2006). This is because NMDA 

receptor antagonists, such as ketamine, phencyclidine (PCP) or MK 801 

(dizocilpine) can induce psychotic and cognitive impairments resembling 

schizophrenia. Consequently, it is thought that hypofunction of the NMDA 

receptor, especially on interneurons, may contribute to the pathophysiology 

of the disorder (Coyle, 2006) 

Different neuropathological studies have conferred an important role to 

GABA in the pathogenesis of schizophrenia  (Lewis et al, 2005). A specific 

subpopulation of interneurons, the chandelier neurons, have decreased 

GABA transporter (GAT) expression in their presynaptic terminals in 

schizophrenic patients. This fact is possibly related to NMDA receptor 

hypofunction or to reduced BDNF signaling. Moreover, in relation to the 

reduced GABAergic neurotransmission, different studies have revealed 

upregulation of the expression of postsynaptic GABA-A receptors in these 

neurons. All of the hypothesis previously exposed are not mutually 

exclusive, they are complementary.  

Regarding the precipitating factors for schizophrenia, it is important to 

consider that they can be classified according to their appearance in three 

different periods of life; early life, childhood and later life. Obstetric 

complications, virus exposure and maternal stress, are the most prevalent 

factors in early life. Adverse child rearing, child abuse and head injury are 

important factors during childhood. And, finally, drug abuse (cannabis and 

other drugs), migration, social adversity and life events are important in 

later life (Dean and Murray, 2005). 

Nowadays, it is well known that the interaction between genetic factors, 

environmental factors and an increasing individual vulnerability is key for 
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the onset of schizophrenia.  

1.4 Volumetric changes in schizophrenia.  

 During the last decades, several neuroimaging studies have revealed 

abnormalities in the structure of the brains of patients with psychotic 

disorders. The concept that these abnormalities contribute to the etiology 

of psychosis was first proposed by Kraepelin and Bleuer more than 100 

years ago. (Kraepelin, 1921; Bleuler, 1950) 

Nowadays, magnetic resonance imaging (MRI) is the most established and 

used technique for the investigation of the human brain structure in vivo. 

Schizophrenic patients frequently show enlarged lateral ventricles and 

reductions in the volume of the hippocampus, superior temporal gyrus 

(STG), and PFC (MacDonald and Schulz, 2009; Shenton et al, 2001). Several 

meta-analyses and reviews of brain structural differences showed regional 

deficits in the STG in schizophrenic patients when compared with controls ( 

Wright et al, 2000; McCarley et al, 1999). However, there is still some 

controversy on the putative roles that illness duration and antipsychotic 

treatment play in these volume changes. In this regard, it is interesting to 

note that some of these structural abnormalities are already observed in 

first-episode patients (FEP), (Steen et al, 2006) with a short duration of 

illness and a brief exposure to antipsychotic treatment. 

It is important to note that these structural studies should be taken with 

caution because it is extremely difficult to recruit an appropriate number of 

medication-free patients. There are only few studies in which patients are 

neuroleptic-naïve ( Kim et al, 2003; Keshavan et al, 1998). In fact, some 

reports have described that the changes in the volumes of the STG or the 

planum polare (PP) were correlated with medication effects (Sun et al, 
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2009). 

Volumetric studies are mainly performed in humans, but different studies 

developed in animals have revealed changes in volume in different areas of 

the brain. For example, a volume reduction in whole brain have been 

described in a polyinosinic-polycytidylic (poly I:C) model of schizophrenia 

(da Silveira et al, 2017). A volume reduction was also found in the medial 

prefrontal cortex (mPFC) of Lister Hooded rats housed in isolation (Schubert 

et al, 2009; Day-Wilson et al, 2006). Interestingly, similar volume decreases 

have been found in the prelimbic and infralimbic cortices and hippocampus 

in a double-hit model of schizophrenia developed in our laboratory 

(Gilabert-Juan et al, 2013a). These changes may well be correlated with 

structural changes in the neuropil  

1.5 Alterations in cortical inhibitory networks in schizophrenia. 

 Different alterations in GABA neurotransmission have been found in 

patients diagnosed with schizophrenia, mainly in the prefrontal cortex. 

Postmortem human studies have demonstrated GABA-related alterations in 

a  subpopulation of interneurons containing the calcium-binding protein 

parvalbumin (PV) ( Chung et al, 2016; Enwright et al, 2016; Berretta et al, 

2015; Schubert et al, 2009).  

PV expressing basket cells are mainly characterized by their fast-spiking 

action potentials as well as by the perisomatic inhibitory control that they 

exert over pyramidal neurons. Moreover, this subpopulation of 

interneurons is involved in gamma oscillations (30-80Hz), which are 

produced by the synchronization of pyramidal neurons by these PV 

expressing cells (Cardin et al, 2009; Sohal et al, 2009). Besides this, lower PV 

mRNA and protein levels have been described in basket cells in the PFC of 
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schizophrenic patients, as well as lower expression of the glutamic acid 

decarboxylase 67kDa isoform (GAD 67) (the enzyme responsible of GABA 

synthesis) (Lewis et al, 2012a; Mitchell et al, 2017) and a reduction of 

excitatory inputs on their somata (Chung et al, 2016a).  

In vivo studies are consistent with these postmortem analyses and have 

reported a decrease in extracellular GABA levels in subjects with the 

pathology (Frankle et al, 2015). All the alterations previously described may 

contribute to the disturbance of PFC gamma oscillations observed in 

patients diagnosed with schizophrenia (McNally and McCarley, 2016). This 

reduced inhibitory output from PV expressing neurons in schizophrenia 

may represent a compensatory response to an excitatory-inhibitory 

disbalance generated by an upstream deficit in PFC excitatory pyramidal 

cells (Lewis et al, 2012a). This hypothesis may be supported by findings 

describing that pyramidal cells in the PFC layer 3 of schizophrenic patients 

receive fewer excitatory synapses (Lewis et al, 2012a) (Figure 2.2). 

The resulting lower activity of pyramidal cells would preferentially reduce 

the excitation of PV expressing cells, resulting in the deficits observed in 

GAD67, PV and perineuronal nets (PNNs). PNNs were described by Camillo 

Golgi in 1898 and are aggregates of extracellular matrix, which regulate 

synaptic functions and plasticity during development and adulthood (Xue et 

al, 2014; Dityatev et al, 2010). Remarkably, the maturation of PV expressing 

cells is concurrent with the postnatal developmental maturation of PNNs 

(Mauney et al, 2013b) and the disruption of these structures may contribute 

to the dysfunction of neuronal circuitry associated with psychiatric diseases 

(Lau et al, 2013). 
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Figure 2.2 Schematic summary of alterations in neuronal circuitry in layer 3 

of the DLPFC in subjects with schizophrenia. The perisomatic inhibition of 

pyramidal neurons (gray neurons) by parvalbumin-positive basket cells (PVBCs) is 

reduced due to 1) lower GAD67 mRNA expression and lower GAD67 protein , and 

hence less GABA synthesis; 2) higher levels of μ opioid receptor expression in 

PVBCs which reduces their activity and suppresses GABA release; 3) reduced 

expression of cholecystokinin (CCK) mRNA which stimulates the activity of, and 

GABA release from, PVBCs; and 4) less mRNA for, and presumably fewer, 

postsynaptic GABAA α1 receptors in pyramidal neurons. These alterations are 

shown only for the pyramidal neuron in deep layer 3, but are likely present 

throughout layer 3. Chandelier neurons (PVChCs) have decreased GABA 

membrane transporter 1 (GAT1) protein in their axon terminals and increased 

postsynaptic GABAA α2 receptors in pyramidal neuron axon initial segments , 

suggesting enhanced GABA signaling and increased excitation of pyramidal 

neurons if these inputs are depolarizing. (Image from Lewis et al., 2012). 
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Intrinsic impairments in PV expressing neurons might also cause the deficits 

in GABA neurotransmission. Schizophrenia is associated with a shift in the 

alternative splicing of ErbB4, concretely in PV expressing neurons, and this 

ErbB4 variant may impair the formation of excitatory inputs on PV neurons 

(del Pino et al, 2013). The reduction in the excitation of PV expressing 

neurons may lead to the observed deficits in GAD67, PV and PNNs. 

Consistent with this interpretation, PV neurons in the PFC of schizophrenia 

subjects receive fewer excitatory inputs (Chung et al, 2016b) 

Alternatively, other changes in excitatory and inhibitory neurotransmission 

might also contribute to the etiopathology of the disorder. For example, 

somatostatin (SST)-containing GABAergic neurons, which innervate both 

pyramidal and PV cells, have significant reductions in SST mRNA in 

schizophrenic patients (Fung et al, 2014). 

 

1.6 Animal models of schizophrenia 

Animal models of psychiatric disorders are useful preclinical tools, which 

allow the investigation of the neurobiological basis of the disorders. They 

give the opportunity to study behavioral, molecular and structural changes 

produced in the pathology in a short relative period of time, as well as to 

test new therapies. However, a problem exists in these models: it is 

complicated to evaluate some of the core symptoms of psychiatric 

disorders, most of which are only present in humans (Powell and Miyakawa, 

2006). Moreover, there is not a single drug able to reverse all the 

disturbances produced in each model.   

In terms of reproducibility, all animal models should have a homology in the 

symptoms, the replication of the theoretical neurobiological base and 
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pathology and they should demonstrate the expected pharmacological 

response, or lack of it, to known antipsychotics and possible to new 

therapies yet to be developed. An animal model of schizophrenia may 

include behavioral and neurochemical abnormalities with peripubertal 

onset, abnormalities in hippocampal and cortical connectivity and function, 

limbic dopamine dysregulation, cortical glutamatergic hypofunction, 

abnormal response to reward, social withdrawal, attentional deficits or 

working memory impairments, among others (Jones et al, 2011a) 

Different reviews have contributed to the generation of an accurate 

catalogue with the different animal models of schizophrenia ( Vargas et al, 

2016; Neill et al, 2010; Bellon et al, 2009; Floresco et al, 2005) 

 

- Neurodevelopmental models: Gestational methylazoxymethanol acetate 

(MAM), post-weaning social isolation and others. 

- Pharmacological models: amphetamine and PCP administration. 

- Lesion models: Neonatal ventral hippocampal lesion 

- Genetic models: Knock-out mice for: DIS 1, Neuregulin 1 and ErbB4, 

Dysbindin, Reelin and apomorphine susceptibility (dopamine D1/D2 

receptor agonist). 

1.7 Endocannabinoid system. 

In order to explore the existence of a relationship between cannabis abuse, 

cortical circuitry disturbances, and cognitive impairments in schizophrenia, 

a knowledge of the endocannabinoid system is required. The primary 

endocannabinoid molecules in the brain are anandamide and 2-

arachidonylglycerol (2-AG) (Katona and Freund, 2012). Anandamide is a 

partial cannabinoid receptor 1 (CB1r) agonist with low concentrations in the 

brain (Katona and Freund, 2012; Pertwee et al, 2010). Unlike anandamide, 2-
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AG is a full CB1R agonist found at much higher concentrations (Stella et al, 

1997). Some evidences suggest that 2-AG serves as a retrograde signal from 

pyramidal neurons to CCK basket neuron presynaptic terminals, which 

contain high concentrations of the CB1r. In a process known as 

depolarization-induced suppression of inhibition (DSI), the rapid 

depolarization of a pyramidal neuron induces short-term depression of 

GABA release from CCK neuron presynaptic terminals, being CB1r and 2-AG 

required. For example, application of 2-AG produce a decrease in the 

amplitude of postsynaptic currents (Hashimotodani et al, 2007). 

We currently know the neuroanatomical distribution of CB1r and, 

interestingly, this receptor has a high density in brain regions implicated in 

schizophrenia, as the basal ganglia, hippocampus (Hp), anterior cingulate 

cortex and PFC (Glass et al, 1997). In this sense, postmortem studies have 

reported higher CB1rR binding in the frontal cortex in schizophrenia (Dean 

et al, 2001). Other human studies have reported lower CB1r mRNA and 

protein immunoreactivity with higher CB1r binding in the DLPFC of the 

same schizophrenic patients (Figure 2.3), suggesting different 

interpretations, which can offer an accurate approximation into the nature 

of endocannabinoid system dysfunction in schizophrenia:  

First, higher levels of CB1r binding might reflect higher levels of membrane-

bound CB1r due to altered trafficking of the receptor. Second, higher levels 

of CB1r binding might reflect greater receptor affinity. However, 

unfortunately, CB1r affinity has generally not been quantified in 

schizophrenia. Third, the axon terminals of interneurons that normally 

express CB1r might not be fully developed in schizophrenia, leading to 

lower overall levels of CB1R mRNA and protein.  
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Figure 2.3 Schematic illustration of the endogenous cannabinoid system in 

the dorsolateral prefrontal cortex (DLPFC) in the healthy state and 

in schizophrenia. Left: The synthesizing enzyme for the endogenous 

cannabinoid2-arachidonylglycerol (2-AG), diacylglycerol lipase-α (DAGLα), is 

localized to the dendritic spines of pyramidal neurons. In response to 

repeated depolarization, 2-AG is synthesized, travels retrogradely, and activates 

the endogenous cannabinoid receptor 1 (CB1R) (green) in nearby 

inhibitory  axon  terminals from cholecystokinin (CCK)-containing basket neurons. 

2-AG is then degraded by either monoglyceride lipase (MGL) localized to CCK 

neuron axon terminals or by the serine hydrolase α-β-hydrolase domain 6 

(ABHD6), which is colocalized with DAGLα in the dendritic spines of pyramidal 

neurons. Right: In schizophrenia, higher messenger RNA (mRNA) levels for ABHD6 

(larger font size) have been reported in the DLPFC. Because ABHD6 is colocalized 

with diacylglycerol lipase in the dendritic spines of DLPFC pyramidal neurons, 

higher ABHD6 mRNA levels may lead to higher metabolism of 2-AG directly at the 

source of 2-AG production, which may, in turn, lower 2-AG activity at CB1Rs. In 

addition, studies have found lower levels of CB1R mRNA (smaller font size) and 

protein immunoreactivity and higher CB1R binding in the DLPFC of the same 

schizophrenia subjects. (Image from Volk and Lewis, 2016) 

 

 

 

 

Physiological and anatomical lines of evidence suggest
that 2-AG serves as a retrograde signal from pyramidal
neurons to nearby CCK basket neuron axon terminals that
contain high concentrations of the CB1R (Figure 1, left panel).
In a process known as depolarization-induced suppression of
inhibition (DSI), the rapid depolarization of a pyramidal
neuron induces short-term depression of GABA release from
local CCK neuron axon terminals. Both CB1R and 2-AG are
required for DSI. For example, bath application of 2-AG
reduces the amplitude of inhibitory postsynaptic currents
(68). Furthermore, 2-AG is synthesized by diacylglycerol
lipase (DAGL) (67), which has two isoforms. DAGLα is
expressed at much higher levels than DAGLß in adult cortex
and is primarily responsible for 2-AG synthesis (69). DAGLα
is predominantly localized to pyramidal neurons (58,70–72),
and pharmacologic inhibition of DAGL blocks CB1R-
mediated DSI (68,73–75).

Once 2-AG has been synthesized and released, it is degraded
by monoglyceride lipase (MGL) (76,77) or by α-β-hydrolase
domain 6 (ABHD6) (Figure 1, left panel) (78). MGL is localized
almost exclusively in presynaptic axon terminals (71,72,79).
Consistent with the role of 2-AG in suppressing GABA release,
inhibitors of MGL prolong the suppression of inhibitory post-
synaptic currents (68,73,80), an effect that is reversible by a
CB1R antagonist (68,80). In contrast, inhibitors of fatty acid
amide hydrolase, which hydrolyzes anandamide but not 2-AG
in vivo (76), have no effect on 2-AG-mediated DSI (68,73,81).
Taken together, these data suggest that MGL is anatomically
positioned to inactivate 2-AG at its site of action at CB1R
in presynaptic inhibitory axon terminals. In contrast, ABHD6 is

co-localized with DAGL in the pyramidal neuron dendritic spines
(70,71,78), which allow ABHD6 to regulate 2-AG at its site of
production.

In concert, these findings raise the question of whether
alterations in the endocannabinoid system in schizophrenia
may contribute to, or compensate for, the disturbances in
DLPFC circuitry described above. Multiple studies have
addressed this question by investigating the status of endo-
cannabinoids and CB1R in the DLPFC in schizophrenia, and
we review these studies next. However, it is important to note
that the endocannabinoid system is also involved in the
regulation of fear and anxiety (82–85) and regulates other
neurotransmitter systems in other brain regions, such as
glutamatergic signaling in the amygdala (86). Consequently,
disturbances in endocannabinoid signaling may also be
present in other psychiatric disorders and may have conse-
quences on neurotransmitter function in other brain regions;
however, the primary focus of this review article is on
endocannabinoid regulation of cortical GABA neuron dysfunc-
tion in schizophrenia.

ALTERATIONS IN THE ENDOCANNABINOID SYSTEM
IN SCHIZOPHRENIA

The status of endocannabinoid signaling in the DLPFC can
first be informed by investigating whether the primary
endocannabinoids themselves (i.e., anandamide and 2-AG)
are altered in schizophrenia. Initial studies focused on levels
of these ligands in the cerebrospinal fluid (CSF) in the illness
(Table 1). For example, CSF levels of anandamide were
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Figure 1. Schematic illustration of the endogenous cannabinoid system in the dorsolateral prefrontal cortex (DLPFC) in the healthy state and in
schizophrenia. Left: The synthesizing enzyme for the endogenous cannabinoid 2-arachidonylglycerol (2-AG), diacylglycerol lipase-α (DAGLα), is localized to
the dendritic spines of pyramidal neurons. In response to repeated depolarization, 2-AG is synthesized, travels retrogradely, and activates the endogenous
cannabinoid-1 receptor (CB1R) (green) in nearby inhibitory axon terminals from cholecystokinin (CCK)-containing basket neurons. 2-AG is then degraded by
either monoglyceride lipase (MGL) localized to CCK neuron axon terminals or by the serine hydrolase α-β-hydrolase domain 6 (ABHD6), which is co-localized
with DAGLα in the dendritic spines of pyramidal neurons. Right: In schizophrenia, higher messenger RNA (mRNA) levels for ABHD6 (larger font size) have been
reported in the DLPFC. Because ABHD6 is co-localized with diacylglycerol lipase in the dendritic spines of DLPFC pyramidal neurons, higher ABHD6 mRNA
levels may lead to higher metabolism of 2-AG directly at the source of 2-AG production, which may, in turn, lower 2-AG activity at CB1Rs. In addition, studies
have found lower levels of CB1R mRNA (smaller font size) and protein immunoreactivity and higher CB1R binding in the DLPFC of the same schizophrenia
subjects. One potential explanation for this apparent discrepancy may be the presence of higher levels of membrane-bound CB1R due to altered trafficking
that are accessible to ligand binding, while the total amount of intracellular CB1R is lower.
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1.8 The abuse of cannabis (THC) in the adolescence influences the 

development of schizophrenia. 

A large number of studies have indicated that exposure to cannabis during 

adolescence is associated with increased risk of developing schizophrenia ( 

Di Forti et al, 2007; Smit et al, 2004; Andréasson et al, 1987). Studies 

describing an association between cannabis use and onset of schizophrenia 

have been reported since 1987 (Andréasson et al, 1987). A dose–response 

relationship between cannabis use at age 18 and the diagnosis of 

schizophrenia 15 years later was observed. Due to the fact that only 3% of 

heavy cannabis users went on to develop schizophrenia, it was suggested 

that cannabis might exert its causal role only in already vulnerable 

individuals.  

The association between adolescent cannabis use and adult schizophrenia 

persisted after controlling for many potential confounding variables. 

Assuming a causal relationship, the incidence of schizophrenia could be 

reduced by approximately 8% by eliminating cannabis consumption. It 

appears to be a component cause, part of a complex constellation of factors 

leading to psychosis. Evidence suggests that cannabis is a component cause 

in the development and prognosis of schizophrenia, in which mechanisms 

of gene–environment interaction are most likely to explain this association.  

Regarding to animal models, few reports have dealt with the relationship 

between adolescent cannabinoid administration and vulnerability to 

schizophrenia. Male rats administered with the synthetic cannabinoid 

agonist WIN 55,212–2, experimented a deficit in the prepulse inhibition of 

the startle reflex (PPI), when tested as adults (Schneider and Koch, 2003). 

Additionally, the same research group showed that the PPI impairment 

induced by adolescent WIN 55,212–2 treatment was paralleled by altered 
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basal neuronal activity measured through Fos immunoreactivity in selected 

brain regions (Wegener and Koch, 2009). Taken together, these results 

indicate that chronic stimulation of the cannabinoid receptor CB1r during 

rodent puberty not only leads to persistent behavioral changes, but also 

may lead to cellular long-term adaptations within brain regions critical for 

neuropsychiatric diseases, such as the mPFC, the amygdala and the Hp 

(Figure 2.4).  

 

 

Figure 2.4 .Working model of prefrontal dysfunction induced by cannabinoid 

exposure during adolescence. (A) During normal development, the adolescent 

facilitation of glutamatergic transmission onto prefrontal PV-positive interneurons 

is thought to determine the maturation local GABAergic transmission in the PFC 

(Tseng et al., 2009). (B) Based on the expression and function of CB1R in the cortex, 

the acute effect of cannabinoids on prefrontal dysfunction could occur by 

suppression of synaptic transmission at any of the following synapses (black 

triangles): (i) CCK-positive interneuron → pyramidal neurons, (ii) glutamatergic 
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afferents → pyramidal neurons, and (iii) glutamatergic afferents → PV-positive 

interneurons. Regarding the long-lasting effects of adolescent exposure to 

cannabinoids, we hypothesize that cannabinoid-induced (e.g., Δ9-THC) suppression 

of glutamatergic drive onto PV-positive cells will prevent the normal maturation of 

these interneurons. If such interneuronal activity does not become enhanced 

during this transitional period, the control of PFC inhibition will be profoundly 

reduced, resulting in a lack of synchrony in the PFC and consequent impairment of 

cognitive functions (from Caballero and Tseng, 2012) 

 

However, it is worth noting that these studies were focused only on male 

rats and based on the repeated injection of WIN 55,212–2, which acts 

differently at receptor level when compared to THC (Realini et al, 2009). 

 

2. AIMS 

 

1. To evaluate the impact of delta-9-tetrahydrocannabinol (THC) 

administered during the adolescence on socially reared  mice. 

1.1 To study the effects of THC on a behavioral test in which the prefrontal 

cortex (PFC) is involved: the prepulse inhibition of startle reflex (PPI). 

1.2 To study the effects of THC on the volume of the medial prefrontal 

cortex (mPFC), the structure of interneurons and the expression of 

molecules related to inhibitory neurotransmission in this neocortical region. 

2. To elucidate whether the treatment with the cannabinoid receptor 1 

(CB1r) antagonist AM251 during adulthood can palliate or reverse the 

effects of THC administration in socially reared mice. 

3. To evaluate the impact of THC administered during the adolescence on a 

"double-hit" model of schizophrenia. 
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3.1 To study the effects of THC on a behavioral test in which the PFC is 

involved: the PPI. 

3.2 To study the effects of THC on the volume of the mPFC, the structure of 

interneurons and the expression of molecules related to inhibitory 

neurotransmission, in this neocortical region. 

4. To elucidate whether the treatment with the CB1r antagonist, AM251 

during adulthood can palliate or reverse the effects of THC administration 

in a "double-hit" model of schizophrenia. 

 

In order to accomplish these objectives, I planned two experiments in the 

Study 2. In the first experiment, I intended to study the effects of THC 

administration during adolescence on socially reared mice, to analyze the 

impact on the prefrontal cortex and to explore a putative reversal by AM251 

treatment during the adulthood. 

In the second experiment, I wanted to study the effects of THC 

administration during adolescence on a "double-hit" model of 

schizophrenia and to analyze its impact on the prefrontal cortex and a 

putative reversal by AM251 treatment during the adulthood. 
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Experiment 1. Effects of delta-9-tetrahydrocannabinol 

during adolescence on socially reared mice. Impact on the 

prefrontal cortex and putative reversal by AM251 treatment 

during adulthood. 

 

3. MATERIAL AND METHODS 

 

3.1 Animals. 

 Sixty four “GFP-expressing inhibitory neurons” male mice (GINs, Tg 

(GadGFP) 45704Swn) (Jackson Laboratory; Bar Harbor, Maine, USA) (Oliva et 

al, 2000) from different litters bred in our animal facilities were used in this 

experiment. They were maintained under standard conditions of light (12 

hours light-dark cycle) and temperature with food and water available ad 

libitum. All animal experimentation was conducted in accordance with the 

Directive 2010/63/EU of the European Parliament and of the Council of 22 

September 2010 on the protection of animals used for scientific purposes 

and was approved by the Committee on Bioethics of the Universitat de 

València. 

 

3.2 Housing and pharmacological treatments 

 

 At postnatal day 7 (P7), the animals (n=64) received an intraperitoneal 

injection of saline (0.9%). At P21, after weaning, the animals were housed in 

groups of 3-4 animals, thus forming socially housed and saline injected 

mice (NaCl/soc, n=64). 

During the adolescence, from P28 to P48 (Spear, 2000), the animals 

received a daily intraperitoneal injection of delta-9-tetrahydrocannabinol 

(THC, 10mg/kg)(THC Pharm GmbH, Germany), the psychoactive compound 
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of cannabis, or vehicle 1 (1:1:18 mixture of ethanol:Tween 80®:saline)  

(Long et al, 2012), thus forming two groups: socially housed, saline injected 

and vehicle 1 injected (NaCl/Soc-VEH1, n=32), socially housed, saline 

injected and THC injected (NaCl/Soc-THC, n=32). 

During adulthood, from P110 to P130, the two groups previously described, 

received a daily intraperitoneal injection of the CB1 receptor inverse 

agonist/antagonist, AM251 (1mg/kg, Tocris Bioscience, Bristol, UK) (Tambaro 

et al, 2013) or vehicle 2 (1:1:18 mixture of DMSO:Tween 80®:saline), finally 

producing four  experimental groups: socially housed, saline injected, 

vehicle 1 injected and vehicle 2 injected (NaCl/Soc-VEH1-VEH2, n=16), 

socially housed, saline injected, vehicle 1 injected and AM251 injected 

(NaCl/Soc- VEH1-AM251, n=16), socially housed, saline injected, THC injected 

and vehicle 2 injected (NaCl/Soc-THC-VEH2, n=16), socially housed, saline 

injected, THC injected and AM251 injected (NaCl/Soc-THC-AM251, n=16. 

 

Group Experimental conditions 

A 

socially housed, saline injected, vehicle 1 injected and vehicle 2 

injected (NaCl/Soc VEH1-VEH2) 

B 

socially housed, saline injected, vehicle 1 injected and AM251 

injected (NaCl/Soc VEH1-AM251) 

C 

socially housed, saline injected, THC injected and vehicle 2 

injected (NaCl/Soc THC-VEH2) 

D 

socially housed, saline injected, THC injected and AM251 

injected (NaCl/Soc THC-AM251) 

 

Table 2.1. Description of the four experimental groups. 
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After the second treatment, administered during the adulthood, 

(AM251 or VEH2), we evaluated putative attention deficits and prefrontal 

cortex function using the Prepulse Inhibition of Startle Reflex test (PPI). The 

schematic representation of the different phases of this experiment can be 

found in figure 2.5. 

 

 

 

Figure 2.5. Schematic representation of the experimental design of the 

experiment 1. 

 

3.3 Behavioral tests. 

3.3.1 Prepulse Inhibition of Startle Reflex Test. 

 

 In the experiment 1 all animals were subjected to the prepulse 

inhibition of startle reflex test. 

Prepulse Inhibition (PPI) of startle reflex is commonly used as a model for 

studying the integrity of the central inhibitory automatic mechanisms of 

attention in rodents. PPI is the reduction of the startle response seen after a 

weak stimulus, or prepulse, presented before the onset of the startling 

stimulus or pulse. 

Startle responses were measured using the Startle and Fear combined 

system from Panlab (Barcelona, Spain). The experimental chamber had 

black walls and a transparent front door mounted on a platform. The 

movement of the animal into the cylinder was detected by four load cells 
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situated on the platform. The loudspeaker, situated on the top of the 

chamber provided white background noise, pre-pulses and pulses. The 

experimental chamber was placed in a ventilated sound isolation cage. 

Presentation of the stimuli was controlled by STARTLE software and the 

startle response was transmitted to the specific experimental modules of 

the software through the load cell unit for recording purposes and for 

posterior analysis. Test sessions were preceded by a habituation phase 

consisting of three sessions in which mice were placed in the apparatus for 

five minutes without background noise. Test sessions consisted of no 

stimulus trials, pulse trials, pre-pulse trials and pre-pulse pulse trials. Each 

no-stimulus trial consisted of a background noise only, pulse trials consisted 

of a 40 ms pulse of 120 decibels (dB), pre-pulse trial consisted of a 20 ms 73, 

76 or 82 dB and pre-pulse pulse trials consisted of a 20 ms 73, 76 or 82 dB 

followed 100 ms later by a 40 ms pulse of 120 dB. Test sessions began with 

a 5 minutes acclimatization period using a background noise of 70 dB. The 

test sessions consisted of a ten pulse basal trials and ten presentations of 

four different trials previously described. The trials were presented in 

pseudorandom order with an intertrial interval (ITI) of 22 seconds and an 

interstimulus interval of 100 ms. The percentage of prepulse inhibition of 

startle reflex was calculated using the next formula: 100- {[(startle response 

for prepulse+pulse)/(startle response for pulse alone)]x100} 

 

3.4 Histological procedures. 

3.4.1 Perfusion and microtomy techniques. 

  

 One day after the PPI test, all mice used for histological techniques 

(n=34, 8 animals per group) were transcardially perfused under deep 

pentobarbital anesthesia (1ml/kg), first for 1 minute with NaCl (0,9%) and 
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then with 4% paraformaldehyde. The paraformaldehyde solution was 

delivered for 25 minutes with a flux of 4ml/min. Thirty minutes after 

perfusion, brains were extracted from the skull and their hemispheres 

separated. 

Brain hemispheres destined to study dendritic arborization and spine 

density were stored in phosphate buffer (PB) 0.1 M (4ºC) with sodium azide 

0.05 % until cut with a vibratome (Leica VT 1000E, Leica; Germany) in 100 

µm thick coronal sections. The contralateral brain hemispheres were 

cryoprotected with 30% sucrose in cold PB 0.1 M (4ºC) for 48 hours and 

then cut in 50 µm coronal sections using a freezing-sliding microtome (Leica 

SM2010 R, Leica; Germany). Slices were collected in 6 subseries and stored 

at 4ºC in PB 0.1 M with sodium azide or stored at -20ºC in a cryoprotective 

solution (30% glycerol, 30% ethylene glycol in PB 0.1M) until used. 

 

 

3.4.2 Fresh tissue extraction and dissection of medial prefrontal cortex 

(mPFC). 

 Mice used for gene expression analysis (n=32, 8 animals per group) 

were sacrificed with an injection of a lethal dose of sodium pentobarbital 

(10ml/kg). Brains were immediately removed from the skull and placed on 

Petri dishes filled with cold sterile phosphate buffer (PB). The brain was 

separated in the two hemispheres and each hemisphere stored on 

separated microcentrifuge tubes. Hemispheres were frozen in liquid 

nitrogen and kept at -80 ºC until used. After defrosting the hemispheres, the 

overlying pia was removed under a stereo microscope (SZX7; Olympus) and 

coronal cuts were made to remove portions of the rostral and caudal poles.  

The mPFC from the left and right cortices were dissected with a 

microscalpel in sterile conditions and then stored on separated 
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microcentrifuge tubes. The whole procedure was performed at cold 

temperature and under RNAse-free conditions to prevent RNA degradation.  

3.5 Immunohistochemistry. 

 

 Detailed information on all the antibodies used in this thesis can be 

found in Table 1.1. For each experiment, all the studied sections passed 

through all procedures simultaneously to minimize any difference from 

immunohistochemical staining itself. To avoid any bias, all slides were 

coded prior to their analysis and the codes were not broken until the 

experiment was finished.  

 

3.5.2 Immunohistochemistry for confocal microscopy 

 One hundred µm thick coronal sections were used for GFP 

immunohistochemistry in order to enhance intrinsic GFP signal. Fifty µm 

coronal sections were employed for the other immunostainings. In general, 

sections were processed “free floating” and were treated for 1 hour with 

10% normal donkey serum (NDS) (Biowest LLC, Kansas City, USA) in PBS 

with 0.2% Triton-X100 (Sigma-Aldrich, St. Louis, MO). After this, sections 

were incubated with different cocktails of two, three or four primary 

antibodies (table 1). After being rinsed, sections were light-protected and 

incubated one hour at room temperature with the appropriate secondary 

antibodies (table 1). All sections were mounted on slides and coverslipped 

using DakoCytomation fluorescent mounting medium (Dako North America 

Inc., Carpinteria, CA). When it was necessary to use two primary antibodies 

generated in the same species for the same immunohistochemistry, 

subclass specific secondary antibodies were used.  
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3.5.3 Histochemistry for the detection of Perineuronal nets (PNNs) 

using Wisteria Floribunda agglutinin (WFA). 

 The WFA histochemistry is directed to detect PNNs, which are 

structures containing a certain type of glycoconjugate. This type of 

molecules can be recognized by the N-acetylgalactosamine-(GalNac-) 

binding plant lectin Wisteria Floribunda agglutinin (Härtig et al, 1992) 

Fifty µm coronal sections were employed. In general, sections were 

processed “free floating” and were treated for 1 hour with 10% normal 

donkey serum (NDS) (Biowest LLC, Kansas City, USA) in PBS with 0.2% 

Triton-X100 (Sigma-Aldrich, St. Louis, MO). After this, sections were 

incubated with biotinylated-Wisteria Floribunda lectin (1:200, Sigma) (table 

1.1) for 24 hours at 25 ºC. After being rinsed, sections were light-protected 

and incubated one hour at room temperature with streptavidin Alexa Fluor 

647 (1:400, Invitrogen) for 1 hour at 25ºC. All sections were mounted on 

slides and coverslipped using DakoCytomation fluorescent mounting 

medium (Dako North America Inc., Carpinteria, CA).  

 

3.6 Volumetric analysis. 

 

 The volumes of the different mPFC regions (infralimbic cortex,IL; 

prelimbic cortex, PrL; cingulate cortex, area1 (Cg1) and cingulate cortex, 

area 2( Cg2) were measured in sections stained for PV and PNN, using the 

Volumest plugin in the ImageJ Software (NIH, USA), which uses Cavalieri's 

principle (Gundersen and Jensen, 1987). First, images of all slices were 

acquired with a confocal microscope (Olympus FV-10; Olympus, Japan). 

After that, the measures of the areas were estimated in images 

containing: prelimbic cortex in Bregma 3.08 mm to 1.70 mm; infralimbic 



 106 

cortex in Bregma 1.94 mm to 1.42 mm; cingulated 1 cortex in Bregma 

2.34 mm to − 0.22 mm; cingulate 2 cortex in Bregma 1.42 mm to – 0.22 mm. 

 

3.7 Analysis of dendritic arborization in GFP+ interneurons 

 

 Dendritic arborization was studied in Cg1 and Cg2 using confocal 

microscopy (Leica TCS SPE, Leica; Germany). Z-series of optical sections (0.2 

µm apart) covering the dendritic tree of selected interneurons (6 GFP-

expressing neurons per mouse). In order to be analyzed, GFP-expressing 

neurons had to fulfill the following features: (1) the cell must not show any 

truncated dendrite, (2) the dendritic arbor of the cell must show at least a 

process with a length greater than 120 μm and (3) the soma must be 

located at least 30 μm deep from the surface of the tissue. The stacks 

obtained were then processed using FIJI software (NIH, USA) (Schindelin et 

al, 2012) in order to render 3D reconstructions, in which the exact distance 

of the branching and terminal points of the dendrites of a given 

interneuron were analyzed. The degree of dendritic arborization was 

analyzed using a procedure for deriving the Sholl profile. The Sholl analysis 

consists on the measure of the number of intersections of the dendrites 

with spheres of increasing radius centered in the soma (Sholl, 1953) 

 

3.8 Analysis of dendritic spine density 

 

 In this experiment, dendritic spine density was also studied in the 

cingulate cortices, Cg1 and Cg2, using confocal microscopy (Leica TCS SPE, 

Leica; Germany). Individual dendrites were selected from GFP-expressing 

neurons in layer III of the Cg1 and Cg2 (six neurons per animal). Stacks of 

confocal images were obtained with a 63x/1.40 oil immersion objective and 
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an additional 3.5 digital zoom. Confocal z-stacks covering the whole depth 

of the sections were taken with 0.38 μm step size. The spines were counted 

in three dendritic fragments (50 μm each) expanding 150 μm from the 

soma. The stacks obtained were processed with FIJI software (NIH), using 

the Stitching plugin to reconstruct a 3D image of apical dendrites. The 

multipoint tool was used to count the spines.  

 

3.9 Excitation-inhibition balance. 

 

 We studied the density of puncta expressing vesicular glutamate 

transporter1 (VGLUT1) and vesicular GABA transporter (VGAT) in selected 

confocal planes of different regions of the mPFC (IL, PrL, Cg1 and Cg2): IL 

and PrL corresponding to 1.78 mm Bregma level and Cg1 and Cg2 

corresponding to 1.10 mm Bregma level. Confocal z-stacks covering the 

whole depth of the sections were taken with 1 μm step size and only 

subsets of confocal planes with the optimal penetration level for each 

antibody were selected. On these planes, small regions of the neuropil (500 

μm2) were selected for analysis, in order to avoid blood vessels and cell 

somata. Images were processed using FIJI software (NIH, USA) as follows: 

the background was subtracted with rolling value of 50, converted to 8-bit 

deep images and binarized using a determined threshold value. This value 

depended on the marker analyzed and was kept for all images of the same 

marker analyzed. Then, the images were processed with Gaussian blur filter 

in order to reduce noise. Finally, the number of the resulting dots per 

region was counted. The results were expressed for VGLUT1 and VGAT as 

the number of immunoreactive puncta/µm2 and for the E/I balance as the 

number of VGLUT1 immunoreactive puncta/number of VGAT puncta. 
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3.10 Analysis of the density of perisomatic puncta on pyramidal 

neurons. 

 

 Sections processed for CaMKII-α, CB1r, SYN and GFP 

immunohistochemistry were observed under a confocal microscope 

(Olympus FV 10i; Olympus, Japan) using a 60x oil objective. The perisomatic 

puncta on pyramidal neurons were analyzed in the layer III of two regions 

of the mPFC: IL and PrL. The analyses were performed on sections 

corresponding to Bregma 3.08mm/Interaural 6.88mm and to Bregma -

0.22mm/Interaural 3.58mm, according to the atlas of Paxinos and Franklin 

(Paxinos and Franklin, 2001) confocal z-stacks covering the whole depth of 

the sections were taken with 1 µm step size and only subsets of confocal 

planes with the optimal penetration level for each antibody were selected. 

Images were processed using FIJI software (NIH) as follows: the images were 

processed with a blur filter to reduce noise and separate closely apposed 

puncta. The soma profile of the pyramidal neurons was drawn and puncta 

located within an area 0.5 μm distal from the edge of this profile were 

analyzed. A puncta was defined as having an area not smaller than 0.15 and 

not larger than 2.5 μm2 (Di Cristo et al, 2007). Then, the background was 

subtracted with rolling value of 50, converted to 8-bit deep images and 

binarized using a determined threshold value. This value depended on the 

marker and the area analyzed and was kept the same for all images with 

the same marker and area. Fifteen neurons per animal and region were 

analyzed. Finally, values of puncta density for CaMKII-α, CB1r, SYN and GFP 

were obtained from each neuron and expressed as number of puncta per 

micron of soma perimeter.  
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3.11 Density of parvalbumin expressing cells and perineuronal nets. 

 

 Sections were processed for parvalbumin (PV) immunohistochemistry 

and the histochemical detection of PNNs and were observed under a 

confocal microscope (Olympus Fluoview FV 10i, Olympus, Japan) using a 10x 

objective. We estimated the density of cells expressing PV or surrounded by 

perineuronal nets (PNN) in the different regions of the mPFC: IL, PrL 

(Bregma +1.78mm, interaural 5.58), Cg1 and Cg2 (Bregma: +0.38 mm, 

interaural: 4.18mm) according to the Mouse Brain Atlas (Paxinos and 

Franklin, 2001). The results are expressed as the number of 

immunoreactive positive cells per mm2. 

 

3.12 Quantitative retrotranscription-polymerase chain reaction  

 Total mRNA from mPFC was extracted using RNeasyâ Mini Kit from 

QIAgen (QIAgen, Germany) by means of one-step sample 

homogenization/lysis procedure. QIAzol Lysis Reagent disrupted and 

homogenized the tissue. Then mechanical homogenization with TissueLyser 

LT (QIAgen, Germany) was used. Then, chloroform was added to the sample 

and the mixture was centrifuged. This step separates the sample into three 

phases: a colorless aqueous (upper) phase, a white interphase and a red 

organic (lower) phase. The upper aqueous phase was placed in a separate 

tube and RNA was recovered from it by ethanol precipitation. Finally, RNA 

was isolated by several steps through silica-membranes RNeasy spin 

columns. Purified total RNA was eluted in RNase-free water and RNA 

concentration and purity was measured in a spectrophotometer at 260nm 

and 260/280 nm, respectively (Eppendorf BioPhotometer plus; Eppendorf 

AG, Hamburg, Germany). RNA was stored at -80ºC until next step. 
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Reverse transcription (RT) reactions were performed using Superscript ™ II 

Reverse Trancriptase (Invitrogen™, Thermo Fischer Scientific, USA) as 

follows: 1 µl Oligo (dT)12-18 (500 µg/ml), 1 µl of total RNA (100 ng/ µl), 1 µl 

dNTP Mix (10 mM) and 10 µl of sterile destilled water were added to a 

nuclease-free microcentrifuge tube and all the content was heated up to 65 

°C for 5min and quickly chilled on ice. First strand cDNA was then syn- 

thesized by incubating the hybridized RNA at 42 °C for 50 min with dGTP, 

dTTP, dCTP, dATP (1 mM each) , 1 µl Protector RNAse inhibitor (40 U/ µl), 2 

µl 1,4-dithio-DL-threitol (DTT, 0.1 M) 1 µl expand reverse transcriptase (50 

U/ µl) in 20 µl of first-strand buffer. cDNA reactions were then diluted 

fivefold in nuclease-free water. For quantitative retrotranscription-

polymerase chain reaction (qRT-PCR) analyses, each sample was run in 

duplicates. qPCR was carried out with the ABI PRISM 7700 Sequence 

Detector (Applied Biosystems) using EVA Green PCR master mix (Applied 

Biosystems), specific primers for all genes (Table 3) at a concentration of 

240 nm, and 4 µl cDNA (50 ng) of each sample. TATA box-binding protein 

gene (TBP) was used as a reference gene. Following a 95 °C denaturation for 

10 min, the reactions were cycled 40 times with a 95 °C denaturation for 15 

s, and a 60 °C annealing step for 1 min. After that, a melt curve was 

performed to assess the specificity of primers. Primers were designed by 

Primer Blast free software, between exons to avoid genomic DNA 

amplification, using Ensemble data sequences. All DNA oligonucleotide 

primers were custom synthesized by Metabion international AG 

(Martinsried, Germany).  

Relative quantification was performed using the comparative threshold (CT) 

method according to the 2-DDCt method (Pfaffl and Pfaffl, 2001), where, 

DDCT = (CT, target gene - CT, reference gene) exp. group - (CT, target gene - 

CT, reference gene) control group. Changes in gene expression were 
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reported as fold changes relative to controls.  

 
Target gene Primers Sequence (5′ → 3′) Amplicon size(1) 

CB1r Forward TGTCCCTCACCCTGGGCACC 134 

Reverse TCCCAGGAGATCGGCCACCG 

ErbB4 Forward CAGTCGCCCAGGGTGCAACG 133 

Reverse GCGAACACTGTGGGGTCGGC 

GAD67 Forward CTGGAGCTGGCTGAATACCT 120 

Reverse TCGGAGGCTTTGTGGTATGT 

ST8SiaII Forward GGCAACTCAGGAGTCTTGCT 123 

Reverse GTCAGTCTTGAGGCCCACAT 

ST8SiaIV Forward CCTTCATGGTCAAAGGAGGA 125 

Reverse CCAGTAACCTCTGACCGCAT 

TATA BP Forward CACTTCGTGCAAGAAATGCTG  89 

Reverse AATCAACGCAGTTGTCCGTG  

 

Table 2.2. Sequences of gene specific primers and associated amplicon 

lengths for qRT-PCR. (1) Amplicon length in base pairs. 

 

 

3.13 Statistical analysis. 

 Mann Whitney non-parametric test was used to assess the 

differences in the PPI response because these data did not follow a normal 

distribution 

Two-way ANOVAs with administration 1 (VEH1 and THC) and treatment 2 

(VEH2 and AM251) as between factors, were used to assess the differences 

in the volume, dendritic arborization, dendritic spine density, excitation-

inhibition balance, density of perisomatic puncta on pyramidal neurons, 

density of parvalbumin cells, perineuronal nets and their colocalization, and 

gene expression in the mPFC. 
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We used the Greenhouse-Geisser test if the requirement of sphericity was 

violated. Post-hoc analyses were performed using Bonferroni adjustments. 

When not otherwise specified, the results shown are mean ± the standard 

error of the mean (S.E.M). All the data were analyzed using the SPSS 

package, 22.0 version, and graphs were created using GraphPad Prism 6.  

 

4.RESULTS 

 

4.1. The percentage of the prepulse inhibition of startle reflex 

increases after AM251 treatment. 

 

 Different studies have described a "cannabis induced psychosis" after 

cannabis consumption (Hall and Degenhardt, 2000). Also, several studies 

have reported an impairment in prepulse inhibition of startle response (PPI) 

after acute (Schneider and Koch, 2003) and after chronic administration of 

an agonist of CB1r; WIN 55, 212-2, in pubertal rats (Schneider and Koch, 

2003) Consequently, we considered important to evaluate this behavioral 

parameter in our experiment 1. 

 

The percentage of PPI was significantly increased after AM251 treatment. 

Kruskal Wallis non-parametric test revealed a significant effect of treatment 

2, AM251, in the three pre-pulse intensities tested; 73 dB (p=0,001), 76 dB 

(p=0,019) and 82 dB (p=0,002). Neither administration 1 (THC) nor the 

administration 1-treatment 2 interaction was significant. Moreover, the 

increase of PPI response observed in the AM251 treated mice was 

independent of the pre-pulse intensity tested (Figure 2.6). 
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Figure 2.6. Percentage of PPI in NaCl/Soc animals after administration 1 

(VEH1 or THC) and treatment 2 (VEH 2 or AM251). A) Graph representing the 

percentage of PPI at 73 dB of intensity. B) Graph representing the percentage of 

PPI at 76 dB. C) Graph representing the percentage of PPI at 82 dB. D) Graph 

representing the percentage of PPI at the three intensities tested. Bars represent 

the mean ± S.E.M. Asterisks indicate statistically significant differences between 

AM251 and VEH2 after Kruskal Wallis non-parametric test; p<0.05 (*), p<0.01 (**), 

p<0.001 (***).  
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4.2. Volume of the medial prefrontal cortex. 

 

Different studies have described lower volumes in different brain regions in 

cannabis consumers. This reduction seems to be associated to regions 

which have an abundance of CB1 receptors, as orbitofrontal cortex (OFC) 

and insula (Battistella et al, 2014) hippocampus (Hp) and amygdala 

(Lorenzetti et al, 2015) and cingulum (Rapp et al, 2013). 

 

 

In order to know whether THC administration during adolescence 

and AM251 treatment in the adulthood induced changes in volume in the 

medial prefrontal cortex (mPFC), we measured the volume of the infralimbic 

(IL), prelimbic (PrL), cingulate, area 1 (Cg1) and cingulate, area 2 (Cg2) 

cortices.  

 

 

The volume of IL and PrL cortices did not experiment any change 

after THC administration in adolescence or after AM251 treatment in the 

adulthood. The volume of Cg1 and Cg2 did not experiment any change after 

THC administration in adolescence or after AM251 treatment in the 

adulthood Two-way ANOVA test was used in the analysis of these data 

(Figure 2.7). 



 115 

 

 

Figure 2.7 Volumetric analysis of the mPFC in NaCl/Soc animals after 

administration 1 (VEH1 or THC) and treatment 2 (VEH 2 or AM251)..A) Graph 

representing the volume of Infralimbic cortex. B) Graph representing the 

percentage the volume of prelimbic cortex. C) Graph representing the volume of 

cingulate cortex, area 1. D) Graph representing the volume of cingulate cortex, 

area 2. Bars represent the mean ± S.E.M.No differences in the volume of different 

regions of mPFC due to administration 1 and treatment 2 were reported after two-

way ANOVA analysis. 

 

 

 

4.3. Structural parameters in GAD-EGFP expressing interneurons. 

 

Different studies have demonstrated alterations in the dendritic arbor and 

in the density of dendritic spines of pyramidal neurons in rodents after 

cannabis (Chen et al, 2013) or CP55,940 consumption (Renard et al, 2016). 
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There are also evidences of alterations in interneurons of rodents exposed 

to THC during the adolescence (Zamberletti et al, 2014). For this reason, we 

decided to study whether structural modifications occur in a subpopulation 

of dendrite-targeting interneurons after THC administration during the 

adolescence  and treatment with AM251 during adulthood in this 

experiment. 

 

4.3.1 Dendritic arborization of interneurons in the cingulate cortex. 

We analyzed whether THC administration during adolescence and AM251 

treatment in the adulthood induced changes in the Sholl analysis of GAD-

EGFP expressing interneurons in the Cg. 

No differences due to THC administration during the adolescence or AM251 

treatment in the adulthood were observed in the number of intersections 

crossing each of the spheres separated by 20 µm starting from the center of 

soma or in the number of total intersections . Two-way ANOVA analysis was 

used for this analysis. (Figure  2.8) 

 

4.3.2 Dendritic spine density of interneurons in the cingulate cortex. 

We analyzed whether THC administration during adolescence and AM251 

treatment in the adulthood induced changes in the number of dendritic 

spines in three dendritic fragments of 50 µm (0-50, 50-100, 100-150) and in 

the total length of dendrite analyzed (150 µm) in the Cg. Two-way ANOVA 

analysis did not show any significant difference in the number of spines 

induced by administration 1 or by treatment 2 (Figure 2.9) 
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Figure 2.8. Dendritic arborization in interneurons of the prelimbic cortex. A-

D) Representative images of GAD-EGFP expressing interneurons showing the 

dendritic arbor in the four experimental conditions. Scale bar:25µm E & F) Number 
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of intersections each 20 µm segments (E) and number of total intersections (F) 

Graph shows no differences between the four experimental groups after two-way 

ANOVA analysis. Bars represent mean ± S.E.M. 

 

 

Figure 2.9. Spine density in interneurons of the prelimbic cortex. A-D) 

Representative image of spiny dendrites from GAD-EGFP expressing interneurons. 
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Scale bar: 5µm E & F) Analysis of the dendritic spine density in the 3 different 50 

µm segments (E) and in  total 150 µm (F) Graph shows no differences between the 

four experimental groups after two-way ANOVA analysis. Bars represent mean ± 

S.E.M. 

 

 

4.4 Analysis of markers of excitatory and inhibitory neurotransmission  

 

The alterations in interneuronal structure may lead to altered inhibitory 

neurotransmission, which, in turn, could have an impact on the 

excitatory/inhibitory (E/I) balance. An appropriate E/I balance is crucial for a 

correct maturation of the neural circuitry development.  

A modification in E/I balance after THC administration could change 

network oscillations in the PFC and could be one of the factors underlying 

cognitive deficits (den Boon et al, 2014) 

In order to know whether THC administration during adolescence or AM251 

treatment in the adulthood influenced excitatory and/or inhibitory 

neurotransmission, we studied the expression of the vesicular transporters 

of glutamate (VGLUT1) and GABA (VGAT). We evaluated the density of 

VGLUT1 and VGAT expressing puncta in the the IL and PrL cortices. We also 

analyzed the E/I ratio in these neocortical regions. 

 

4.4.1 Infralimbic cortex. 

 We analyzed whether THC administration during adolescence or 

AM251 treatment in the adulthood induced changes in the density of 

VGLUT1 and VGAT expressing puncta or in the E/I ratio in the IL cortex. Two-

way ANOVA analysis did not show any significant difference in the density of 

VGLUT1 and VGAT expressing puncta or in the E/I ratio induced by 

administration 1 or by treatment 2 (Figure 2.10). 
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Figure 2.10. Excitatory and inhibitory neurotransmission in Infralimbic 

cortex. A-D) Representative confocal images of excitatory (red, VGLUT 1) and 

inhibitory blue, VGAT) puncta in the neuropil of Infralimbic cortex of NaCl/Soc 

animals after administration 1 (VEH 1 or THC) and treatment 2 (VEH 2 or AM251). 

Scale bar:10 µm and 3.3 µm for the detail. Graphs representing the density of 

VGLUT1 (E) and VGAT (F) immunoreactive puncta,  and the E/I ratio (G). Bars 

represent the mean ± S.E.M. 

 

 

4.4.2 Prelimbic cortex. 

 We analyzed whether THC administration during adolescence or 

AM251 treatment in the adulthood induced changes in the density of 

VGLUT1 and VGAT expressing puncta or in the E/I ratio in the PrL cortex. 

Two-way ANOVA analysis did not show any significant difference in the 

density of VGLUT1 and VGAT expressing puncta or in the E/I ratio induced 

by administration 1 or by treatment 2 (Figure 2.11). 
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Figure 2.11. Excitatory and inhibitory neurotransmission in Prelimbic cortex. 

A-D) Representative confocal images of excitatory (red, VGLUT 1) and inhibitory 

blue, VGAT) puncta in the neuropil of prelimmbic cortex of NaCl/Soc animals after 

administration 1 (VEH 1 or THC) and treatment 2 (VEH 2 or AM251). Scale bar:10 

µm and 3.3 µm for the detail. Graphs representing the density of VGLUT1 (E) and 

VGAT (F) immunoreactive puncta,  and the E/I ratio (G). Bars represent the mean ± 

S.E.M. 

 

 

4.5 Perisomatic innervation of pyramidal neurons in the prelimbic and 

infralimbic cortices. 

 

 

 The regulation of CB1r signaling during development is crucial for the 

acquisition of mature PFC function, (Caballero and Tseng, 2016). In the PFC, 

CB1r is mainly expressed in a subpopulation of interneurons: 

Cholecystoquinin (CCK) expressing basket interneurons (Marsicano et al., 

1999), which mediate the perisomatic inhibition of pyramidal cells together 

with PV basket interneurons (Trettel and Levine, 2003). We have studied 

with immunohistochemistry the expression of CB1r on the perisomatic 
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region of pyramidal neurons layer II/III in the mPFC in order to know 

whether this inhibitory input was affected by the treatments of our 

experiment and to investigate the influence of cannabinoids and their 

antagonists on CB1r expression. 

 

 

First, we analyzed whether THC administration during adolescence and 

AM251 treatment in the adulthood induced changes in the density of 

puncta expressing synaptophysin (SYN) and CB1r surrounding the somata 

of pyramidal neurons in the IL and PrL cortices. We also studied the density 

of puncta colocalizing these two markers. We discovered that cannabis 

consumption during adolescence increases the density of SYN expressing 

puncta [F(1,22)= 5,236; p=0,032], but not the density of CB1r expressing 

puncta in the IL cortex (Figure 2.12).  

 

 

Neverthleess, treatment 2 and the administration 1-treatment 2 interaction 

did not produce any change in the SYN expressing puncta density.  

The density of SYN and CB1r expressing puncta surrounding the somata of 

pyramidal neurons did not experiment any change after THC treatment in 

adolescence or after AM251 treatment during adulthood in the PrL cortex. A 

two-way ANOVA test was used in the analysis of these data (Figure 2.13). 
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Figure 2.12 Analysis of the perisomatic innervation of pyramidal neurons in 

the Infralimbic cortex. Confocal images showing puncta surrounding the somata 

of pyramidal neurons and expressing different markers. A1-D1) Confocal planes of 

the Infralimbic cortex of different experimental mice showing the perisomatic 

puncta of SYN and CB1r sorrounding CAMKII, A2-D2) CaMKII A3-D3) CB1r and A4-

D4) SYN expression in NaCl/Soc animals after treatment 1(VEH 1or THC) and 
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treatment 2 (VEH 2 or AM251). Scale bar: 2µm E) Graph representing differences in 

the density of puncta (puncta/µm) expressing SYN due to administration 1 in the 

IL. after two-way analysis. Bars represent the mean ± S.E.M. p<0.05 (*), p<0.01 (**), 

p<0.001 (***). 
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Figure 2.13. Analysis of the perisomatic innervation of pyramidal neurons in 

the Prelimbic cortex. Confocal images showing puncta surrounding the somata 

of pyramidal neurons and expressing different markers. A1-D1) Confocal planes of 

the Prelimbic cortex of different experimental mice showing the perisomatic 

puncta of SYN and CB1r sorrounding CAMKII, A2-D2) CaMKII A3-D3) CB1r and A4-

D4) SYN expression in NaCl/Soc animals after treatment 1(VEH 1or THC) and 

treatment 2 (VEH 2 or AM251). Scale bar: 2µm E) Graph representing the density of 

puncta (puncta/µm) expressing SYN, CB1r and their colocalization, surrounding the 

somata of pyramidal neurons in the Infralimbic Bars represent the mean ± S.E.M. 

 

4.6 AM251 treatment during adulthood alters the density of 

parvalbumin expressing cells and perineuronal nets in the infralimbic 

and cingulate 2 cortices. 

Previous alterations in parvalbumin (PV) expressing interneurons 

have been described after THC administration in the 

adolescence(Zamberletti et al, 2014). Remarkably, the maturation of PV cells 

is concurrent with the postnatal developmental maturation of perineuronal 

nets (PNNs) (Mauney et al, 2013b) and disruption of these structures may 

contribute to the neuronal circuitry dysfunction associated with psychiatric 

diseases (Lau et al, 2013). 

In order to know whether THC administration during adolescence or AM251 

treatment in the adulthood induced changes in perineuronal nets (PNN). 

We studied  the density of PV-expressing interneurons, PNNs and their 

colocalization in the IL, PrL, Cg1 and Cg2 cortices. 

We discovered that AM251 treatment during adulthood decreased 

the density of PV expressing cells [F(1,20)=9,334; p=0,006], but not the 

density of PPNs or their colocalization in the IL cortex. However, treatment 

1 or treatment1-treatment 2 interaction did not exert an effect on the 

density of PV-expressing interneurons and PNNs (Figure 2.14) 
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Figure 2.14. Expression of PNNs in PV-immunoreactive neurons. in IL and PrL. 

A1, representative confocal images showing the distribution of PV (red) and PNNs 

(blue) in the infralimbic and prelimbic cortices. A1) shows a panoramic view. A2) 

shows a detail of IL and PrL cortices (2x magnification), B1-E1 show in detail the PV-

expressing cells of different experimental groups,  C1-E1 show in detail the PNNs 

expression of different experimental groups and B3-E3 show the colocalization 

between PV-expressing cells and PNNs.  Scale bar: 273µm for A1 image and 137 

µm for A2 image; detailed view, 27 µm. F, shows differences in the density of 

parvalbumin cells due to treatment 2 in the IL cortex and differences in the PNNs 

due to treatment 2 in the PrL cortex after two-way ANOVA analysis. The columns 

represent the mean ± S.E.M of cell density (cells/mm2). p<0.05 (*), p<0.01 (**), 

p<0.001 (***). 

 

 

AM251 treatment in the adulthood decreased the density of PNN's 

[F(1,20)=5,089; p=0,035], but not the density of PV expressing cells, and 

there was a trend towards a decrease [F(1,20)=4,259; p=0,052] in their 

colocalization in the PrL. Nevertheless, administration 1 and administration 

1-treatment 2 interaction did not have an effect on the density of PV-

expressing interneurons, PNNs or their colocalization in this area (Figure 

2.14). 

AM251 treatment in the adulthood produced a trend towards a 

decrease in the density of PNNs [F(1,20)=4,330;p=0,051], but not in the 

density of PV-expressing interneurons  or in their colocalization in Cg1. 

Nevertheless, administration 1 or administration1-treatment 2 interaction 

did not have an effect on the density of PV-expressing interneurons, PNNs 

or their colocalization in this area (Figure 2.15) 
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Figure 2.15. Expression of PNNs in PV-immunoreactive neurons in Cg1 and 

Cg2. A1, representative confocal images showing the distribution of PV (red) and 

PNNs (blue) in the Cg1 and Cg2. A1) shows a panoramic view. A2) shows a detail of 

Cg1 and Cg2 cortices (2x magnification), B1-E1 show in detail the PV-expressing 

cells of different experimental groups,  C1-E1 show in detail the PNNs expression 

of different experimental groups and B3-E3 show the colocalization between PV-

expressing cells and PNNs.  Scale bar: 273µm for A1 image and 137 µm for A2 

image; detailed view, 27 µm. F, show graphs with the density of PV-expressing cells 

PNNs and their colocalization in Cg1 and G show differences in the density of  PV-

expressing cells due to treatment 2 in Cg2 after two-way ANOVA analysis. p<0.05 

(*), p<0.01 (**), p<0.001 (***). 

 

 

AM251 treatment in the adulthood decreased the density of PV 

expressing cells [F(1,20)=4,638; p=0,044], but not the density of PNNs and 

their colocalization in the Cg2. Nevertheless, administration 1 and 

administration 1-treatment 2 interaction did not have an effect on the 

density of PV-expressing interneurons, PNNs or their colocalization in this 

area (Figure 2.15) 

A two-way ANOVA test was used in the analysis of these data. 

 

 

4.7 GAD67, CB1r, ErbB4, ST8SiaII and ST8SiaIV mRNA expression after 

THC administration and AM251 treatment.. 

 

The alterations in the structure of PFC interneurons might be influenced by 

changes in the expression of certain molecules involved in their 

development. Abnormalities in different genes, including genes encoding 

subunits of the CB1r (CNR1) have been  described in the offspring of 
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parents exposed during adolescence to THC consumption (Szutorisz et al, 

2016) . 

In order to know whether THC administration during adolescence 

and AM251 treatment in the adulthood induced changes in the expression 

of different genes related to neuronal plasticity and inhibitory 

neurotransmission, we performed Real-Time Quantitative Reverse 

Transcription PCR (qRT-PCR) of the encoding transcripts (see table 2.2) in 

the mPFC, using TATA binding protein (TATABP) as a control gene. The 

analysis of the expression of the different genes studied did not reveal any 

change after cannabis consumption and/or AM251 treatment (Figure 

2.16).Two-way ANOVA test was used in the analysis of these data. 
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Figure 2.16 Gene expression studies in the mPFC. qRT-PCR mRNA fold change 

data analyses show no differences in the expression of STS8sia II (A), STS8siaIV (B), 

GAD67 (C), ErbB4 (D) and CB1r (E) after two-way ANOVA test. Bars represent the 

mean ± S.E.M. 

 

5. DISCUSSION. 

 

5.1. The percentage of prepulse inhibition of startle reflex increases 

after AM251 treatment, but it is not affected by delta-9-

tetrahydrocannabinol administration. 

 

 An association between cannabis consumption and induced-

psychotic symptomatology has been previously reported in different 

studies ( Sewell et al, 2009; D’Souza, 2007). Several behavioral alterations, 

among which there are attentional deficits, have been described after 

cannabinoid administration, mainly during adolescence, in humans and 

rodents (Jacobus and Tapert, 2014). 

In our experiment we have described a decrease in the percentage of 

prepulse inhibition of startle reflex (PPI) after treatment with the antagonist 

of cannabinoid receptor 1 (CB1r) AM251 during the adulthood. However, we 

did not find changes in PPI after delta-9-tetrahydrocannabinol (THC) 

administration in the adolescence.  

Studies developed in healthy humans have reported deficits in PPI after 

cannabis consumption during the adolescence (Kedzior and Martin-Iverson, 

2005), but, in concordance with our results, other studies have failed to find 

these deficits (Morales-Muñoz et al, 2014; Winton-Brown et al, 2015). 

Besides this, an important number of studies developed in rodents have 

rendered different results when studying PPI. These discrepancies were 
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probably due to differences in the period of development in which the 

treatment was performed, in the duration of the treatment, in the type of 

cannabinoid used or its dose. For example, THC administration to healthy 

adult rats during 21 days, but not for 1 day, produced a decrease in PPI 

response, and this impairment was reversed after 7 days without THC 

(Tournier and Ginovart, 2014a). Similarly, WIN 55,212-2, a cannabinoid 

receptor agonist, also produced an impairment in the percentage of PPI in 

adult rats when treated 10 minutes before the PPI test (Brosda et al, 2011). 

Similar results were found  in chronically treated adolescent rats (Wegener 

and Koch, 2009), and also in chronically treated adolescent mice (Gleason et 

al, 2012). Conversely, cannabinoid receptor agonists, such as CP55,940, 

administered chronically to adolescent mice for 21 days, enhanced the PPI 

response (Klug and Van Den Buuse, 2013).  

Regarding the AM251 treatment in the adulthood, our results showed a 

significant decrease in the percentage of PPI after the administration of this 

drug. In agreement with these results, a previous study has described that 

the acute administration of a cannabinoid receptor antagonist, SR141716, 

restores the PPI percentage in adolescent mice previously injected with THC 

(Nagai et al, 2006). Similarly, a restoration of PPI deficits by AM251 has been 

described after phencyclidine administration in adult rats (Ballmaier et al, 

2007). Also in accordance with our results, a previous study has reported a 

reduction in PPI percentage after 4, 8 and 12 days of treatment  with AM251 

in healthy adult mice (Ortega-Álvaro et al, 2015).  

 

5.2. Volumetric study in the medial prefrontal cortex. 

 

 Different studies have described lower volumes of different brain 

regions in cannabis consumers. These reductions seem to be associated to 
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regions with an abundance of CB1r, such as the orbitofrontal cortex and the 

insula (Battistella et al, 2014), the hippocampus and the amygdala 

(Lorenzetti et al, 2015) or the cingulum (Rapp et al, 2013). 

Additionally, other studies have described a lower volume of the medial 

orbitofrontal cortex in adolescence marijuana users, when compared to 

healthy subjects. Moreover, similar volume reductions persist in these users 

after one month of abstinence (Medina et al, 2009). 

In our experiment, we did not find any change in the volume of the medial 

prefrontal cortex (mPFC) after 21 days of THC administration in adolescent 

mice. The treatment with AM251 in the adulthood, directed to reverse the 

possible effects of THC, also failed to produce effects on the volume of the 

mPFC. Our results are in contrast with those previously described in the 

literature. In this sense, previous studies developed in our laboratory have 

described an decrease in the volume of the  infralimbic (IL) and the 

prelimbic (PrL) cortices in rats subjected to the same double hit model to 

that used in this thesis (Gilabert-Juan et al, 2013a). Moreover, a recently 

published work from our laboratory have described also a decrease in the 

volume of Cg1 in mice subjected to this same animal model of 

schizophrenia, (Castillo-Gómez et al, 2017a). Interestingly, in this work 

differences in the volume of the basolateral and central amygdaloid nuclei 

have been described due to housing of mice. Consequently, as a future 

perspective, it would be interesting to study other brain areas as amygdala 

in the present model, in order to have an overview of the effects that could 

produce the administration of THC during adolescence and the treatment 

with AM251 in the adulthood. 
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5. 3. Structural parameters of GAD-EGFP expressing interneurons. 

 

 A considerable number of studies have reported changes in the 

structure of pyramidal neurons in different brain areas after cannabis 

consumption. However, nothing is known about how interneurons can 

modify their structure after the administration of this drug.  

Our results revealed no differences in the dendritic arborization or the 

dendritic spine density of GAD-EGFP expressing interneurons of the 

prefrontal cortex after THC administration during the adolescence. In 

previous studies a decrease in the length and number of basal dendrites 

has been described in the pyramidal neurons of the PFC of adult rats 

previously treated with CP 55,940, an agonist of CB1r (Renard et al, 2016). 

Moreover, increases in the length of apical and basal dendrites of these 

prefrontocortical neurons and in medium spiny neurons in the nucleus 

accumbens have been reported in adult, but not in adolescent, rats after 

treatment with WIN 55,212-2, another CB1r agonist (Carvalho et al, 2016).  

Regarding dendritic spine density, cannabinoids appear to produce a 

decrease in this parameter in hippocampal pyramidal neurons (Chen et al, 

2014; Rubino et al, 2009). Similar reductions were found also in medium 

spiny neurons in the nucleus accumbens  of adult and adolescent rats. 

However, in adult rats this treatment produced an increase in this 

parameter in the pyramidal neurons of the PFC (Carvalho et al, 2016). 

In the present experiment I also have failed to find effects of a CB1r 

antagonist treatment on the structure of interneurons in the prefrontal 

cortex of adult mice. This is, to our knowledge, the first report of the effects 

of this type of molecule on interneuronal structure. In line with my results, 

some reports also indicate that the structure of excitatory neurons is 

refractory to the effect of these drugs: A recent study has failed to find 
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changes in dendritic spine density in pyramidal neurons of mouse mPFC 

after treatment with rimonabant, a CB1r antagonist (Saravia et al, 2017). 

Since the present thesis was only focused on the structure of somatostatin 

expressing interneurons, future studies will be developed to investigate 

whether treatments with CB1r agonists or antagonists are able to modify 

the structure of other interneuronal subpopulations. 

 

5.4. Analysis of markers of excitatory and inhibitory 

neurotransmission  

 

 An appropriate excitation-inhibition balance (E/I balance) is crucial for 

the development and correct maturation of the neural circuitry. 

Endocannabinoids are necessary for normal excitatory and inhibitory 

neurotransmission through their actions at the glutamatergic and 

GABAergic synapses.  Because of this important influence, exogenous 

cannabinoids may have the potential to produce alterations in E/I balance. 

A previous study, using electrophysiological recordings, has described 

modifications in the E/I balance of the  PFC after cannabinoid treatment in 

acute slices, which could in turn change network oscillations and might be 

one of the factors underlying cognitive deficits (den Boon et al, 2014). By 

contrast, in our experiment, we did not find alterations in this balance after 

THC administration during the adolescence. Similarly, this balance was not 

altered by AM251 treatment during the adulthood.  This discrepancy may 

be due to the fact that in our experiment we measured the E/I balance 

quantifying the expression of vesicular glutamate transporter 1 (VGLUT1) 

and vesicular GABA transporter (VGAT) by immunohistochemistry. Although 

the expression levels of these transporters were not altered, changes in the 

neurotransmission may still exist. Future experiments using 
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electrophysiology should shed light on this subject. Another important 

difference is that in the experiment by den Boon an collaborators (den 

Boon et al, 2014) the animals, unlike in our experiment, received an acute 

injection and one hour later the effects were measured. The delay between 

the end of THC administration and the analysis may have attenuated the 

effects on the E/I balance, rendering them undetectable. 

 

 

5.5. Perisomatic innervation of pyramidal neurons in the prelimbic and 

infralimbic cortices. 

 

 The regulation of CB1r signaling during PFC development is crucial 

for the acquisition of mature function (Caballero and Tseng, 2012). In the 

PFC, CB1r is mainly expressed in a subpopulation of interneurons: the 

cholecystokinin (CCK) expressing basket interneurons (Marsicano and Lutz, 

1999), which mediate the perisomatic inhibition of pyramidal cells together 

with parvalbumin (PV) expressing basket cells (Trettel and Levine, 2003). 

Our results showed that the density of synaptophysin (SYN) and CB1r 

expressing puncta surrounding the somata of prelimbic cortex pyramidal 

neurons did not experiment any change after THC administration in 

adolescence or after AM251 treatment during adulthood. However, the 

density of SYN expressing puncta surrounding the somata of IL pyramidal 

neurons increases after THC administration during the adolescence. It is the 

first time that this result, specific for the perisomatic innervation of 

prefrontocortical pyramidal neurons, is reported. Notwithstanding, in 

connection with this result, other studies analyzing THC administration 

during the adolescence in rodents have previously reported an increase in 
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synaptophysin expression measured with western blot in the hippocampus 

(Zamberletti et al, 2016) and the PFC (Renard et al, 2016).  

In a previous study, a decrease in the number of CCK expressing 

interneurons in the PFC has been described after THC administration 

during adolescence (Zamberletti et al, 2014). Therefore, it would seem 

logical to expect a decrease in the density of CB1r surrounding the somata 

of pyramidal neurons. However, we did not find this result. It is probable 

that the period between THC administration and the sacrifice had been too 

large and this may have facilitated the recovery of normal levels of CB1r. In 

order to elucidate that, an analysis of this parameter just after the last 

injection of THC would be necessary. 

 

5.6. AM251 treatment during adulthood alters the density of 

parvalbumin cells and perineuronal nets in the prefrontal cortex. 

 

 The maturation of PV-expressing cells is concurrent with the 

postnatal maturation of perineuronal nets (PNNs) (Mauney et al, 2013a). 

The disruption of these specialized structures of the extracellular matrix 

may contribute to the dysfunction of the neuronal circuitry associated with 

psychiatric diseases (Lau et al, 2013). Our results showed a decrease in the 

number of PV-expressing interneurons after AM251 treatment in the 

adulthood in the IL and PrL cortices. 

Reductions in the number of GAD67-PV expressing cells in PFC have been 

described previously after THC administration during the adolescence in 

rats (Zamberletti et al, 2014). However, here we have failed to find similar 

results. The agonism at CB1 receptor affects GABAergic transmission in the 

PFC. (Cass et al, 2014). Moreover, reduced gamma oscillations have been 

reported in the PFC following administration of the synthetic cannabinoid 
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agonist, CP-55,940 (Kucewicz et al, 2011). Interestingly, at the cellular level a 

decrease in gamma oscillations has been linked to reduced function of PV-

expressing interneurons (Volman et al, 2011).  

To our knowledge, this is the first time that a reduction in the density of PV-

expressing cells in mPFC after the administration of a CB1r antagonist in the 

adulthood has been reported. Interestingly, in connection with our results, 

a previous study performed in CB1KO mice showed a reduction in the 

density of PV-expressing cells in layer II/II. However, these results were 

reported in the motor cortex (Ortega-Alvaro et al, 2015). 

 

 

5.7. GAD67, CB1r, ErbB4, ST8SiaII and ST8SiaIV mRNA expression after 

THC administration and AM251 treatment. 

 

 In our experiment we did not find differences in the expression of 67 

KDa isoform of glutamic acid descarboxylase (GAD67), CB1r, erb-b2 

receptor tyrosine kinase 4 (ErbB4), polysialyltransferase ST8SIAII (or STX)  

and polysialyltransferase ST8SIAIV (or PST), after THC treatment during the 

adolescence.  Similar negative results were found after AM251 treatment 

during the adulthood.  

A previous study, in which rats were received chronically THC during the 

adolescence, described a reduction in GAD67 expression in the PFC 

(Zamberletti et al, 2014). Moreover, ErbB4, which binds proteins of the 

Neuregulin family, is particularly abundant in the PV-expressing 

interneurons (Fazzari et al, 2010; Neddens and Buonanno, 2009) and its 

deletion from PV-expressing neurons produces schizophrenia-like 

phenotypes (del Pino et al, 2013). 
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Different studies have suggested the implication of polysialyltransferases in 

schizophrenia (Gilabert-Juan et al, 2013c). The gene coding for ST8SIAII map 

to chromosomal region reported as susceptibility loci for schizophrenia 

(Maziade et al, 2004). And also it's known that cannabinoids can alter neural 

cell adhesion molecule (NCAM) polysialylation as well as that ST8SIAII 

deficient mice with THC administration during the adolescence have 

potential synergistic effects on cognition (Tantra et al, 2014). 

A previous study developed in our laboratory also has failed to find 

differences in the GAD67, STS8SIAII and STS8SIAIV expression in the PFC of 

a double hit model schizophrenia developed in rats. However it found a 

decrease in the expression of ErbB4 in rats administered with NaCl at P7 

and isolated in comparison with rats administered with NaCl at P7 and 

socially housed (Gilabert-Juan et al, 2013a). Moreover, a recent study from 

our laboratory,  reported no differences in STS8SIAII, ErbB4 and CB1r mRNA 

expression in the PFC of double hit mice. However, differences in 

amygdaloid mRNA for STS8SIAII due to housing, being higher the 

expression of STS8SIAIV in social than in isolated mice, and differences due 

to P7 MK801 treatment, being higher the expression of PST in MK-801 than 

in NaCL injected mice have been described. Besides this, higher expression 

of GAD67 in NaCl than in MK-801 injected mice have been reported in this 

study (Castillo-Gómez et al, 2017a). Our results are partially agree with the 

results of these studies, but since alterations in the expression of these 

genes have been reported in the in the amygdala, as a future perspective it 

will be interesting to study their pattern of expression in the amygdala in 

our experiment. 
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Experiment 2. Effects of delta-9-tetrahydrocannabinol 

during adolescence on a "double-hit" model of 

schizophrenia. Impact on the prefrontal cortex and putative 

reversal by AM251 treatment during adulthood. 

 

3. MATERIAL AND METHODS 

 

3.1 Animals. 

 Sixty four GFP-expressing inhibitory neurons male mice (GINs, Tg 

(GadGFP) 45704Swn) (Jackson Laboratory; Bar Harbor, Maine, USA) (Oliva et 

al, 2000) from different litters bred in our animal facilities were used in this 

experiment. They were maintained under standard conditions of light (12 

hours light-dark cycle) and temperature with food and water available ad 

libitum. All animal experimentation was conducted in accordance with the 

Directive 2010/63/EU of the European Parliament and of the Council of 22 

September 2010 on the protection of animals used for scientific purposes 

and was approved by the Committee on Bioethics of the Universitat de 

València. 

 

3.2 Housing and pharmacological treatments 

 At postnatal day 7 (P7), the animals (n=64) received an intraperitoneal 

injection of the non-competitive antagonist of the N-methyl-D-aspartate 

(NMDA) receptor, dizocilpine (MK801, 1mg/kg) (Abcam Biochemicals, 

Cambridge, UK) dissolved in saline (0.9%). At P21, after weaning, the animals 

were housed under isolation, thus forming isolated and MK-801 injected 

mice (MK801/Iso, n=64). 

During the adolescence, from P28 to P48 (Spear, 2000), the animals 

received a daily intraperitoneal injection of delta-9-tetrahydrocannabinol 
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(THC, 10mg/kg)(THC Pharm GmbH, Germany), the psychoactive compound 

of cannabis, or vehicle 1 (1:1:18 mixture of ethanol:Tween 80®:saline)  

(Long et al, 2012), thus forming two groups: isolated, MK801 and vehicle 1 

injected (MK801/Iso-VEH1, n=32) and isolated, MK801 and THC injected 

injected (MK801/Iso-THC, n=32) 

During adulthood, from P110 to P130, the two groups previously described, 

received a daily intraperitoneal injection of the CB1 receptor inverse 

agonist/antagonist, AM251 (1mg/kg, Tocris Bioscience, Bristol, UK) (Tambaro 

et al, 2013) or vehicle 2 (1:1:18 mixture of DMSO:Tween 80®:saline), finally 

producing four  experimental groups: isolated, MK801 injected, vehicle 1 

injected and vehicle 2 injected (MK801/Iso-VEH1-VEH2, n=16), isolated, 

MK801 injected, vehicle 1 injected and AM251 injected (MK801/Iso-VEH1-

AM251, n=16), isolated, MK801 injected, THC injected and vehicle 2 injected 

(MK801/Iso-THC-VEH2, n=16), isolated, MK801 injected, THC injected and 

AM251 injected (MK801/Iso-THC-AM251, n=16). 

 

 

Group Experimental conditions 

A1 

isolated, MK801 injected, vehicle 1 injected and vehicle 2 

injected (MK801/Iso-VEH1-VEH2) 

B1 

isolated, MK801 injected, vehicle 1 injected and AM251 

injected (MK801/Iso-VEH1-AM251) 

C1 

isolated, MK801 injected, THC injected and vehicle 2 injected 

(MK801/Iso-THC-VEH2) 

D1 

isolated, MK801 injected, THC injected and AM251 injected 

(MK801/Iso-THC-AM251) 

 

Table 2.3. Description of the four experimental groups. 
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After the second treatment administered during the adulthood 

(AM251 or VEH2), we evaluated putative attention deficits and prefrontal 

cortex function using the Prepulse Inhibition of Startle Reflex test (PPI). The 

schematic representation of the different phases of this experiment can be 

found in figure 2.17. 

 

 

Figure 2.17. Schematic representation of the experimental design. 

 

 

3.3 Behavioural tests. 

3.3.1 Prepulse Inhibition of Startle Reflex Test. 

 

 In the experiment 2 all animals were subjected to the prepulse 

inhibition of startle reflex test. 

Prepulse Inhibition (PPI) of startle reflex is commonly used as a model for 

studying the integrity of the central inhibitory automatic mechanisms of 

attention in rodents. PPI is the reduction of the startle response seen after a 

weak stimulus, or prepulse, presented before the onset of the startling 

stimulus or pulse. 

Startle responses were measured using the Startle and Fear combined 

system from Panlab (Barcelona, Spain). The experimental chamber had 

black walls and a transparent front door mounted above a platform. The 

movement of the animal into the cylinder was detected by four load cells 

situated on the platform. The loudspeaker, situated on the top of the 
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chamber provided white background noise, pre-pulses and pulses. The 

experimental chamber was placed in a ventilated sound isolation cage. 

Presentation of the stimuli was controlled by STARTLE software and the 

startle response was transmitted to the specific experimental modules of 

the software through the load cell unit for recording purposes and for 

posterior analysis. Test sessions were preceded by a habituation phase 

consisting of three sessions in which mice were placed in the apparatus for 

five minutes without background noise. Test sessions consisted of no 

stimulus trials, pulse trials, pre-pulse trials and pre-pulse pulse trials. Each 

no-stimulus trial consisted of a background noise only, pulse trials consisted 

of a 40 ms pulse of 120 decibels (dB), pre-pulse trial consisted of a 20 ms 73, 

76 or 82 dB and pre-pulse pulse trials consisted of a 20 ms 73, 76 or 82 dB 

followed 100 ms later by a 40 ms pulse of 120 dB. Test sessions began with 

a 5 minutes acclimatization period using a background noise of 70 dB. The 

test sessions consisted of a ten pulse basal trials and ten presentations of 

four different trials previously described. The trials were presented in 

pseudorandom order with an intertrial interval (ITI) of 22 seconds and an 

interstimulus interval of 100 ms. The percentage of prepulse inhibition of 

startle reflex was calculated using the next formula: 100- {[(startle response 

for prepulse+pulse)/(startle response for pulse alone)]x100} 

 

3.4 Histological procedures. 

3.4.1 Perfusion and microtomy techniques. 

  

 One day after the PPI test, all mice used for histological techniques 

(n=34, 8 animals per group) were transcardially perfused under deep 

pentobarbital anesthesia (1ml/kg), first for 1 minute with NaCl (0,9%) and 

then with 4% paraformaldehyde. The paraformaldehyde solution was 
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delivered for 25 minutes with a flux of 4ml/min. Thirty minutes after 

perfusion, brains were extracted from the skull and their hemispheres 

separated. 

Brain hemispheres destined to study dendritic arborization and spine 

density were stored in phosphate buffer (PB) 0.1 M (4ºC) with sodium azide 

0.05 % until cut with a vibratome (Leica VT 1000E, Leica; Germany) in 100 

µm thick coronal sections. The other brain hemispheres were cryoprotected 

with 30% sucrose in cold PB 0.1 M (4ºC) for 48 hours and then cut in 50 µm 

coronal sections using a freezing-sliding microtome (Leica SM2010 R, Leica; 

Germany). Slices were collected in 6 subseries and stored at 4ºC in PB 0.1 M 

with sodium azide or stored at -20ºC in a cryoprotective solution (30% 

glycerol, 30% ethylene glycol in PB 0.1M) until used. 

 

3.4.2 Fresh tissue extraction and dissection of medial prefrontal cortex 

(mPFC). 

 

 Mice used for gene expression analysis (n=32, 8 animals per group) 

were sacrificed with an injection of a lethal dose of sodium pentobarbital 

(10ml/kg). Brains were immediately removed from the skull and placed on 

Petri dishes filled with cold sterile phosphate buffer (PB). The brain was 

separated in the two hemispheres and each hemisphere stored on 

separated microcentrifuge tubes. Hemispheres were frozen in liquid 

nitrogen and kept at -80 ºC until used. After defrosting the hemispheres the 

overlying pia was removed under a stereo microscope (SZX7; Olympus) and 

coronal cuts were made to remove portions of the rostral and caudal poles.  

The mPFC from the left and right cortices were dissected with a 

microscalpel in sterile conditions and then stored on separated 

microcentrifuge tubes. The whole procedure was performed with cold 
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temperature and under RNAse-free conditions to prevent RNA degradation.  

 

3.5 Inmunohistochemistry. 

 

 Detailed information on all the antibodies used in this thesis can be 

found in Table 1.1 For each experiment, all the studied sections passed 

through all procedures simultaneously to minimize any difference from 

immunohistochemical staining itself. To avoid any bias, all slides were 

coded prior to the analysis and the codes were not broken until the 

experiment was finished.  

 

3.5.2 Immunohistochemistry for confocal microscopy 

 

 One hundred µm thick coronal sections were used for GFP 

immunohistochemistry. And fifty µm coronal sections were employed for 

the other immunostainings. In general, sections were processed “free 

floating” and were treated for 1 hour with 10% normal donkey serum (NDS) 

(Biowest LLC, Kansas City, USA) in PBS with 0.2% Triton-X100 (Sigma-Aldrich, 

St. Louis, MO). After this, sections were incubated with different cocktails of 

two, three or four primary antibodies (table 1). After being washed, sections 

were light-protected and incubated one hour at room temperature with the 

appropriate secondary antibodies (table 1). All sections were mounted on 

slides and coverslipped using DakoCytomation fluorescent mounting 

medium (Dako North America Inc., Carpinteria, CA). When it was necessary 

to use two primary antibodies generated in the same species for the same 

immunohistochemistry, subclass specific secondary antibodies were used.  
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3.5.3 Histochemistry for the detection of Perineuronal nets (PNNs) 

using Wisteria Floribunda agglutinin (WFA). 

 The WFA histochemistry is a special procedure designed to detect 

PNNs, which are structures containing certain glycoconjugates. This type of 

molecules can be recognized by the N-acetylgalactosamine-(GalNac-) 

binding plant lectin Wisteria Floribunda agglutinin (Härtig et al, 1992) 

Fifty µm coronal sections were employed. In general, sections were 

processed “free floating” and were treated for 1 hour with 10% normal 

donkey serum (NDS) (Biowest LLC, Kansas City, USA) in PBS with 0.2% 

Triton-X100 (Sigma-Aldrich, St. Louis, MO). After this, sections were 

incubated with biotinylated-Wisteria Floribunda lectin (1:200, Sigma) (table 

1.1) for 24 hours at 25 ºC. After being rinsed, sections were light-protected 

and incubated one hour at room temperature with streptavidin Alexa Fluor 

647  (1:400, Invitrogen) for 1 hour at 25ºC. All sections were mounted on 

slides and coverslipped using DakoCytomation fluorescent mounting 

medium (Dako North America Inc., Carpinteria, CA).  

 

3.6 Volumetric analysis. 

 The volumes of the different mPFC regions (infralimbic cortex,IL; 

prelimbic cortex, PrL; cingulate cortex, area1 (Cg1) and cingulate cortex, 

area 2( Cg2) were measured in sections stained for PV and PNN, using the 

Volumest plugin in the ImageJ Software (NIH, USA), which uses Cavalieri's 

principle (Gundersen and Jensen, 1987). First, images of all slices were 

acquired with a confocal microscope (Olympus FV-10; Olympus, Japan). 

After that, the measures of the areas were estimated in images 

containing: prelimbic cortex in Bregma 3.08 mm to 1.70 mm; infralimbic 
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cortex in Bregma 1.94 mm to 1.42 mm; cingulated 1 cortex in Bregma 

2.34 mm to − 0.22 mm; cingulate 2 cortex in Bregma 1.42 mm to – 0.22 mm. 

 

3.7 Analysis of dendritic arborization in GFP+ interneurons 

 

 Dendritic arborization was studied in Cg1 and Cg2 using confocal 

microscopy (Leica TCS SPE, Leica; Germany). Z-series of optical sections (0.2 

µm apart) covering the dendritic tree of selected interneurons (6 GFP-

expressing neurons per mouse). In order to be analyzed, GFP-expressing 

neurons had to fulfill the following features: (1) the cell must not show any 

truncated dendrite, (2) the dendritic arbor of the cell must show at least a 

process with a length greater than 120 μm and (3) the soma must be 

located at least 30 μm deep from the surface of the tissue. The stacks 

obtained were then processed using FIJI software (NIH, USA) (Schindelin et 

al, 2012) in order to render 3D reconstructions, in which the exact distance 

of the branching and terminal points of the dendrites of a given 

interneuron were analyzed. The degree of dendritic arborization was 

analyzed using a procedure for deriving the Sholl profile. The Sholl analysis 

consists on the measure of the number of intersections of the dendrites 

with spheres of increasing radius centered in the soma (Sholl, 1953) 

 

3.8 Analysis of dendritic spine density 

 

 In this experiment, dendritic spine density was also studied in the 

cingulate cortices, Cg1 and Cg2, using confocal microscopy (Leica TCS SPE, 

Leica; Germany). Individual dendrites were selected from GFP-expressing 

neurons in layer III of the Cg1 and Cg2 (six neurons per animal). Stacks of 

confocal images were obtained with a 63x/1.40 oil immersion objective and 
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an additional 3.5 digital zoom. Confocal z-stacks covering the whole depth 

of the sections were taken with 0.38 μm step size. The spines were counted 

in three dendritic fragments (50 μm each) expanding 150 μm from the 

soma. The stacks obtained were processed with FIJI software (NIH), using 

the Stitching plugin to reconstruct a 3D image of apical dendrites. The 

multipoint tool was used to count the spines.  

 

3.9 Excitation-inhibition balance. 

 

 We studied the density of puncta expressing VGLUT1 and VGAT in 

selected confocal planes of different regions of the mPFC (IL, PrL, Cg1 and 

Cg2): IL and PrL corresponding to 1.78 mm Bregma level and Cg1 and Cg2 

corresponding to 1.10 mm Bregma level. Confocal z-stacks covering the 

whole depth of the sections were taken with 1 μm step size and only 

subsets of confocal planes with the optimal penetration level for each 

antibody were selected. On these planes, small regions of the neuropil (500 

μm2) were selected for analysis, in order to avoid blood vessels and cell 

somata. Images were processed using FIJI software (NIH, USA) as follows: 

the background was substracted with rolling value of 50, converted to 8-bit 

deep images and binarized using a determined threshold value. This value 

depended on the marker analyzed and was kept for all images of the same 

marker analyzed. Then, the images were processed with Gaussian blur filter 

in order to reduce noise. Finally, the number of the resulting dots per 

region was counted.  The results were expressed for VGLUT1 and VGAT as 

the number of immunoreactive puncta/µm2 and for the E/I balance as the 

number of VGLUT1 immunoreactive puncta/number of VGAT 

immunoreactive puncta. 
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3.10 Analysis of the density of perisomatic puncta on pyramidal 

neurons. 

 

 Sections processed for CaMKII-α, CB1r, SYN and GFP 

immunohistochemistry were observed under a confocal microscope 

(Olympus FV 10i; Olympus, Japan) using a 60x oil objective. The perisomatic 

puncta on pyramidal neurons were analyzed in the layer III of two regions 

of the mPFC: IL and PrL. The analyses were performed on sections 

corresponding to Bregma 3.08mm/Interaural 6.88mm and to Bregma -

0.22mm/Interaural 3.58mm, according to the atlas of Paxinos and Franklin 

(Paxinos and Franklin, 2001) confocal z-stacks covering the whole depth of 

the sections were taken with 1 µm step size and only subsets of confocal 

planes with the optimal penetration level for each antibody were selected. 

Images were processed using FIJI software (NIH) as follows: the images were 

processed with a blur filter to reduce noise and separate closely apposed 

puncta. The soma profile of the neurons was drawn and puncta placed 

within an area 0.5 μm distal from the edge of this profile were analyzed. A 

puncta was defined as having an area not smaller than 0.15 and not larger 

than 2.5 μm2 (Di Cristo et al, 2007) Then, the background was subtracted 

with rolling value of 50, converted to 8-bit deep images and binarized using 

a determined threshold value. This value depended on the marker and the 

area analyzed and was kept the same for all images with the same marker 

and area. Fifteen neurons per animal and region were analyzed. Finally, 

values of puncta density for CaMKII-α, CB1r, SYN and GFP were obtained 

from each neuron and expressed as number of puncta per micron of soma 

perimeter.  

 

 



 150 

3.11  Density of parvalbumin expressing cells and perineuronal nets. 

 

 Sections were processed for parvalbumin (PV) immunohistochemistry 

and the histochemical detection of PNNs and were observed under a 

confocal microscope (Olympus Fluoview FV 10i, Olympus, Japan) using a 10x 

objective. We estimated the density of cells expressing PV or surrounded by 

perineuronal nets (PNN) the different regions of the mPFC; IL, PrL (Bregma 

+1.78mm, interaural 5.58), Cg1 and Cg2 (Bregma: +0.38 mm, interaural: 

4.18mm) according to the Mouse Brain Atlas (Paxinos and Franklin, 1997). 

The results are expressed as the number of immunoreactive cells per mm2. 

 

 

3.12 Quantitative retrotranscription-polymerase chain reaction  

 Total mRNA from mPFC was extracted using RNeasyâ Mini Kit from 

QIAgen (QIAgen, Germany) by means of one-step sample 

homogenization/lysis procedure. QIAzol Lysis Reagent disrupted and 

homogenized the tissue. Then mechanical homogenization with TissueLyser 

LT (QIAgen, Germany) was used. Then, chloroform was added to the sample 

and the mixture was centrifuged. This step separates the sample into three 

phases: a colorless aqueous (upper) phase, a white interphase and a red 

organic (lower) phase. The upper aqueous phase was placed in a separate 

tube and RNA was recovered from it by ethanol precipitation. Finally, RNA 

was isolated by several steps through silica-membranes RNeasy spin 

columns. Purified total RNA was eluted in RNase-free water and RNA 

concentration and purity was measured in a spectrophotometer at 260nm 

and 260/280 nm, respectively (Eppendorf BioPhotometer plus; Eppendorf 

AG, Hamburg, Germany). RNA was stored at -80ºC until next step. 
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Reverse transcription (RT) reactions were performed using Superscript ™ II 

Reverse Trancriptase (Invitrogen™, Thermo Fischer Scientific, USA) as 

follows: 1 µl Oligo (dT)12-18 (500 µg/ml), 1 µl of total RNA (100 ng/ µl), 1 µl 

dNTP Mix (10 mM) and 10 µl of sterile destilled water were added to a 

nuclease-free microcentrifuge tube and all the content was heated up to 65 

°C for 5min and quickly chilled on ice. First strand cDNA was then syn- 

thesized by incubating the hybridized RNA at 42 °C for 50 min with dGTP, 

dTTP, dCTP, dATP (1 mM each), 1 µl Protector RNAse inhibitor (40 U/ µl), 2 µl 

1,4-dithio-DL-threitol (DTT, 0.1 M) 1 µl expand reverse transcriptase (50 U/ 

µl) in 20 µl of first-strand buffer. cDNA reactions were then diluted fivefold 

in nuclease-free water. For quantitative retrotranscription-polymerase chain 

reaction (qRT-PCR) analyses, each sample was run in duplicates. qPCR was 

carried out with the ABI PRISM 7700 Sequence Detector (Applied 

Biosystems) using EVA Green PCR master mix (Applied Biosystems), specific 

primers for all genes (Table 2.2) at a concentration of 240 nm, and 4 µl 

cDNA (50 ng) of each sample. TATA box-binding protein gene (TBP) was 

used as a reference gene. Following a 95 °C denaturation for 10 min, the 

reactions were cycled 40 times with a 95 °C denaturation for 15 s, and a 60 

°C annealing step for 1 min. After that, a melt curve was performed to 

assess the specificity of primers. Primers were designed by Primer Blast 

free software, between exons to avoid genomic DNA amplification, using 

Ensemble data sequences. All DNA oligonucleotide primers were custom 

synthesized by Metabion international AG (Martinsried, Germany).  

Relative quantification was performed using the comparative threshold (CT) 

method according to the 2-DDCt method (Pfaffl and Pfaffl, 2001), where, 

DDCT = (CT, target gene - CT, reference gene) exp. group - (CT, target gene - 

CT, reference gene) control group. Changes in gene expression were 

reported as fold changes relative to controls.  
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3.13 Statistical analysis 

 Mann Whitney non-parametric test was used to assess the 

differences in the PPI response because these data did not follow a normal 

distribution 

Two-way ANOVAs with administration 1 (VEH1 and THC) and treatment 2 

(VEH2 and AM251) as between factors, were used to assess the differences 

in the volume, dendritic arborization, dendritic spine density, excitation-

inhibition balance, density of perisomatic puncta on pyramidal neurons, 

density of parvalbumin cells, perineuronal nets and their colocalization, and 

gene expression in the mPFC. 

We used Greenhouse-Geisser test if the requirement of sphericity was 

violated. Post-hoc analyses were performed using Bonferroni adjustments. 

When not otherwise specified, the results shown are mean ± the standard 

error of the mean (S.E.M). All the data were analyzed using the SPSS 

package, 22.0 version, and graphs were created using GraphPad Prism 6.  

 
 
4.RESULTS 

 

4.1. The percentage of the prepulse inhibition of startle reflex 

increases after AM251 treatment. 

 

 Several studies have shown prepulse inhibition of startle reflex (PPI) 

deficits in animal models of schizophrenia ( Swerdlow et al, 2008; Geyer et 

al, 2002), as well as in patients diagnosed with schizophrenia (Braff et al, 

2001b). Consequently, we considered important to evaluate this behavioral 

parameter in our animal model. 
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The percentage of PPI was significantly increased after AM251 treatment. 

Kruskal Wallis non-parametric test revealed a significant effect of treatment 

with AM251 in the three pre-pulse intensities tested; 73 dB (p=0,023), 76 dB 

(p=0,014) and 82 dB (p=0,001). Neither administration 1 nor the 

administration 1-treatment 2 interaction was significant. Moreover, the 

increase of PPI response observed in the AM251 treated mice was 

independent of the pre-pulse intensity tested (Figure 2.18). 

 

 

 

Figure 2.18. Graphs representing the percentage of PPI in MK801/Iso animals after 

administration 1 (VEH1 or THC) and treatment 2 (VEH2 or AM251). The columns 

represent the mean ± S.E.M of prepulse inhibition percentage. A) Graph 

representing the percentage of PPI at 73 dB of intensity. B) Graph representing the 

percentage of PPI at 76 dB. C) Graph representing the percentage of PPI at 82 dB. 

D) Graph representing the percentage of PPI at the three intensities tested. 

Asterisks indicate statistically significant differences between AM251 and VEH2 

after Kruskal Wallis non parametric test; p<0.05 (*), p<0.01 (**), p<0.001 (***). 
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4.2. Volume changes in areas 1 and 2 of the cingulate cortex. 

 

 Different studies have described lower volumes of prefrontal cortex 

(PFC) in patients diagnosed with schizophrenia ((Hasan et al, 2016; Levitt et 

al, 2010; Hirayasu et al, 2001) and in our laboratory we have also found 

lower volumes of the PFC in a similar "double-hit" model of this disorder 

developed in rats (Gilabert-Juan et al, 2013a). In order to to test the impact 

of THC and AM251 we have also evaluated the volume changes in our 

present model. 

In order to know whether THC administration during adolescence 

and AM251 treatment in the adulthood induced changes in volume in the 

medial PFC (mPFC), we measured the volume of the infralimbic (IL), 

prelimbic (PrL) , cingulate, area 1 (Cg1) and cingulate, area 2 (Cg2) cortices.  

The volume of Cg2 experimented an increase after THC 

administration in the adolescence [F(1,20)=7,539;p=0,018], but treatment 2 

and administration 1-treatment 2 interaction did not have an effect on the 

volume of this region (Figure 8). We also found an increase in the volume of 

Cg1 after AM251 treatment in the adulthood [F(1,20)=11,102;p=0,006]. 

However, administration 1 and administration1-treatment 2 interaction did 

not exert an effect on this area (Figure 2.19).  

The volume of IL and PrL cortices did not experiment any change 

after cannabis administration during adolescence or after AM251 treatment 

in the adulthood (Figure 2.19). Two-way ANOVA test was used in the 

analysis of these data. 
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Figure 2.19 Volumetric analysis of the mPFC in MK801/Iso animals after 

administration 1 (VEH1 or THC) and treatment 2 (VEH 2 or AM251)..A) Graph 

representing the volume of Infralimbic cortex. B) Graph representing the 

percentage the volume of PL. C) Graph representing the volume of Cg1 D) Graph 

representing the volume of Cg2. Bars represent the mean ± S.E.M. Asterisks 

indicate statistically significant differences between AM251 and VEH2 in Cg1 and 

between THC and VEH1 in Cg2 after two-way ANOVA analysis; p<0.05 (*), p<0.01 

(**), p<0.001 (***). 
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4.3. Structural parameters in GAD-EGFP expressing interneurons. 

 

 The differences in the volume described above may be the result of 

alterations in the structure of neurons. Different studies have 

demonstrated alterations in the dendritic arbor and in the density of 

dendritic spines of pyramidal neurons in schizophrenic patients and in 

animal models of this disorder (Flores et al, 2016; Moyer et al, 2015). There 

are also evidences pointing to a key role for interneurons in this disorder 

(Inan et al, 2013) and, in fact , we have recently demonstrated, in this 

"double-hit" model,  an increase in the dendritic spine density of 

interneurons of the PFC (Castillo-Gómez et al, 2017a). For this reason, we 

decided to study whether structural modifications occur in a subpopulation 

of dendrite-targeting interneurons after administration 1  and treatment 2. 

 

4.3.1 Dendritic arborization of interneurons in the cingulate cortex. 

Sholl analysis of GAD-EGFP expressing interneurons in the Cg revealed no 

significant differences when considering THC treatment during the 

adolescence or AM251 treatment during adulthood (Figure 2). No 

differences were observed in the number of intersections crossing each of 

the spheres separated by 20 µm starting from from the center of soma or in 

the number of total intersections (two-way ANOVA analysis) (Figure 2.20) 

 

4.3.2 Dendritic spine density of interneurons in the cingulate cortex. 

We analyzed whether THC administration during adolescence and AM251 

treatment in the adulthood induced changes in the number of dendritic 

spines in three dendritic fragments of 50 µm (0-50, 50-100, 100-150) and in 

the total length of dendrite analyzed (150 µm). Two-way ANOVA analysis did 
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not show any significant difference in the number of spines induced by 

administration 1 or by treatment 2 (Figure 2.21). 

 
Figure 2.20. Dendritic arborization in interneurons of the prelimbic cortex. in 

MK801/Iso animals A-D) Representative images of GAD-EGFP expressing 
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interneurons showing the dendritic arbor in the four experimental conditions. 

Scale bar:25µm E & F) Number of intersections each 20 µm segments (E) and 

number of total intersections (F) Graph shows no differences between the four 

experimental groups after two-way ANOVA analysis. Bars represent mean ± S.E.M. 
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Figure 2.21. Spine density in interneurons of the prelimbic cortex. of the 

MK801/Iso animals. A-D) Representative image of spiny dendrites from GAD-EGFP 

expressing interneurons. Scale bar: 5µm E & F) Analysis of the dendritic spine 

density in the 3 different 50 µm segments (E) and in  total 150 µm (F) Graph shows 

no differences between the four experimental groups after two-way ANOVA 

analysis. Bars represent mean ± S.E.M. 

 

4.4. Analysis of markers of excitatory and inhibitory 

neurotransmission  

 

 The alterations in interneuronal structure may lead to altered 

inhibitory neurotransmission, which, in turn, could have an impact on the 

excitatory/inhibitory (E/I) balance. An appropriate E/I balance is crucial for a 

correct maturation of the neural circuitry development and there are 

evidences supporting that a disbalance could be one of the factors 

underlying neurodevelopmental psychiatric disorders, including 

schizophrenia (Inan et al, 2013; Sun et al, 2013) 

In order to know whether THC administration during adolescence and 

AM251 treatment in the adulthood influenced excitatory or inhibitory 

neurotransmission, we studied the expression of the vesicular transporters 

of glutamate (VGLUT1) and GABA (VGAT). We evaluated the density of 

VGLUT1 and VGAT expressing puncta in the IL and PrL cortices. We also 

analyzed the E/I ratio in these neocortical regions. 

 

4.4.1 Infralimbic cortex. 

 We analyzed whether THC administration during adolescence or 

AM251 treatment in the adulthood induced changes in the density of 

VGLUT1 and VGAT expressing puncta or in the E/I ratio in the IL cortex. Two-

way ANOVA analysis did not show any significant difference in the density of 
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VGLUT1 and VGAT expressing puncta or in the E/I ratio induced by 

administration 1 or by treatment 2 (Figure 2.22). 

 

 

 

Figure 2.22. Excitatory and inhibitory neurotransmission in Infralimbic cortex 

of the MK801/Iso animals A-D) Representative confocal images of excitatory (red, 

VGLUT 1) and inhibitory blue, VGAT) puncta in the neuropil of Infralimbic cortex of 

MK801/Iso animals after administration 1 (VEH 1 or THC) and treatment 2 (VEH 2 

or AM251). Scale bar:10 µm and 3.3 µm for the detail. Graphs representing the 

density of VGLUT1 (E) and VGAT (F) immunoreactive puncta,  and the E/I ratio (G). 

Bars represent the mean ± S.E.M. 

 

 

4.4.2. Prelimbic cortex. 

 We analyzed whether THC administration during adolescence and 

AM251 treatment in the adulthood induced changes in the density of 

VGLUT1 and VGAT expressing puncta or in the E/I ratio in the PrL cortex. 

Two-way ANOVA analysis did not show any significant difference in the 

density of VGLUT1 and VGAT expressing puncta or in the E/I ratio induced 

by administration 1 or by treatment 2 (Figure 2.23). 
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Figure 2.23. Excitatory and inhibitory neurotransmission in Prelimbic cortex 

of the MK801/Iso animals A-D) Representative confocal images of excitatory (red, 

VGLUT 1) and inhibitory blue, VGAT) puncta in the neuropil of prelimbic cortex of 

MK801/Iso animals after administration 1 (VEH 1 or THC) and treatment 2 (VEH 2 

or AM251). Scale bar:10 µm and 3.3 µm for the detail. Graphs representing the 

density of VGLUT1 (E) and VGAT (F) immunoreactive puncta,  and the E/I ratio (G). 

Bars represent the mean ± S.E.M. 

 

4.5. Perisomatic innervation of pyramidal neurons in the infralimbic 

and prelimbic cortices. 

 

 The regulation CB1r signaling during development is crucial for the 

acquisition of mature PFC function (Caballero and Tseng, 2016). In the PFC, 

CB1r is mainly expressed in a subpopulation of interneurons: 

cholecystoquinin (CCK) expressing basket interneurons (Marsicano and 

Lutz, 1999), which mediate the perisomatic inhibition of pyramidal cells 

together with parvalbumin (PV) basket interneurons (Trettel and Levine, 

2003) .We have studied with immunohistochemistry the expression of CB1r 

on the perisomatic region of pyramidal neurons in the mPFC in order to 

know whether this inhibitory input was affected by the treatments of our 
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study and to investigate the influence of cannabinoids and their antagonists 

on CB1r expression. 
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Figure 2.24. Analysis of the perisomatic innervation of pyramidal neurons in 

the Infralimbic cortex of MK801/Iso animals. Confocal images showing puncta 

surrounding the somata of pyramidal neurons and expressing different markers. 

A1-D1) Confocal planes of the Infralimbic cortex of different experimental mice 

showing the perisomatic puncta of SYN and CB1r sorrounding CAMKII, A2-D2) 

CaMKII A3-D3) CB1r and A4-D4) SYN expression in NaCl/Soc animals after 

treatment 1(VEH 1or THC) and treatment 2 (VEH 2 or AM251). Scale bar: 2µm E) 

Graph representing the density of puncta (puncta/µm) expressing SYN, CB1r and 

their colocalization, surrounding the somata of pyramidal neurons in the 

Infralimbic Bars represent the mean ± S.E.M. 

 

 

 

 First, we analyzed whether THC administration during adolescence or 

AM251 treatment in the adulthood induced changes in the density of 

puncta expressing synaptophysin (SYN) and CB1r surrounding the somata 

of pyramidal neurons in the IL and PrL cortices. We also studied the density 

of puncta colocalizing these two markers.  

 

 

 Two-way ANOVA analysis did not show any significant change in the 

density of SYN or CB1r immunoreactive puncta or their colocalization 

(Figure 2.24 and 2.25). 
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Figure 2.25. Analysis of the perisomatic innervation of pyramidal neurons in 

the Prelimbic cortex of MK801/Iso animals. Confocal images showing puncta 

surrounding the somata of pyramidal neurons and expressing different markers. 
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A1-D1) Confocal planes of the Infralimbic cortex of different experimental mice 

showing the perisomatic puncta of SYN and CB1r sorrounding CAMKII, A2-D2) 

CaMKII A3-D3) CB1r and A4-D4) SYN expression in NaCl/Soc animals after 

treatment 1(VEH 1or THC) and treatment 2 (VEH 2 or AM251). Scale bar: 2µm E) 

Graph representing the density of puncta (puncta/µm) expressing SYN, CB1r and 

their colocalization, surrounding the somata of pyramidal neurons in the 

Infralimbic Bars represent the mean ± S.E.M. 

 

4.6. Delta-9-tetrahydrocannabinol administration during adolescence 

alters the density of parvalbumin cells and perineuronal nets in the 

prelimbic and cingulate area 1 cortices. 

 

There are several studies supporting a neurodevelopmental origin of 

schizophrenia and they suggest that its onset is linked to a potential 

disruption of the physiological maturation of inhibitory neural networks; 

particularly of the fast-spiking PV-expressing interneurons(Gonzalez-Burgos 

et al, 2010; Lewis et al, 2012b). Remarkably, the maturation of PV cells is 

concurrent with the postnatal developmental maturation of perineuronal 

nets (PNNs) (Mauney et al, 2013b) and disruption of these structures may 

contribute to the neuronal circuitry dysfunction associated with psychiatric 

diseases (Lau et al, 2013). 

In order to know whether THC administration during adolescence and 

AM251 treatment in the adulthood induced changes in PNNs. We studied 

the density of PV-expressing interneurons, PNNs and their colocalization in 

the IL, PrL, Cg1 and Cg2. 

We discovered that THC administration during adolescence 

decreased the density of PV-expressing interneurons 

[F(1,18)=6,360;p=0,021], PNNs [F(1,18)=7,623; p=0,013] and their 

colocalization with PNNs [F(1,18)=4,822; p=0,041] in the PrL. (Figure 2.26) 
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Figure 2.26. Expression of PNNs in PV-immunoreactive neurons in IL and PrL 

of MK801/Iso animals. A1, representative confocal images showing the 

distribution of PV (red) and PNNs (blue) in the Cg1 and Cg2. A1) shows a panoramic 

view. A2) shows a detail of Cg1 and Cg2 cortices (2x magnification), B1-E1 show in 

detail the PV-expressing cells of different experimental groups,  C1-E1 show in 

detail the PNNs expression of different experimental groups and B3-E3 show the 

colocalization between PV-expressing cells and PNNs.  Scale bar: 273µm for A1 

image and 137 µm for A2 image; detailed view, 27 µm. F, show graphs with the 

density of PV-expressing cells PNNs and their colocalization in IL and G show lower 

density of  PV-expressing cells, PNNs and their colocalization due to administration 

of THC in PrL after two-way ANOVA analysis. p<0.05 (*), p<0.01 (**), p<0.001 (***). 

 

However, treatment 2 and administration 1-treatment 2 interaction 

did not exert an effect on the density of PV-expressing interneurons or 

PNNs (Figure 2.26). 

AM251 treatment in the adulthood decreased the density of PV-

expressing interneurons [F(1,19)=7,614; p=0,012], PNNs [F(1,19)=4,397; 

p=0,005] and their colocalization [F(1,19)=5,934; p=0,035] in the Cg1. 

Nevertheless, administration 1 and administration 1-treatment 2 interaction 

did not have an effect on the density of PV expressing neurons, PNNs or 

their colocalization in this area (Figure 2.27). 

The density of PV expressing interneurons and PNNs did not 

experiment any change after cannabis consumption in adolescence or after 

AM251 treatment during adulthood in the infralimbic and cingulate 2 

cortices (Figure 2.27). A two-way ANOVA test was used in the analysis of 

these data. 
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Figure 2.27. Expression of PNNs in PV-immunoreactive neurons in Cg1 and 

Cg2 of MK801/Iso animals. A1, representative confocal images showing the 

distribution of PV (red) and PNNs (blue) in the Cg1 and Cg2. A1) shows a panoramic 

view. A2) shows a detail of Cg1 and Cg2 cortices (2x magnification), B1-E1 show in 

detail the PV-expressing cells of different experimental groups,  C1-E1 show in 

detail the PNNs expression of different experimental groups and B3-E3 show the 

colocalization between PV-expressing cells and PNNs.  Scale bar: 273µm for A1 

image and 137 µm for A2 image; and 27 µm for detailed view,. F, show lower 

density of  PV-expressing cells, PNNs and their colocalization due to administration 

of AM251 in Cg1 and G show the density of  PV-expressing cells, PNNs and their 

colocalization in Cg2 after two-way ANOVA analysis. p<0.05 (*), p<0.01 (**), 

p<0.001 (***). 

 

 

4.7. No changes in GAD67, CB1r, ErbB4, ST8SiaII and ST8SiaIV mRNA 

expression after THC administration and AM251 treatment. 

 

The alterations in the structure of PFC interneurons described in the 

previous paragraphs might be influenced by changes in the expression of 

certain molecules involved in their development. And, interestingly, some of 

them are considered candidate genes for schizophrenia and are altered in 

models of this disorder (Gilabert-Juan et al, 2013c; Rico and Marín, 2011; 

Straub et al, 2007) 

In order to know whether THC administration during adolescence 

and AM251 treatment in the adulthood induced changes in the expression 

of different genes related to neuronal plasticity and inhibitory 

neurotransmission, we performed Real-Time Quantitative Reverse 

Transcription PCR (qRT-PCR) of the encoding transcripts (see table 2) in the 

mPFC, using TATA binding protein (TATABP) as a control gene. The analysis 
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of the expression of the different genes studied did not reveal any change 

after THC administration and/or AM251 treatment (Figure 2.28). Two-way 

ANOVA test was used in the analysis of these data. 

 

 
 

Figure 2.28 Gene expression studies in the mPFC of MK801/Iso animals.  qRT-

PCR mRNA fold change data analyses show no differences in the expression of 

STS8sia II (A), STS8siaIV (B), GAD67 (C), ErbB4 (D) and CB1r (E) after two-way ANOVA 

test. Bars represent the mean ± S.E.M. 
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5. DISCUSSION 

 In the present experiment I study behavioral changes and alterations 

in interneuronal structural plasticity in a "double-hit" model of 

schizophrenia combined with delta-9-tetrahydrocanabinol (THC) 

administration during adolescence and a treatment with an antagonist of 

cannabinoid type 1 receptors (CB1r), AM251, during adulthood. This model 

combines a perinatal injection of the NMDA (N-methyl-D-aspartate) 

receptor antagonist MK801 and social isolation rearing from the age of 

weaning until adulthood. 

5.1 Changes in the percentage of prepulse inhibition of startle reflex. 

 The prepulse inhibition of startle reflex (PPI), is one of the best tests 

to evaluate disruption of sensorimotor gating, as well as attentional 

processes involved in information selection processing, and can be 

evaluated in different species, including humans and mice, using similar 

stimuli. This paradigm uses a weaker prestimulus (prepulse) which exerts 

an inhibition over the reaction of an organism to a subsequent startling 

stimulus (pulse). As a consequence of the pulse, the organism produces a 

startle response, which is a brainstem reflex (Davis et al, 1990; Geyer et al, 

1990; Swerdlow et al, 1990). 

Different behavioral deficits, as well as sensorimotor gating impairments 

have been described in studies on schizophrenic patients (Braff et al, 2001; 

Weike et al, 2000 Dawson et al, 1993) and on different animal models of this 

disease (Swerdlow et al, 2008; Geyer et al, 2002). Alterations in the 

percentage of PPI have been described in socially isolated rats with acute 

injections of THC (Malone and Taylor, 2006). Interestingly, these alterations 

were rescued by a previous injection of an antagonist of CB1r, SR141716. 
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In our study, we described an increase in the percentage of PPI for the three 

prepulse intensities (73, 76 and 82 dB) after treatment with AM251 during 

the adulthood. These results were surprising, because our initial hypothesis 

was that a decrease in the PPI response should occur after chronic 

administration of THC. We thought this because PPI impairments had been 

described previously after a chronic administration of THC (Tournier and 

Ginovart, 2014a) or after a cannabinoid receptor agonist (CP55940) 

treatment in rats (Martin et al, 2003), in catechol-o-methyltransferase knock 

out (COMT KO) mice chronically treated with a cannabinoid receptor 

agonist, WIN 55212, during the adolescence (O’Tuathaigh et al, 2012). 

Similar impairmentswere also found in studies developed in healthy 

humans (Kedzior and Martin-Iverson, 2005) and schizophrenic patients with 

cannabis abuse (Morales-Muñoz et al, 2014). 

However, in our experiment we did not find these behavioral impairments 

in mice after THC administration during the adolescence. This lack of effect 

of THC during the adolescence may be due to the temporal gap present 

between the last injection of THC and the day of behavioral testing.  This 

delay may have attenuated the effects of THC administration on the PPI, 

rendering them undetectable. In this sense, it is interesting to note that 

Tournier and colleagues (Tournier and Ginovart, 2014b) described a 

recovery in the PPI response after seven days of THC withdrawal. However, 

it is still possible that some neurochemical differences may be long lasting, 

while the behavioral readout has faded. 

In the present experiment AM251 treatment increases the percentage of 

PPI response, both in the "double-hit" mice administered with THC and in 

those treated with vehicle, indicating thus that AM251 has an effect per se.  

In accordance with my results, other studies have also described an 

increase in the percentage of PPI response in isolated rats when compared 
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to grouped rats, after 21 days of AM251 administration (Zamberletti et al, 

2012a, 2012b). A restoration of the PPI response after AM251 

administration was also reported in a phencyclidine model of psychosis 

(Ballmaier et al, 2007). Similarly, another study has described an AM251-

induced decrease in the percentage of PPI in wild type mice without any 

previous treatment, indicating, similar to my results, an effect per se of 

AM251 on the PPI response (Ortega-Álvaro et al, 2015). Summarizing, taking 

into account all the data previously exposed, the blockade of CB1r by the 

agonist AM251 seems to have an important promoting effect on the PPI 

response during the adulthood. 

 

5.2 Differences in the volume of the medial prefrontal cortex. 

 

 Lower volumes of prefrontal cortex (PFC) have been described in 

patients diagnosed of schizophrenia (Hasan et al, 2016; Levitt et al, 2010; 

Hirayasu et al, 2001). In our laboratory we have also found lower volumes 

of this neocortical region in a "double-hit" model of this disorder developed 

in rats and similar to the one used in this thesis (Gilabert-Juan et al, 2013a).  

There are also different studies indicating a decrease in brain volume 

induced by cannabis consumption in adolescent (Churchwell et al, 2010; 

Wilson et al, 2000) and adult (Price et al, 2015; Welch et al, 2013; Rais et al, 

2010) humans. However, to date, no similar studies have been performed in 

rodents. In this context, we hypothesized that the THC administration 

during the adolescence in our double-hit model of schizophrenia may 

produce a decrease in medial prefrontal cortex (mPFC) volume and that this 

decrease could be reversed by AM251. Our results did not reveal any 

change in the volumes of the infralimbic (IL) and prelimbic (PrL) cortices, but 
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we discovered an increase in the volume of the cingulate cortex area 2 (Cg2) 

after THC administration during the adolescence. 

An important number of studies reporting decreases in brain volume have 

studied adult humans who had been cannabis consumers through all their 

life (Price et al, 2015; Welch et al, 2013; Rais et al, 2010). By contrast, in our 

experiment, mice were only treated with THC transitorily during the 

adolescence, which may have produced more discrete results. Moreover, it 

also has to be noted that in the previously mentioned human studies, the 

subjects used concomitantly other drugs, which could had also an impact 

on the decrease of brain volume.  

Regarding the magnetic resonance imaging (MRI) studies developed in 

adolescent cannabis users, one of them reported a decrease in medial 

orbital prefrontal cortex volume, which correlated with impulsivity 

(Churchwell et al, 2010). Similarly, another report described a decrease in 

grey matter in the frontal lobes volume after cannabis consumption (Wilson 

et al, 2000). However, another study did not find changes in PFC as a 

consequence of cannabis consumption (Medina et al, 2009).  

Regarding the treatment with the CB1r antagonist AM251, which our 

experimental mice received during adulthood, there are no previous 

studies reporting changes in brain volume.  

 

 5.3 Structural modifications in GAD-EGFP expressing interneurons. 

 Structural alterations in neurons of the PFC may underlie the 

volumetric changes previously discussed. In this sense, there are abundant 

studies in the literature describing structural changes, mainly in dendritic 

spine density and dendritic arborization, in schizophrenic patients and in 

animal models of schizophrenia. A number of studies developed in humans 

diagnosed of schizophrenia, have described a reduction in dendritic spine 
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density, as well as in dendritic arborization of pyramidal neurons (Moyer et 

al, 2015 for review) in different brain regions. In addition, similar reductions 

in these structural parameters, particularly in mPFC, hippocampus and 

basolateral amygdala, have been described in different animal models of 

schizophrenia (Flores et al, 2016; Jones et al, 2011 for review). In accordance 

with these human and animal model studies, a recent work from our 

laboratory, using the "double-hit" model of schizophrenia studied in the 

present thesis (Castillo-Gómez et al, 2017b), has also described a reduction 

in the spine density of PFC pyramidal neurons. Moreover, this study also 

found an increase in spine density in dendrite-targeting interneurons of the 

mPFC. The subpopulation of interneurons studied in this experiment, 

mainly expressed somatostatin (SOM) and could be classified as Martinotti 

cells (Oliva et al, 2000). 

Different studies developed in rodents have reported structural changes in 

the mPFC after chronic exposure to cannabinoids during the adolescence or 

adulthood. There is a reduction of basal dendritic arborization in layer II/III 

pyramidal neurons  in adolescent (Renard et al, 2016) and adult rats 

(Carvalho et al, 2016b). However, no changes in the density of dendritic 

spines were described in these studies. In the present thesis we have also 

studied, for the first time, the effect of cannabis administration during 

adolescence on the structure of PFC interneurons. However, we did not find 

significant changes, neither in the “double-hit" model of schizophrenia, nor 

after the AM251 treatment during adulthood.  

Previous studies performed in our laboratory have reported dendritic 

hypertrophy of these SOM expressing neurons in the PFC after chronic 

restraint stress (Gilabert-Juan et al, 2013b). By contrast in the basolateral 

amygdala a dendritic atrophy was described in these interneurons 

(Gilabert-Juan et al, 2011).  It is worth noting that also in a recent work from 
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our laboratory, using the same "double-hit" model of schizophrenia of the 

present thesis (Castillo-Gómez et al, 2017b), we have also described 

structural changes in amygdaloid interneurons. This highlights the 

involvement of the amygdala in the alterations induced by the model, which 

is in concordance with findings describing alterations in this limbic region in 

human patients. Consequently, as a future perspective, it would be 

interesting to deepen more in the study of the amygdala in the 

experimental model of this thesis.  

 

5.4 Analysis of markers of excitatory and inhibitory 

neurotransmission. 

 

 A proper balance between excitatory and inhibitory 

neurotransmission (E/I balance) is important for an adequate maturation of 

the neural circuitry during development. Importantly, an emerging 

hypothesis poses that an E/I imbalance may be one of the underlying 

causes of schizophrenia. In this sense, there are different studies developed 

in humans diagnosed of schizophrenia (Gao and Penzes, 2015; Lisman, 

2012; Eichler and Meier, 2008; Kehrer et al, 2008) and also in animal models 

of the disease, which provide evidence about this E/I imbalance, especially 

in the mPFC. 

A disruption in the E/I balance has been described in pyramidal neurons of 

the rat PrL after an acute administration of the CB1r agonist, WIN 55 212-2 

(den Boon et al, 2014). By contrast, we did not find any disruption in the E/I 

balance in our "double-hit" model of schizophrenia combined with cannabis 

administration during adolescence and/or in the AM251 treatment during 

adulthood. It is possible that the lack of significant results in our experiment 

was due to a difference in the methodology used to study the E/I balance, 
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because we used immunohistochemistry for vesicular glutamate 

transporter 1 (VGLUT1) and vesicular GABA transporter (VGAT) and the 

studies previously described have mainly used electrophysiological 

recordings. 

 

5.5 Perisomatic innervation of pyramidal neurons in the prelimbic and 

infralimbic cortices.  

 

 The perisomatic inhibitory inputs on pyramidal neurons come from 

GABAergic basket cells, which contain the calcium binding protein, 

parvalbumin (PV) or the neuropeptide cholecystokinin (CCK) (Trettel and 

Levine, 2003). These interneurons control the synchronization and the 

output of pyramidal neurons by the coordination of action potential 

generation (Freund and Buzsáki, 1998, 1998). Interestingly, in the cerebral 

cortex, CB1r is mainly expressed in CCK expressing basket interneurons 

(Marsicano and Lutz, 1999). The regulation of CB1r signaling is, 

consequently, very important for the regulation of pyramidal neuron 

physiology and, particularly during development, it is crucial for the 

acquisition of mature PFC function, (Caballero and Tseng, 2012). 

A basket cell dysfunction has been described in schizophrenia (Curley and 

Lewis, 2012), including alterations in CCK and PV expressing cells. 

Specifically, lower CCK mRNA and lower CB1r mRNA and protein have been 

described in schizophrenic patients (Hashimoto et al, 2007; SM et al, 2008) 

In connection to this, the stimulation of CB1r during adolescence with an 

specific agonist, WIN 55 212-2, induces a reduction in GABAergic 

neurotransmission in rats and a pretreatment with the antagonist AM251 

restores it (Cass et al, 2014). 

We have not found changes in the density of puncta expressing 
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synaptophysin (SYN) and CB1r surrounding the somata of pyramidal 

neurons in the IL and PrL cortices when the "double-hit" model of 

schizophrenia was subjected to a chronic THC administration during the 

adolescence or when these animals were treated with AM251 during the 

adulthood. It may be possible that, although we do not observe changes in 

the density of puncta, a lower gamma aminobutyric acid (GABA) release 

may exist, which may be producing a disinhibition of the cortical circuits. 

This alteration in the GABAergic neurotransmission might be detectable 

with other techniques. In fact, in the present experiment we have reported 

alterations in the density of PV-expressing cells as well as in the 

perineuronal nets (PNNs) surrounding them in the PrL cortex after cannabis 

administration (see below). It may be possible that the effects of 

cannabinoids on CB1r act via the glutamatergic input on PV-expressing 

cells, because these glutamatergic terminals also express CB1r (Fortin and 

Levine, 2007; Trettel and Levine, 2002). 

 

5.6 Delta-9-tetrahydrocannabinol administration during adolescence 

alters the density of parvalbumin cells and perineuronal nets in the 

prelimbic cortex. 

 

 There are several studies supporting a neurodevelopmental origin for 

schizophrenia and they suggest that its onset is linked to a potential 

disruption of the physiological maturation of inhibitory neural networks; 

particularly of the fast-spiking PV-expressing interneurons  ( Lewis et al, 

2012; Gonzalez-Burgos et al, 2010). Remarkably, the maturation of PV 

expressing cells is concurrent with the postnatal developmental maturation 

of PNNs (Mauney et al, 2013b), which are specialized extracellular matrix 
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structures mainly associated with PV-expressing interneurons, with an 

important role in synaptogenesis, migration, synaptic plasticity and 

regeneration in the central nervous system   (Dityatev et al, 2014; Fawcett, 

2015). The disruption of these structures may contribute critically to the 

neuronal circuitry dysfunction associated with psychiatric diseases  (Lau et 

al, 2013). 

Previous studies have described a reduction in the number of PV-

expressing interneurons in the PFC after THC administration during the 

adolescence in female rats (Zamberletti et al, 2014). Additionally, reductions 

in the size of PV cells have been found in a COMT mutant mice exposed to 

THC during the adolescence (Behan et al, 2012). In accordance with these 

results, in the present thesis I report a reduction in the density of PV-

expressing interneurons, in the PrL cortex when the "double-hit" model of 

schizophrenia was subjected to a chronic THC administration during the 

adolescence. Since these interneurons are responsible for the 

synchronization of pyramidal neurons and the theta rhythm, which is 

disrupted in schizophrenia, it is reasonable to think that alterations in the 

density of these cells may have an impact on these parameters. Future 

experiments with electrophysiology should determine whether there are 

alterations in this type of rhythm in our animal model. 

Additionally, we have described for the first time a reduction in the density 

of PNNs, and their colocalization with PV-expressing interneurons, 

produced by THC administration during the adolescence in an animal 

model  of schizophrenia. Since PNNs limit the connectivity of PV-expressing 

interneurons, changes in the presence of these structures may translate in 

alterations in the physiology of these interneurons, which in turn may also 

affect theta rhythm and pyramidal neuron synchronicity. More studies will 

be necessary in the future, employing chondroitinase, an enzyme that 
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digests chondroitin sulfate proteoglicans, a key component of PNNs, in 

order to elucidate the exact role of these specialized regions of the 

extracellular matrix on the physiology and connectivity of PV-expressing 

interneurons. 

 

5.7 No changes in GAD67, CB1r, ErbB4, SIA II and SIA IV mRNA 

expression after THC treatment and/or AM251 treatment. 

 

 The alterations described in previous paragraphs might be influenced 

by changes in the expression of certain molecules related to neural 

plasticity or inhibitory neurotransmission. Interestingly, some of these 

molecules are considered candidate genes for schizophrenia and are 

altered in animal models of this disorder (Gilabert-Juan et al, 2013c; Rico 

and Marín, 2011; Straub et al, 2007).  A previous study from our laboratory 

has described changes in ErbB4, a susceptibility gene associated with 

schizophrenia, in a "double-hit" model of this disorder developed in rats 

(Gilabert-Juan et al, 2013a). Moreover, alterations in the expression of 

plasticity-related genes, such as PSA-NCAM, have been described in patients 

suffering from schizophrenia (Gilabert-Juan et al, 2013c). Interestingly, the 

cannabinoid receptors 1(CNR1) and 2 (CNR2) are considered candidate 

genes for the development of psychiatric disorders such as schizophrenia 

(Bae et al, 2014). However, we did not find any change when studying the 

expression of the mRNAs of different genes in our experiment. This lack of 

results may be due to the technique for tissue extraction employed. In the 

present thesis, we have dissected the PFC as a whole for Real-Time 

Quantitative Reverse Transcription PCR (qRT-PCR). It is possible that more 

accurate dissections using lasers and selecting certain specific regions, such 

as the IL or the  PrL cortices, may render more significant results. 
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Chapter 3 

General Conclusions of this thesis 
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Conclusions derived from Study 1. 

1.  The “Sensory contact stress” model produces clear, asymmetric 

(dominant vs subordinate) status in NMRI male mice, characterized by the 

predominance of behavioral categories of dominance (threat, attack) and 

subordination (avoidance-flee and defense-submission), respectively.  

2.  The exposure to repeated social stress ("sensory contact stress" 

model) does not impair memory tested with a passive avoidance task in 

function of status.  

3.  The different social status derived from the sensory contact stress 

model modifies corticosterone levels in dominant and subordinate mice.  

4.  PSA-NCAM expression in the amygdala is not affected by sensory 

contact stress applied in the adulthood.  

5.  An enriched environment does not influence the effects of social 

stress on social status and behavioral categories.  

6.  An enriched environment does not influence the effects of social 

stress on memory tested with a Passive avoidance task.  

7.  An enriched environment does not influence the effects of social 

stress on corticosterone and testosterone levels.  

8.  An enriched environment does not influence the effects of social 

stress on the density of PV-expressing cells and PNNs in the central 

amygdaloid nucleus.  

9.  An environmental enrichment paradigm applied in the adolescence 

decreases the expression of PSA-NCAM in the Basomedial, medial and 

central nucleus of the amygdala.  
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Conclusions derived from Study 2. 

1. The administration of delta-9-tetrahydrocannabinol during the 

adolescence does not modify the prepulse inhibition of startle reflex in 

socially reared mice. 

 

2. The administration of delta-9-tetrahydrocannabinol during the 

adolescence does not lead to changes in the volume of infralimbic, 

prelimbic,  cingulate, area 1,  and cingulate, area 2 cortices. 

 

3. The administration of delta-9-tetrahydrocannabinol during the 

adolescence does not induce changes in the dendritic arborization or in the 

dendritic spine density of GFP+ interneurons of cingulate cortex in socially 

reared mice. 

 

4. The administration of delta-9-tetrahydrocannabinol during the 

adolescence does not alter the excitation-inhibition  balance of the 

infralimbic and prelimbic cortices of socially reared mice. 

 

5. The administration of delta-9-tetrahydrocannabinol during the 

adolescence increases the density of synaptophysin expressing puncta 

surrounding the somata of pyramidal neurons in the layer III of the 

infralimbic cortex of socially reared mice. 

 

6. The administration of delta-9-tetrahydrocannabinol during the 

adolescence does not modify the density of parvalbumin expressing 

interneurons, the density of perineuronal nets or their colocalization in the 

infralimbic, prelimbic, cingulate, area 1 and cingulate, area 2 cortices of 

socially reared mice. 
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7. The administration of delta-9-tetrahydrocannabinol during the 

adolescence does not change the expression of glutamic acid 

descarboxilase, isoform 67, epidermal growth factor receptor (ErbB4), 

polysialyltransferase ST8 SiaII, polysialyltransferase ST8 SIAIV and 

cannabinoid receptor 1 mRNAs in socially reared mice. 

 

8. The treatment with AM251 during adulthood does not reverse the effects 

of delta-9-tetrahydrocannabinol administration on the density of 

synaptophysin expressing puncta surrounding the somata of pyramidal 

neurons in the layer III of the infralimbic cortex of socially reared mice. 

 

9. The treatment of AM251 during adulthood, per se, decreases the 

percentage of the prepulse inhibition of startle reflex in socially reared 

mice. 

 

10. The administration of delta-9-tetrahydrocannabinol during the 

adolescence does not impair the prepulse inhibition of startle reflex 

response in a double-hit model of schizophrenia. 

 

11. The administration of delta-9-tetrahydrocannabinol during the 

adolescence increases the volume of the cingulate cortex area 2 in a 

double-hit  model of schizophrenia. 

 

12. The administration of delta-9-tetrahydrocannabinol during the 

adolescence does not modify the dendritic arborization or the dendritic 

spine density of GFP+ interneurons of the cingulate cortex in a double-hit 

model of schizophrenia. 
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13 The administration of delta-9-tetrahydrocannabinol during the 

adolescence does not change the excitation/inhibition balance in the 

infralimbic and prelimbic cortices in a double-hit model of schizophrenia. 

 

14. The administration of delta-9-tetrahydrocannabinol during the 

adolescence does not modulate the density of cannabinoid receptor 1 or 

synaptophysin expressing puncta surrounding the somata of pyramidal 

neurons in the layer III of the infralimbic and prelimbic cortices in a double-

hit model of schizophrenia. 

 

15. The administration of delta-9-tetrahydrocannabinol during the 

adolescence decreases the density of parvalbumin expressing cells, the 

density of perineuronal nets and their colocalization in the prelimbic cortex 

of a double-hit model of schizophrenia. 

 

16. The administration of delta-9-tetrahydrocannabinol during the 

adolescence does not change the expression of glutamic acid 

descarboxilase, isoform 67, epidermal growth factor receptor (ErbB4), 

polysialyltransferase ST8 SiaII, polysialyltransferase ST8 SIAIV and 

cannabinoid receptor 1 mRNAs of a double-hit model of schizophrenia. 

 

17. The treatment with AM251 during adulthood does not reverse the 

effects of delta-9-tetrahydrocannabinol administration on the density of 

parvalbumin expressing cells, the density of perineuronal nets or their 

colocalization in the prelimbic cortex of a double-hit model of 

schizophrenia. 
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18. The treatment of AM251 during adulthood increases the response to 

the prepulse inhibition of startle reflex in a double-hit model of 

schizophrenia. 

 

19. The treatment of AM251 during adulthood increases the volume of 

cingulate cortex area 1 in a double-hit model of schizophrenia. 

 

20. The treatment of AM251 during adulthood decreases the density of 

parvalbumin expressing cells, the density of perineuronal nets and their 

colocalization in the prelimbic cortex of a double-hit model of 

schizophrenia. 
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Chapter 4. 

Resumen general en castellano 

(General Summary in Spanish) 
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Disertación 

 

 Según Linda Spear, la adolescencia es un período de transición entre 

la juventud y la madurez, caracterizado por la toma de riesgos a nivel de 

conductual, pero también por un aumento de las hormonas sexuales 

(Spear, 2000). Además, hay una transformación importante en el cerebro 

adolescente, particularmente en el hipocampo, la amígdala y la corteza 

prefrontal. En esas zonas, así como en otras, durante este período se 

produce una remodelado dendrítico, una intensa mielinización y un 

fortalecimiento de la neurocircuitería. Las monoaminas dopamina, 

serotonina y melatonina participan en estos procesos y son cruciales en el 

comportamiento del adolescente (Arain et al., 2013). Además, en este 

período crítico, la exposición a algunos eventos como el estrés o el abuso 

de drogas puede tener un impacto negativo de larga duración. Sin 

embargo, la exposición a situaciones beneficiosas, como el enriquecimiento 

ambiental, puede propiciar la adaptación del cerebro al medio ambiente 

(Marco et al., 2011). 

 

La exposición crónica al estrés, ya sea durante el período prenatal, la 

infancia, la adolescencia, la edad adulta o el envejecimiento, tiene un 

impacto importante en diferentes estructuras cerebrales relacionadas con 

la cognición y la salud mental (Lupien, 2009). La exposición repetida al 

estrés también tiene un impacto importante en el aprendizaje y la 

memoria, y es especialmente significativo durante el período prenatal y 

peripubertal. Esto implica una remodelación de los circuitos cerebrales, con 

efectos funcionales sobre las espinas, la arborización dendrítica y las 

moléculas relacionadas con la plasticidad, que están mediadas en parte por 

los glucocorticoides (Vyas et al., 2016; McEwen and Morrison, 2013). 
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Se sabe que el estrés, incluyendo la derrota social, es un factor que 

precipita los trastornos neuropsiquiátricos, como el trastorno depresivo 

mayor (MDD) y la esquizofrenia (Negrón-Oyarzo et al., 2015). Además, 

diferentes tipos de estudios utilizando neuroimagen y otros enfoques han 

mostrado alteraciones estructurales en la corteza prefrontal, la amígdala, el 

hipocampo y otras regiones del cerebro vulnerables tanto en el estrés 

como en los trastornos neuropsiquiátricos (Gilabert-Juan et al., 2013; Radley 

et al. 2008, Pérez-Cruz et al., 2007, Radley et al., 2005, Shenton et al., 2001). 

 

Los procesos de plasticidad que incluyen la remodelación sináptica y 

dendrítica y la incorporación de nuevas neuronas a los circuitos 

establecidos, que son cruciales en el aprendizaje y la memoria, están 

subyacentes a estas alteraciones estructurales. En estos procesos plásticos, 

la forma polisializada de las moléculas de adhesión celular neural (PSA-

NCAM), una molécula relacionada con la plasticidad expresada 

principalmente en interneuronas (Gómez-Climent et al., 2011, Nácher et al, 

2002) parece tener un papel clave. Los cambios en PSA-NCAM se han 

descrito después del estrés por inmovilización (Gilabert-Juan et al., 2011; 

Cordero et al., 2005) y la interacción PSA-NCAM-dopamina puede ser 

relevante para la hipótesis dopaminérgica de la esquizofrenia. 

Por otra parte, PSANCAM puede ser actor clave en las anormalidades en los 

circuitos inhibitorios observados en este trastorno neuropsiquiátrico, 

porque NCAM y una de sus polisialiltransferasas son genes candidatos para 

la esquizofrenia y la expresión de PSA-NCAM se altera en la corteza 

prefrontal y el hipocampo de los pacientes esquizofrénicos (Nácher et al., 

2013). 
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Además de esto, un gran número de estudios han indicado que la 

exposición al cannabis está asociada con un mayor riesgo de desarrollar 

esquizofrenia (Di Forti et al, 2007, Smit et al, 2004, Andréasson et al, 1987), 

observándose una relación dosis-respuesta entre el consumo de cannabis a 

los 18 años y el diagnóstico de esquizofrenia 15 años después. Debido al 

hecho de que sólo el 3% de los usuarios de cannabis desarrolló la 

esquizofrenia, se sugirió que el cannabis podría ejercer su papel causal sólo 

en individuos ya vulnerables. 

 

Teniendo en cuenta todos estos datos, se planificaron dos estudios 

diferentes en los que se analiza, por un lado, el efecto del enriquecimiento 

ambiental durante la adolescencia sobre el estrés social y, por otro lado, el 

efecto del consumo de cannabis durante la adolescencia en un modelo de 

esquizofrenia de "doble impacto". 
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Estudio 1. Influencia de un entorno enriquecido 

durante la adolescencia en la respuesta al estrés 

psicosocial durante la edad adulta. 

 

1.Objetivos 

 

Los dos objetivos principales del estudio 1 fueron: i) examinar los efectos 

del estrés social sobre el comportamiento social, la memoria, los niveles 

hormonales y la expresión de interneuronas y PSA-NCAM en la amígdala de 

ratones machos expuestos al paradigma de "estrés por contacto sensorial" 

y  ii) estudiar la influencia de un enriquecimiento ambiental experimentado 

durante la adolescencia sobre los efectos potenciales previamente 

mencionados en la edad adulta. Basamos nuestro estudio en la hipótesis 

de que la exposición repetida a las interacciones sociales producirá un 

estado diferente en los ratones (animales dominantes vs. subordinados) 

que mostrarían diferencias cognitivas y fisiológicas mientras que la 

exposición previa a un entorno enriquecido compensaría los efectos 

adversos del estrés. A partir de nuestros dos objetivos principales, 

derivamos los siguientes objetivos específicos: 

 

1. Analizar si el modelo de estrés por contacto sensorial produce un estado 

claro, asimétrico (dominante vs. subordinado) en ratones machos, 

caracterizado por el predominio de categorías conductuales de dominancia 

(amenaza, ataque) y subordinación (evitación-huida y defensa-sumisión), 

respectivamente. 
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2. Evaluar si la exposición a estrés social repetido (modelo de "estrés por 

contacto sensorial") podría alterar de manera diferente la memoria 

probada con una tarea de evitación pasiva en función del estado. 

3. Analizar si el diferente estatus social derivado del modelo de estrés 

sensorial de contacto modifica los niveles de corticosterona. 

4. Analizar si el "estrés por contacto sensorial" puede modular la expresión 

de PSA-NCAM, una molécula implicada en la plasticidad estructural, en la 

amígdala. 

5. Evaluar si un ambiente enriquecido influye en los efectos del estrés social 

sobre el estatus social y las categorías de comportamiento, la memoria, los 

niveles hormonales y la expresión del PSA-NCAM; una molécula implicada 

en la plasticidad estructural, y las neuronas parvalbúmina; una 

subpoblación específica de interneuronas, así como sobre las redes 

perineuronales (PNNs), un importante regulador de la plasticidad del 

sistema nervioso central, en la amígdala. 

 

Para llevar a cabo dichos objetivos se planificó la metodología que queda 

reflejada en el siguiente apartado. 

 

2.Material y Métodos. 

 

2.1 Animales 

 Se usaron 78 ratones NMRI machos adultos (cuatro meses de edad) 

de Harlan (Harlan Laboratories, IN). Todos los experimentos y 

manipulaciones se realizaron durante la fase oscura del ciclo de luz. Todos 

los ensayos con animales se realizaron con conformidad con la Directiva 

2010/63 / UE del Parlamento Europeo y del Consejo, de 22 de septiembre 
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de 2010, relativa a la protección de los animales utilizados con fines 

científicos. 

Cuando los animales llegaron al laboratorio (día 21 postnatal (P21) y 12-14 

gramos (g), se alojaron en condiciones estándar, a 21 ºC, con comida y agua 

ad libitum y con un ciclo reverso luz/oscuridad (apagado: 8:00-20:00 hora 

local). A su llegada, se alojaron en grupos de cuatro en jaulas de plástico 

estándar (25x25x15 centímetros) de Panlab (Panlab, S.L.U, UK) en las 

condiciones descritas anteriormente durante una semana (semana de 

adaptación). Después de la semana de adaptación (A), los animales 

siguieron las diferentes fases del protocolo experimental resumido en la 

figura 1. 

 

2.2 Alojamiento en jaulas con ambiente estándar o en ambiente 

enriquecido durante la adolescencia. 

 

 De P28 a P120 (figura 1) los animales se mantuvieron en diferentes 

condiciones de alojamiento para determinar la influencia de un entorno 

enriquecido en la respuesta al estrés psicosocial durante la edad adulta. 

Después de la semana de adaptación (A), 38 de los animales se alojaron en 

cinco grupos de 8 en un entorno enriquecido. En el paradigma del 

enriquecimiento ambiental (EE) los animales fueron alojados en jaulas de 

plástico grandes (55.6x33.4x19.5 cm) (Panlab, SLU, UK) con varios tipos de 

objetos (casas de plástico, túneles de plástico, (Nithianantharajah and 

Hannan, 2006). Todos los objetos presentes en estas jaulas fueron retirados 

y reemplazados una vez a la semana, excepto túneles de plástico, ruedas y 

casas de plástico. Durante esta fase de alojamiento, los animales se 

mantuvieron a 21ºC, con comida y agua ad libitum y con un ciclo reverso 

luz/oscuridad (luces apagadas: 8: 00-20: 00 hora local). Los otros 40 
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animales se alojaron en diez grupos de 4 en ambiente estándar. En el 

entorno estándar (SE) los animales se alojaron en jaulas de plástico 

estándar (25x25x15 cm) de Panlab (Panlab, S.L.U, UK) bajo las condiciones 

de comida, temperatura y luz/oscuridad previamente descritas. 

 

2.3 Fase de aislamiento. 

 

 Después del alojamiento en EE o SE (P28 a 120, véase la figura 1), el 

ciclo de luz / oscuridad se cambió (luces apagadas: 4: 30-16: 30 hora local; 

véase el período A en la figura 1) debido a razones prácticas; se 

mantuvieron otras condiciones de laboratorio. Una semana después de 

este cambio en el ciclo, cuando los animales tenían 127 días de edad, todos 

los ratones (n = 78) fueron alojados individualmente en jaulas plásticas 

(20x10x13 cm) durante dos semanas antes de cualquier manipulación, para 

eliminar el efecto de las interacciones previas del grupo y para facilitar la 

capacidad de todos los machos de mostrar agresión (Kudryavtseva et al, 

1991; Parmigiani y Pasquali, 1979). 

 

2.4 Paradigma de estrés social 

 

 Después del período (P127 a P141, figura 1) de aislamiento social 

descrito en el párrafo anterior, los animales fueron asignados a diferentes 

grupos dirigidos a evaluar los efectos del estrés social utilizando un 

paradigma de estrés por contacto sensorial. Para establecer el estatus 

social todos los animales fueron asignados a uno de seis grupos: 1) grupo 

de cohabitación de estrés social con SE (StSE) 2) grupo de cohabitación de 

estrés social con EE (StEE), 3) cohabitación sin enfrentamiento y con SE 

(CCSE), 4) cohabitaciónsin enfrentamiento y con EE (CCEE), 5) grupo de 
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aislamiento con SE (ICSE) y 6) grupo de aislamiento con EE (ICEE). Para 

asignar animales a los cuatro primeros grupos (1-4), los criterios 

seleccionados fueron un peso similar entre cada miembro de la pareja. 

Durante la cohabitación, 60 ratones fueron alojados en parejas en jaulas de 

plástico (20x20x13 cm) (Panlab) separadas por una pared de metacrilato 

con pequeños agujeros a través de los cuales los animales podían ver, oír y 

oler entre sí, pero no tocar (Kudryavtseva et al, 1991). Dos días de 

adaptación a las condiciones de cohabitación fueron necesarios antes del 

comienzo de los encuentros agonísticos dentro del paradigma del estrés 

social. Los 18 animales restantes se mantuvieron aislados, como grupo 

control. Una hora antes del primer día de encuentros agonísticos, se extrajo 

sangre de la vena de la cola de todos los animales mediante punción con 

una aguja de 22 G (BD, EE.UU.) para analizar los niveles de corticosterona. 

El modelo de estrés por contacto sensorial se llevó a cabo durante diez días 

consecutivos en la misma jaula en la que se alojaron los ratones, retirando 

el separador de metacrilato durante 10 minutos. La jaula fue transportada 

desde la sala de alojamiento a una sala de ensayo iluminada por una luz 

roja (40 w) a 21oC. La adaptación de un minuto, para la activación del 

animal, fue necesaria antes de quitar el separador (Kudryavtseva et al, 

1991). El último día de los encuentros agonísticos se extrajo sangre de la 

vena de la cola como se ha descrito anteriormente.Este procedimiento se 

realizó una hora después del último encuentro, con el fin de analizar los 

niveles de corticosterona. 

 

2.4.1 Generación de animales dominantes y subordinados. 

 

 Todos los encuentros agonísticos se registraron utilizando una 

cámara analógica (SONY handycam ccd TRV 27-8mm). Las cintas de vídeo se 
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analizaron utilizando un ordenador personal con un programa 

personalizado. Este programa fue desarrollado para evaluar la duración, la 

frecuencia y la latencia de once categorías de comportamiento presentadas 

por los roedores durante los encuentros agonísticos (Martínez et al., 1991). 

Estas categorías comportamentales fueron la preparación, el aseo, la 

exploración no social, la exploración a distancia, la investigación social, la 

amenaza, el ataque, evitación-huida, la defensa-sumisión, el 

comportamiento sexual y la inmovilidad. Cada uno de estos 

comportamientos está definido por una serie de elementos conductuales 

(Martínez et al., 1991). Un ratón se definió como dominante si durante los 

encuentros agonísticos mostraba elementos de ataque y amenaza, pero no 

elementos característicos del estatus subordinado como evitación-huida o 

defensa-sumisión. Por el contrario, se definió a un ratón como subordinado 

si durante los encuentros agonísticos mostraba elementos de evitación-

huida y defensa-sumisión, pero no elementos característicos del estado 

dominante (Rodriguez-Alarcón et al, 2007). Los grupos generados después 

de los encuentros agonísticos se definieron como sigue: 1) grupo 

dominante con SE (DSE), 2) grupo dominante con EE (DEE), 3) grupo 

subordinado con SE (SSE), 4) grupo subordinado con EE (SEE) 5) 

cohabitación sin enfrentamiento y con SE (CCSE), 6) cohabitación- sin 

enfrentamiento y con EE (CCEE), 7) grupo de aislamiento con SE (ICSE) y 8) 

grupo de aislamiento con EE (ICEE). En el presente estudio, hemos 

analizado sólo los videos del día cinco, siete y diez. 

 

2.5 Test comportamental: evitación pasiva o inhibitoria. 

 

 Todos los grupos experimentales fueron sometidos a la fase de 

entrenamiento de evitación pasiva o inhibitoria. En esta fase, cada ratón se 
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introdujo en el compartimento blanco, donde hubo un período de 

adaptación durante 90 segundos (s). Después de este período, la puerta 

entre compartimentos se abrió con un máximo de 300 s, sii el animal entra 

en el compartimiento oscuro, la puerta se cierra y el animal recibe un 

choque eléctrico de 0.3 miliamperios (mA) con una duración de 5 s. En este 

paradigma se midió el tiempo empleado para entrar en el compartimiento 

oscuro, definido como latencia de cruce (medido en décimas de segundo y 

grabado manualmente). La segunda fase de este procedimiento tuvo lugar 

una semana después; En esta fase de prueba sólo había una diferencia con 

respecto a la anterior: el choque eléctrico fue de 0,1 mA y de 1 s de 

duración. 

 

2.6 Análisis hormonal. 

 

 Como se ha descrito anteriormente, se obtuvieron muestras de 

sangre para el análisis de corticosterona por punción de la cola una hora 

antes del primer encuentro agonístico y una hora después del último 

encuentro agonístico. Una vez establecido el estatus social, y después de la 

prueba de memoria, la sangre para la testosterona y los análisis de 

corticosterona se obtuvo por punción cardíaca y los después los ratones 

fueron sacrificados. Las muestras de sangre se centrifugaron para separar 

el suero, y después el suero se congeló inmediatamente (-80 ° C). El análisis 

de corticosterona y testosterona se realizó mediante ensayo por 

inmunoabsorción ligado a enzimas (ELISA) con kits comerciales. 

La determinación de la corticosterona sérica, en nanogramos/mililitros 

(ng/ml), se realizó mediante el ensayo de ELISA utilizando el kit de sistemas 

de Inmunodiagnostics (IDS Ltd.) (RU). La sensibilidad, definida como la 

concentración correspondiente a la media menos 2 desviaciones estándar 
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de 20 repeticiones del calibrador cero, fue de 0,55 ng / ml. Los coeficientes 

de variación inter e intra-ensayo fueron todos inferiores al 10%. La 

testosterona en suero (ng / ml) se determinó por ELISA usando el kit de 

sistemas de diagnóstico Demeditec (Alemania). La sensibilidad fue de 0,066 

ng/ml. Los coeficientes de variación inter e intra-ensayo fueron todos 

inferiores al 12%. 

 

2.7 Procedimientos histológicos. 

2.7.1 Técnicas de perfusión y microtomía. 

 

 Después de la última sesión de pruebas de comportamiento, los 

ratones fueron perfundidos bajo anestesia pentobarbital profunda (1 

ml/kg), primero durante 1 minuto con NaCl (0,9%) y luego con 

paraformaldehído al 4%. La solución de paraformaldehído se suministró 

durante 25 minutos con un flujo de 4 ml/min. Treinta minutos después de 

la perfusión, los cerebros se extrajeron del cráneo y sus hemisferios se 

separaron. 

Los hemisferios cerebrales fueron crioprotegidos con sacarosa al 30% en 

PB 0,1 M fría (4ºC) durante 48 horas y luego cortados en secciones 

coronales de 50 μm usando un microtomo de congelación deslizante (Leica 

SM2010 R, Leica, Alemania). Los cortes se recogieron en 6 subseries y se 

almacenaron a 4ºC en PB 0,1 M con azida sódica o se almacenaron a -20ºC 

en una solución crioprotectora (glicerol al 30%, etilenglicol al 30% en PB 0,1 

M) hasta su utilización. 

 

2.7.2 Inmunohistoquímica. 

 Todos los anticuerpos utilizados en esta tesis pueden encontrarse en 

la tabla 1.1. Para cada experimento, todas las secciones estudiadas pasaron 
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a través de todos los procedimientos simultáneamente para minimizar 

cualquier diferencia de la tinción inmunohistoquímica misma. Para evitar 

cualquier sesgo, todas las preparaciones se codificaron antes del análisis y 

los códigos no se rompieron hasta que el experimento terminó. 

 

2.7.3 Inmunohistoquímica para microscopía óptica. 

 

 El tejido fue procesado usando el método de avidina-biotina-

peroxidasa (ABC) (Hsu et al, 1981) como sigue: todas las secciones se 

incubaron durante un minuto con una solución de desenmascaramiento de 

antígeno (tampón de citrato 0,01 M, pH 6) A 100 ºC. Después de enfriar las 

secciones a temperatura ambiente, se incubaron con peróxido de 

hidrógeno al 3% (H2O2) en solución salina tamponada con fosfato (PBS) 

durante 10 minutos para bloquear la actividad de la peroxidasa endógena. 

Después de esto, las secciones se incubaron durante una hora con suero 

normal de burro al 10% (NDS, Jackson Immunoresearch Laboratories, West 

Grove, PA) en PBS con 0,2% de triton X-100 (Sigma-Aldrich, St. Louis, MO). 

Las secciones de tejido se incubaron después durante 48 horas a 4ºC en 

ratón IgM anti-PSA-NCAM (1: 700, Abcys) en PBS con triton X-100 al 0,2% y 

NDS al 5%. Después del lavado, las secciones se incubaron durante una 

hora a 25ºC con anti-ratón biotina SP (1: 400, Jackson Inmunoresearch), en 

PBS con 0,2% de tritón y 5% de NDS. A continuación, las secciones se 

incubaron con un complejo de avidina-biotina-peroxidasa (ABC, Vector 

Laboratories, Peterborough, RU) en PBS durante 30 minutos. La marca se 

consiguió incubando con tetrahidrocloruro de diaminobencidina 3,3 ', DAB 

(Sigma Aldrich) durante 4 minutos. Después de esto, se montaron secciones 

sobre portaobjetos, se secaron durante un día a temperatura ambiente, se 

deshidrataron con alcoholes (PANREAC, España) y se aclararon con xilol 
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(Sigma-Aldrich). Finalmente, las secciones se cubrieron utilizando medio de 

montaje Eukitt. 

 

 

2.7.4 Inmunohistoquímica para microscopía confocal 

 

 Los cortes coronales de 50 μm se incubaron durante 1 hora con 

suero normal de burro al 10% (Biowest LLC, Kansas City, EE.UU.) en PBS con 

Triton-X100 al 0,2% (Sigma-Aldrich, St. Louis , MO). Después de esto, las 

secciones se incubaron durante 24 horas a 25ºC con anti-parvalbúmina 

policlonal de conejillo de indias (1: 2000, synaptic systems) y con lectina de 

Wisteria Floribunda conjugada con biotina (WFA) (1: 200, Sigma). Después 

de ser lavadas, las secciones se protegieron a la luz y se incubaron durante 

una hora a temperatura ambiente en anticuerpo anti conejo conjugado con 

Cy3 y generado en asno y Streptavidin Alexa Fluor 647. Todas las secciones 

se montaron en portaobjetos y se cubrieron con un medio de montaje para 

fluorescencia DakoCytomation (Dako North America Inc., Carpinteria, CA). 

La histoquímica WFA es una histoquímica especial diseñada para detectar 

PNNs, que son estructuras que contienen glicocoproteinas. Este tipo de 

estructura puede ser reconocido porque la lectina de la planta Wisteria 

Floribunda se une a N-acetilgalactosamina (GalNac-) (Härtig et al., 1992). 

 

2.8 Análisis de los niveles de expresión de PSA-NCAM. 

 

 Para analizar la expresión de PSA-NCAM en las secciones procesadas, 

se tomaron fotografías de diferentes núcleos de la amígdala de animales 

con diferentes condiciones experimentales. En el estudio 1 estudiamos los 

siguientes núcleos: Núcleo amigdaloide lateral (La), núcleo amigdaloide 
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basolateral (BL), núcleo amigdaloide central (Ce), núcleo amigdaloide 

medial (Me) y núcleo amigdaloide basomedial, parte anterior (BMA) en 

Bregma: -1,58 mm, interaurales: 2,22 mm de acuerdo con el Atlas del 

cerebro de ratón (Paxinos y Franklin, 2001). En resumen, a partir de cada 

sección de examinada por animal con el microscopio Olympus CX41 bajo 

iluminación de campo claro, homogéneamente iluminada y digitalizada 

utilizando una cámara CCD (C-5060 zoom ancho, OLYMPUS, España), se 

tomaron fotografías de los diferentes núcleos de amígdala Se midieron los 

promedios, se promedió el fondo y se convirtieron los valores en 

densidades ópticas (OD) utilizando el software FIJI (NIH) (Schindelin et al , 

2012). Los niveles de gris se calcularon a partir de una escala relativa de 

intensidad que variaba de 0 a 255; 0 correspondientes a niveles de unión 

no específicos y 255 correspondientes a la mayor intensidad de etiquetado. 

Se midieron los niveles de gris no específicos en las secciones teñidas del 

corpus callosum (Bregma: -1,58 mm, interaurial: 2,22 mm (Paxinos y 

Franklin, 2001) 

 

2.9 Densidad de células  parvalbúmina y redes perineuronales. 

 

 Las secciones se procesaron para la inmunohistoquímica de 

parvalbúmina (PV) y la detección histoquímica de PNNs y se observaron con 

un microscopio confocal (Olympus Fluoview FV 10i, Olympus, Japón) usando 

un objetivo 10x. Estimamos la densidad de células que expresan PV o 

rodeadas de redes perineuronales (PNN) en el el núcleo central de la 

amygdala (Ce) Bregma: -1,58 mm, interaural: 2,22 mm de acuerdo con el 

Mouse Brain Atlas (Paxinos y Franklin, 2001). 

El área del Ce se determinó para cada animal. El resultado se expresa como 

el número de células positivas inmunorreactivas por mm2. 
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Estudio 2. Impacto de la administración de delta-9-

tetrahidrocannabinol durante la adolescencia. 

 

1.Objetivos 

 

1. Evaluar el impacto del delta-9-tetrahidrocannabinol (THC) administrado 

durante la adolescencia en ratones criados en grupo. 

1.1 Estudiar los efectos del THC en una prueba de comportamiento en la 

que interviene la corteza prefrontal (PFC): la inhibición por prepulso del 

reflejo de sobresalto (PPI). 

1.2 Estudiar los efectos del THC sobre el volumen de la corteza prefrontal 

medial (mPFC), la estructura de interneuronas y la expresión de moléculas 

relacionadas con la neurotransmisión inhibidora en esta región neocortical. 

2. Evaluar si el tratamiento con el antagonista del receptor de canabinoides 

tipo 1 (CB1r) AM251 durante la edad adulta puede paliar o revertir los 

efectos de la administración de THC en ratones criados en grupo. 

3. Evaluar el impacto del THC administrado durante la adolescencia en un 

modelo de esquizofrenia de "doble impacto". 

3.1 Estudiar los efectos del THC en una prueba de comportamiento en la 

que el PFC está involucrado: el PPI. 

3.2 Estudiar los efectos del THC sobre el volumen de la mPFC, la estructura 

de las interneuronas y la expresión de moléculas relacionadas con la 

neurotransmisión inhibidora, en esta región neocortical. 

4. Investigar si el tratamiento con el antagonista CB1r, AM251 durante la 

edad adulta puede paliar o revertir los efectos de la administración de THC 

en un modelo de esquizofrenia de "doble impacto". 
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Con el fin de lograr estos objetivos, planifiqué dos experimentos en el 

estudio 2. En el primer experimento, me propuse estudiar los efectos de la 

administración de THC durante la adolescencia en ratones criados en 

grupo, analizar el impacto en la corteza prefrontal y explorar una posible 

reversión de los efectos por el tratamiento AM251 durante la edad adulta. 

En el segundo experimento, quería estudiar los efectos de la administración 

de THC durante la adolescencia en un modelo de esquizofrenia de "doble 

impacto" y analizar su impacto en la corteza prefrontal y una posible 

reversión por el tratamiento con AM251 durante la vida adulta. 

 

2. Material y Métodos. 

 

2.1 Animales. 

 

 Ciento veintiocho ratones machos cuyas neuronas inhibidoras 

expresan GFP (GINs, Tg (GadGFP) 45704Swn) (Jackson Laboratory, Bar 

Harbor, Maine, EE.UU.) (Oliva et al, 2000) de diferentes camadas criadas en 

nuestras instalaciones fueron Utilizado en este experimento. Se 

mantuvieron bajo condiciones estándar de luz (ciclo de luz-oscuridad de 12 

horas) y temperatura con alimento y agua disponibles ad libitum. Toda la 

experimentación con animales se realizó de conformidad con la Directiva 

2010/63/ UE del Parlamento Europeo y del Consejo, de 22 de septiembre de 

2010, relativa a la protección de los animales utilizados con fines científicos 

y fue aprobada por el Comité de Bioética de la Universitat de València. 

 

En el experimento 1 y en el experimento 2 los animales empleados fueron 

de la misma cepa. 
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Detallamos a continuación el alojamiento y tratamientos específicos para 

cada experimento. 

 

Experimento 1. Efectos del delta-9-tetrahidrocannabinol durante la 

adolescencia en ratones  criados socialmente. Impacto sobre la 

corteza prefrontal y reversión putativa con un tratamiento de  AM251  

durante la edad adulta. 

 

2.2 Alojamiento  y tratamientos farmacológicos 

 

 En el día 7 posnatal (P7), los animales (n = 64) recibieron una 

inyección intraperitoneal de solución salina (0,9%). En P21, después del 

destete, los animales se mantuvieron en grupos de 3-4 animales, formando 

así ratones alojados en grupo y con solución salina (NaCl / soc, n = 64). 

Durante la adolescencia, de P28 a P48 (Spear, 2000), los animales recibieron 

una inyección intraperitoneal diaria de delta-9-tetrahidrocannabinol (THC, 

10mg / kg) (THC Pharm GmbH, Alemania), el compuesto psicoactivo de 

cannabis o vehículo 1 (mezcla 1: 1: 18 de etanol: Tween 80®: solución 

salina) (Long et al, 2012), formando así dos grupos: alojados en grupo, 

inyectados con solución salina e inyectados con vehículo 1 (NaCl / Soc-VEH1, 

n = 32) , Alojados en grupo, inyectados con solución salina e inyectados con 

THC (NaCl/Soc-THC, n = 32). 

Durante la edad adulta, de P110 a P130, los dos grupos previamente 

descritos recibieron una inyección intraperitoneal diaria del agonista / 

antagonista inverso del receptor CB1, AM251 (1 mg / kg, Tocris Bioscience, 

Bristol, UK) 2 (mezcla 1: 1: 18 de DMSO: Tween 80®: solución salina), 

produciendo finalmente cuatro grupos experimentales: alojados en grupo, 

inyectados con solución salina, inyectados con vehículo 1 e inyectados con 
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vehículo 2  (NaCl / Soc-VEH1-VEH2, n = 16) , Alojados en grupo, inyectados 

con solución salina, inyectados con vehículo 1 e inyectado con AM251 (NaCl 

/ Soc-VEH1-AM251, n = 16), alojados en grupo, inyectados con solución 

salina, inyectados con THC e inyectados con vehículo 2 (NaCl / Soc-THC-

VEH2, n=16), alojados en grupo, inyectados con solución salina, inyectados 

con THC e inyecctados con AM251 (NaCl / Soc-THC-AM251, n = 16. 

 

 

Experimento 2. Efectos del delta-9-tetrahidrocannabinol durante la 

adolescencia en un modelo de "doble impacto" de esquizofrenia. 

Impacto sobre la corteza prefrontal y reversión de los posibles efectos 

con un tratamiento  usando AM251 durante la edad adulta. 

 

2.3 Alojamiento y tratamientos farmacológicos 

 

 En el día 7 posnatal (P7), los animales (n = 64) recibieron una 

inyección intraperitoneal del antagonista no competitivo del receptor N-

metil-D-aspartato (NMDA), dizocilpina (MK801, 1 mg / kg) (Abcam 

Biochemicals , Cambridge, UK) disuelto en solución salina (0,9%). A P21, 

después del destete, los animales se alojaron bajo aislamiento, formando 

así ratones aislados y MK-801 inyectados (MK801 / Iso, n = 64). 

Durante la adolescencia, de P28 a P48 (Spear, 2000), los animales recibieron 

una inyección intraperitoneal diaria de delta-9-tetrahidrocannabinol (THC, 

10mg/kg) (THC Pharm GmbH, Alemania), el compuesto psicoactivo de 

cannabis o vehículo 1 (mezcla 1: 1: 18 de etanol: Tween 80®: solución 

salina) (Long et al, 2012), formando así dos grupos: aislados, MK801 e 

inyectados con vehículo 1 (MK801 / Iso-VEH1, n = 32) , aislado, MK801 e 

inyectados con THC (MK801 / Iso-THC, n = 32) 
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Durante la edad adulta, de P110 a P130, los dos grupos previamente 

descritos recibieron una inyección intraperitoneal diaria del agonista / 

antagonista inverso del receptor CB1, AM251 (1 mg / kg, Tocris Bioscience, 

Bristol, UK) 2 (mezcla 1: 1: 18 de DMSO: Tween 80®: solución salina), 

produciendo finalmente cuatro grupos experimentales: aislados, inyectados 

con MK801, inyectados con vehículo 1 e inyectados con vehículo 2 (MK801 / 

Iso-VEH1-VEH2, n = 16), aislados, inyectados con MK801, inyectados con 

vehículo 1 e inyectados con AM251 (MK801 / Iso-VEH1-AM251, n = 16), 

aislados, inyectados con MK801, inyectados con THC e inyectados con 

vehículo 2 (MK801 / Iso-THC-VEH2, n = 16), aislados, inyectados con MK801, 

inyectados con THC e inyectados con AM251 (MK801 / Iso-THC-AM251, n = 

16). 

 

Después del segundo tratamiento, administrado durante la edad adulta, 

(AM251 o VEH2), evaluamos los posibles déficits de atención y la función de 

la corteza prefrontal utilizando la prueba de inhibición por prepulso de la 

respuesta de sobresalto (PPI).  

 

A continuación se detalla toda la metodología usada tanto en el 

experimento 1 como en el experimento 2. 

 

2.4 Inhibición por prepulso de la respuesta de sobresalto  

 

 Inhibición por prepulso de la respuesta de sobresalto se utiliza 

comúnmente como un modelo para estudiar la integridad de los 

mecanismos automáticos inhibitorios centrales de la atención en roedores. 

PPI es la reducción de la respuesta de sobresalto vista después de un 
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estímulo débil, o prepulso, presentado antes del inicio del estímulo o pulso 

intenso. 

Las respuestas de sobresalto se midieron usando el sistema combinado 

Startle y Fear de Panlab (Barcelona, España). La cámara experimental tenía 

paredes negras y una puerta frontal transparente montada sobre una 

plataforma. El movimiento del animal en el cilindro fue detectado por 

cuatro células de carga situadas en la plataforma. El altavoz, situado en la 

parte superior de la cámara proporcionó ruido de fondo blanco, pre-pulsos 

y pulsos. La cámara experimental se colocó en una jaula de aislamiento 

acústico ventilado. La presentación de los estímulos fue controlada por el 

software STARTLE y la respuesta de sobresalto se transmitió a los módulos 

experimentales específicos del software a través de la unidad de células de 

carga para fines de grabación y para el análisis posterior. Las sesiones de 

prueba fueron precedidas por una fase de habituación consistente en tres 

sesiones en las que los ratones se colocaron en el aparato durante cinco 

minutos sin ruido de fondo. Las sesiones de prueba consistieron en no 

ensayos de estímulo, ensayos de pulso, ensayos de pre-pulso y ensayos de 

pulso de pre-pulso. Cada prueba de no estímulo consistió sólo en un ruido 

de fondo, los ensayos de pulso consistieron en un pulso de 40 ms de 120 

decibeles (dB), el ensayo previo al impulso consistió en un ensayo de pulso 

de 20 ms 73, 76 ó 82 dB y consistió en Un 20 ms 73, 76 u 82 dB seguido 100 

ms después por un pulso de 40 ms de 120 dB. Las sesiones de prueba 

comenzaron con un período de aclimatación de 5 minutos utilizando un 

ruido de fondo de 70 dB. Las sesiones de prueba consistieron en diez 

ensayos basales de pulso y diez presentaciones de cuatro ensayos 

diferentes previamente descritos. Los ensayos se presentaron en orden 

pseudoaleatorio con un intervalo intertrial (ITI) de 22 segundos y un 

intervalo interstimulus de 100 ms. El porcentaje de inhibición por prepulso 
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de la respuesta de sobresalto se calculó usando la siguiente fórmula: 100 - 

{[(respuesta de sobresalto para prepulso + pulso) / (respuesta de sobresalto 

para pulso solo)] x100}. 

 

2.5 Técnicas de perfusión y microtomía. 

  

 Un día después de la prueba PPI, todos los ratones utilizados para 

técnicas histológicas fueron perfundidos bajo anestesia pentobarbital 

profunda (1 ml/kg), primero durante 1 minuto con NaCl (0,9%) y luego con 

paraformaldehído al 4%. La solución de paraformaldehído se suministró 

durante 25 minutos con un flujo de 4 ml / min. Treinta minutos después de 

la perfusión, los cerebros se extrajeron del cráneo y sus hemisferios se 

separaron. 

Los hemisferios cerebrales destinados a estudiar la arborización dendrítica 

y la densidad de espinas se almacenaron en tampón de fosfato (PB) 0,1 M 

(4ºC) con azida sódica 0,05% hasta cortar con un vibratoma (Leica VT 1000E, 

Leica, Alemania) en cortes coronales de 100 μm de espesor. Los otros 

hemisferios cerebrales fueron crioprotegidos con 30% de sacarosa en frío 

PB 0,1 M (4ºC) durante 48 horas y después cortaron en secciones coronales 

de 50 μm utilizando un microtomo de congelación deslizante (Leica SM2010 

R, Leica, Alemania). Los cortes se recogieron en 6 subseries y se 

almacenaron a 4ºC en PB 0,1 M con azida sódica o se almacenaron a -20ºC 

en una solución crioprotectora (glicerol al 30%, etilenglicol al 30% en PB 0,1 

M) hasta su utilización. 
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2.6 Extracción y disección de tejidos frescos de la corteza prefrontal 

medial (CPFm) 

 

 Los ratones utilizados para el análisis de la expresión génica se 

sacrificaron con una inyección de una dosis letal de pentobarbital sódico 

(10 ml/kg). Los cerebros se retiraron inmediatamente del cráneo y se 

colocaron en placas de Petri llenas de tampón de fosfato estéril frío (PB). El 

cerebro se separó en los dos hemisferios y cada hemisferio se almacenó en 

tubos de microcentrífuga separados. Los hemisferios se congelaron en 

nitrógeno líquido y se mantuvieron a -80 ºC hasta su utilización. Después de 

descongelar los hemisferios, se eliminó la pia bajo un microscopio estéreo 

(SZX7, Olympus) y se hicieron cortes coronales para retirar porciones de los 

polos rostral y caudal. 

El CPFm de los hemisferios izquierdo y derecho se diseccionó con un 

microescalpelo en condiciones estériles y luego se almacenaron en tubos 

de microcentrífuga separados. El procedimiento completo se realizó con 

temperatura fría y bajo condiciones libres de ARNasa para prevenir la 

degradación del ARN. 

 

2.7 Inmunohistoquímica. 

 

 En la Tabla 1.1 se puede encontrar información detallada sobre todos 

los anticuerpos utilizados en esta tesis. Para cada experimento, todas las 

secciones estudiadas pasaron por todos los procedimientos 

simultáneamente para minimizar cualquier diferencia con la tinción 

inmunohistoquímica misma. Para evitar cualquier sesgo, todas las 

preparaciones se codificaron antes del análisis y los códigos no se 

rompieron hasta que el experimento se terminó. 
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2.7.1 Inmunohistoquímica para microscopía confocal 

 

 Se utilizaron cortes coronales de 100 micras de grosor para la 

inmunohistoquímica de GFP. Se utilizaron secciones coronales de 50 μm 

para las otras inmunohistoquímicas. En general, las secciones se trataron 

durante 1 hora con suero normal de burro al 10% (Biowest LLC, Kansas City, 

EE.UU.) en PBS con Triton-X100 al 0,2% (Sigma-Aldrich, St. Louis , MO). 

Después de esto, las secciones se incubaron con cócteles diferentes de dos, 

tres o cuatro anticuerpos primarios (tabla 1). Después de ser lavadas, las 

secciones se protegieron a la luz y se incubaron una hora a temperatura 

ambiente con los anticuerpos secundarios apropiados (tabla 1). Todas las 

secciones se montaron en portaobjetos y se cubrieron con un medio de 

montaje fluorescente DakoCytomation (Dako North America Inc., 

Carpinteria, CA). Cuando era necesario utilizar dos anticuerpos primarios 

generados en la misma especie para la misma inmunohistoquímica, se 

usaron anticuerpos secundarios específicos de subclase. 

Histoquímica para la detección de redes perineuronales (PNN) utilizando 

Wisteria Floribunda (WFA). 

Se emplearon cortes coronales de 50 μm. En general, las secciones se 

trataron durante 1 hora con suero normal de burro al 10% (Biowest LLC, 

Kansas City, EE.UU.) en PBS con Triton-X100 al 0,2% (Sigma-Aldrich, St. Louis 

, MO). Después de esto, las secciones se incubaron con lectina de Wisteria 

Floribunda biotinilada (1: 200, Sigma) (tabla 1.1) durante 24 horas a 25 ºC. 

Después de haber sido enjuagadas, las secciones se protegieron a la luz y 

se incubaron una hora a temperatura ambiente con estreptavidina Alexa 

Fluor 647 (1:400, Invitrogen) durante 1 hora a 25ºC. Todas las secciones se 

montaron en portaobjetos y se cubrieron con un medio de montaje para 

fluorescencia, DakoCytomation (Dako North America Inc., Carpinteria, CA). 
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2.8 Análisis volumétrico. 

 

 Se midieron los volúmenes de las diferentes regiones de CPFm 

(corteza infralímbica, IL, corteza prelímbica, PrL, corteza cingulada, área 1 

(Cg1) y corteza cingulada, área 2 (Cg2) en secciones teñidas para PV y PNN, 

usando el complemento Volumest en la ImageJ Software (NIH, USA), que 

utiliza el principio de Cavalieri (Gundersen y Jensen, 1987) . En primer lugar, 

las imágenes de todas los cortes se adquirieron con un microscopio 

confocal (Olympus FV-10, Olympus, Japón). Después de eso, las medidas de 

las áreas se estimaron en imágenes que contenían: corteza prelímbica en 

Bregma de 3,08 mm a 1,70 mm; Corteza infralímbica en Bregma 1,94 mm a 

1,42 mm; Cingulado 1 corteza en Bregma 2,34 mm a - 0,22 mm; Corteza 

cingulada 2 en Bregma 1,42 mm a - 0,22 m. 

 

2.9 Análisis de arborización dendrítica en interneuronas GFP +. 

 

 La arborización dendrítica se estudió en Cg1 y Cg2 utilizando 

microscopía confocal (Leica TCS SPE, Leica, Alemania). Secciones ópticas 

(separadas 0,2 μm) que cubren el árbol dendrítico de las interneuronas 

fueron seleccionadas (6 neuronas por ratón). Para poder ser analizadas, las 

neuronas que expresan GFP tenían que cumplir las siguientes 

características: (1) la célula no debe mostrar ninguna dendrita truncada, (2) 

el árbol dendrítico de la célula debe mostrar al menos un proceso con una 

longitud mayor de 120 µm y (3) el soma debe estar situado al menos a 30 

μm de profundidad desde la superficie del tejido. Las imágenes obtenidas 

se procesaron utilizando el software FIJI (NIH, USA) (Schindelin et al, 2012) 

para realizar reconstrucciones en 3D, en las que se analizó la distancia 

exacta de los puntos ramificados y terminales de las dendritas de una 
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interneurona dada. El grado de arborización dendrítica se analizó mediante 

un procedimiento para derivar el perfil de Sholl. El análisis de Sholl consiste 

en la medida del número de intersecciones de las dendritas con esferas de 

radio creciente centradas en el soma (Sholl, 1953) 

 

2.10 Análisis de la densidad de espinas dendríticas. 

 En este experimento se estudió también la densidad de espinas 

dendríticas en los ccorteza cingulada Cg1 y Cg2, utilizando microscopía 

confocal (Leica TCS SPE, Leica, Alemania). Las dendritas individuales se 

seleccionaron de las neuronas que expresan GFP en la capa III del Cg1 y Cg2 

(seis neuronas por animal). Se obtuvieron pilas de imágenes confocales con 

un objetivo de inmersión de aceite 63x / 1,40 y un zoom digital adicional de 

3,5. Las espinas se contaron en tres fragmentos dendríticos (50 μm cada 

uno) expandiéndose 150 μm desde el soma. Las imágenes obtenidas se 

procesaron con el software FIJI (NIH), utilizando el complemento Stitching 

para reconstruir una imagen 3D de dendritas apicales. La herramienta 

multipunto se utilizó para contar las espinas. 

 

2.11 Balance de excitación-inhibición. 

 

 Se estudió la densidad de puncta que expresa el transportador 

vesicular de glutamato 1 (VGLUT1) y el transportador vesicular de GABA 

(VGAT) en planos confocales seleccionados de diferentes regiones de la 

CPFm (IL, PrL, Cg1 y Cg2): IL y PrL correspondientes al nivel de Bregma de 

1,78 mm Cg1 y Cg2 correspondientes a un nivel de Bregma de 1,10 mm. Los 

planos  z del confocal que cubrían toda la profundidad de las secciones se 

tomaron con un pasada de 1 μm y sólo se seleccionaron subconjuntos de 

planos confocales con el nivel óptimo de penetración para cada anticuerpo. 
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En estos planos, se seleccionaron pequeñas regiones del neuropilo (500 

μm2) para el análisis, con el fin de evitar vasos sanguíneos y células 

somáticas. Las imágenes se procesaron usando el software FIJI (NIH, USA) 

de la siguiente manera: el fondo se restaba con un valor de balanceo de 50, 

se convirtió a imágenes de 8 bits de profundidad y se binarizó usando un 

valor de umbral determinado. Este valor dependía del marcador analizado y 

se mantuvo para todas las imágenes del mismo marcador analizado. A 

continuación, las imágenes se procesaron con un filtro de desenfoque 

gaussiano para reducir el ruido. Finalmente, se contó el número de puntos 

resultantes por región. Los resultados se expresaron para VGLUT1 y VGAT 

como el número de puncta/µm2 y para el balance E/I como el número de 

puncta VGLUT1/número de puncta VGAT. 

 

 

2.12 Análisis de la densidad de puncta perisomático en neuronas 

piramidales. 

 

 Las secciones procesadas para la inmunohistoquímica CaMKII-α, 

CB1r, SYN y GFP se observaron bajo un microscopio confocal (Olympus FV 

10i, Olympus, Japón) usando un objetivo de aceite 60x. Los puncta 

perisomáticos en las neuronas piramidales se analizaron en la capa III de 

dos regiones de la CPFm: IL y PrL. Los análisis se realizaron en secciones 

correspondientes a Bregma 3.08mm / Interaural 6.88mm y Bregma -

0.22mm / Interaural 3.58mm, según el atlas de Paxinos y Franklin (Paxinos y 

Franklin, 2001) planos en z que cubren toda la profundidad de Las 

secciones se tomaron con un tamaño de pasada de 1 μm y sólo se 

seleccionaron subconjuntos de planos confocales con el nivel óptimo de 

penetración para cada anticuerpo. Las imágenes fueron procesadas 
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utilizando el software FIJI (NIH) de la siguiente manera: las imágenes fueron 

procesadas con un filtro de desenfoque para reducir el ruido y separar 

puncta estrechamente conectados. Se extrajo el perfil de soma de las 

neuronas piramidales y se analizaron puntos situados dentro de un área de 

0,5 μm distal del borde de este perfil. Un puncta se definió como una área 

no menor de 0,15 y no mayor de 2,5 μm2 (Di Cristo et al, 2007). A 

continuación, se restaba el fondo con un valor de rodadura de 50, se 

convirtió a imágenes de 8 bits de profundidad y se binarizó usando un valor 

de umbral determinado. Este valor dependía del marcador y del área 

analizada y se mantuvo igual para todas las imágenes con el mismo 

marcador y área. Se analizaron quince neuronas por animal y región. 

Finalmente, se obtuvieron valores de densidad puncta para CaMKII-α, CB1r, 

SYN y GFP de cada neurona y se expresaron como número de puncta por 

micrómetro de perímetro de soma. 

 

2.13 Densidad de células que expresan parvalbúmina y redes 

perineuronales. 

Como en  estudio 1. 

 

2.14 Cuantificación de la reacción en cadena de la polimerasa con 

transcriptasa inversa. 

 

 El ARNm total de CPFm se extrajo utilizando RNeasy Mini Kit de 

QIAgen (QIAgen, Alemania) mediante un procedimiento de 

homogenización/lisis de una etapa. El Reactivo de Lisis QIAzol homogeneizó 

el tejido. Después se utilizó la homogeneización mecánica con TissueLyser 

LT (QIAgen, Alemania). A continuación, se añadió cloroformo a la muestra y 

la mezcla se centrifugó. Este paso separa la muestra en tres fases: una fase 
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acuosa (superior) incolora, una interfase blanca y una fase orgánica 

(inferior) roja. La fase acuosa superior se colocó en un tubo separado y el 

ARN se recuperó de él mediante precipitación con etanol. Finalmente, el 

ARN se aisló por varios pasos a través de las columnas de sílice-membranas 

RNeasy spin. El RNA total purificado se eluyó en agua libre de ARNasa y se 

midió la concentración y pureza de ARN en un espectrofotómetro a 260 nm 

y 260/280 nm, respectivamente (Eppendorf BioPhotometer plus; Eppendorf 

AG, Hamburgo, Alemania). El RNA se almacenó a -80ºC hasta el siguiente 

paso. 

Las reacciones de transcripción inversa (RT) se realizaron usando 

SuperscriptTM II Reverse Trancriptase (InvitrogenTM, Thermo Fischer 

Scientific, EE.UU.) de la siguiente manera: 1 μl de Oligo (dT) 12-18 (500 μg / 

ml), 1 μl de ARN total Ng / μl), se añadieron 1 μl de mezcla de dNTP (10 mM) 

y 10 μl de agua destilada estéril a un tubo de microcentrífuga libre de 

nucleasa y todo el contenido se calentó hasta 65 ° C durante 5 min y se 

enfrió rápidamente sobre hielo. El ADNc de la primera cadena se sintetizó a 

continuación incubando el ARN hibridado a 42 ° C durante 50 minutos con 

dGTP, dTTP, dCTP, dATP (1 mM cada uno), 1 μl de inhibidor de RNAse 

Protector (40 U / μl), 2 μl 1, 4-ditio-DL-treita (DTT, 0,1 M) 1 \ mu l de expandir 

la transcriptasa inversa (50 U / \ mu l) en 20 \ mu l de tampón de primera 

cadena. Las reacciones de cDNA se diluyeron entonces cinco veces en agua 

libre de nucleasa. Para los análisis cuantitativos de retrotranscripción-

reacción en cadena de polimerasa (qRT-PCR), cada muestra se realizó en 

duplicados. QPCR se llevó a cabo con el Detector de Secuencia ABI PRISM 

7700 (Applied Biosystems) utilizando mezcla maestra EVA Green PCR 

(Applied Biosystems), cebadores específicos para todos los genes (Tabla 2.2) 

a una concentración de 240 nm, y 4 μl de cDNA (50 ng) De cada muestra. Se 

usó el gen de la proteína de unión a la caja de TATA (TBP) como un gen de 
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referencia. Después de una desnaturalización a 95ºC durante 10 min, las 

reacciones se sometieron a ciclos 40 veces con una desnaturalización a 

95ºC durante 15 s, y una etapa de hibridación a 60ºC durante 1 min. 

Después de eso, se realizó una curva de fusión para evaluar la especificidad 

de los cebadores. Los primers fueron diseñados por Primer Blast software 

libre. Todos los cebadores de oligonucleótidos de ADN se sintetizaron por 

encargo por Metabion international AG (Martinsried, Alemania). 

La cuantificación relativa se realizó utilizando el método de umbral 

comparativo (CT) según el método de 2-DDCt (Pfaffl y Pfaffl, 2001), donde, 

DDCT = (CT, gen diana, gen de referencia) exp. Grupo - (CT, gen diana - CT, 

gen de referencia) grupo de control. Los cambios en la expresión génica se 

informaron como cambios de pliegues en relación con los controles. 

 

CONCLUSIONES. 

 

Conclusiones derivadas del estudio 1. 

 

1. El modelo de "estrés por contacto sensorial" produce una asimetría clara  

(dominante vs. subordinado) en ratones machos NMRI, caracterizado por el 

predominio de categorías conductuales de dominancia (amenaza, ataque) y 

subordinación (evitación-huida y defensa-sumisión) respectivamente. 

 

2. La exposición a estrés social repetido (modelo de estrés por contacto 

sensorial) no afecta a la memoria probada con una tarea de evitación 

pasiva en función del estatus 
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3. El estatus social derivado del modelo de estrés sensorial de contacto 

modificó los niveles de corticosterona en ratones dominantes y 

subordinados. 

 

4. La expresión de PSA-NCAM en la amígdala no se ve afectada por el estrés 

por contacto sensorial aplicado en la edad adulta. 

 

5. El entorno enriquecido no influye en los efectos del estrés social sobre el 

estatus social y las categorías comportamentales. 

 

6. El entorno enriquecido no influye en los efectos del estrés social en la 

memoria probada con una tarea de evitación pasiva. 

 

7. El entorno enriquecido no influye en los efectos del estrés social en los 

niveles de corticosterona y testosterona. 

 

8. El entorno enriquecido no influye en los efectos del estrés social en la 

expresión de las células que expresan parvalbúmina y perineuronal nets en 

el núcleo central de la amygdala. 

 

9. El paradigma de enriquecimiento ambiental aplicado en la adolescencia 

modula la expresión de PSA-NCAM en el núcleo BM, Me y Ce de la amígdala 

 

Conclusiones derivadas del estudio 2. 

 

1. La administración de delta-9-tetrahidrocanabinol durante la adolescencia 

no modifica la inhibición por prepulso de la respuesta de sobresalto en 

ratones criados en grupo. 



 218 

2. La administración de delta-9-tetrahidrocanabinol durante la adolescencia 

no conduce a cambios en el volumen de corteza infralimbica, prelimbica, 

cingulada, área 1 y cingulada, área 2. 

 

3. La administración de delta-9-tetrahidrocanabinol durante la adolescencia 

no induce cambios en la arborización dendrítica o en la densidad de 

espinas dendríticas de las interneuronas GFP+ de la corteza cingulada en 

ratones criados en grupo. 

 

4. La administración de delta-9-tetrahidrocannabinol durante la 

adolescencia no altera el equilibrio excitación-inhibición de las cortezas 

infralímbica y prelímbica de ratones criados en grupo. 

 

5. La administración de delta-9-tetrahidrocanabinol durante la adolescencia 

aumenta la densidad de puncta que expresan sinaptofisina alrededor del 

soma de neuronas piramidales en la capa III de la corteza infralímbica de 

ratones criados en grupo. 

 

6. La administración de delta-9-tetrahidrocanabinol durante la adolescencia 

no modifica la densidad de las interneuronas que expresan parvalbúmina, 

la densidad de las redes perineuronales o su colocalización en las cortezas 

infralímbica, prelímbica, cingulada, área 1 y cingulada,área 2 de ratones. 

 

7. La administración de delta-9-tetrahidrocanabinol durante la adolescencia 

no cambia la expresión los ARNm de la ácido glutámico descarboxilasa, 

isoforma 67, el receptor del factor de crecimiento epidérmico (ErbB4), la 

polisialtransferasa ST8 SiaII, la polisialiltransferasa ST8 SIAIV y del receptor 

canabinoide tipo 1 en ratones socialmente criados . 
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8. El tratamiento con AM251 durante la edad adulta no revierte los efectos 

de la administración de delta-9-tetrahidrocanabinol en la densidad de 

puncta que expresan alrededor del soma de neuronas piramidales en la 

capa III de la corteza infralimbica de ratones criados en grupo. 

 

9. El tratamiento de AM251 durante la edad adulta, per se, disminuye el 

porcentaje de la inhibición por prepulso de la respuesta de sobresalto en 

ratones socialmente criados. 

 

10. La administración de delta-9-tetrahidrocannabinol durante la 

adolescencia no perjudica la inhibición del prepulso de la respuesta de 

sobresalto en un modelo de doble impacto de esquizofrenia. 

 

11. La administración de delta-9-tetrahidrocannabinol durante la 

adolescencia aumenta el volumen de la corteza cingulada área 2 en un 

modelo de doble impacto de esquizofrenia. 

 

12. La administración de delta-9-tetrahidrocanabinol durante la 

adolescencia no modifica la arborización dendrítica o la densidad de 

espinas dendríticas de las interneuronas GFP + de la corteza cingulada en 

un modelo de doble impacto de esquizofrenia. 

 

13. La administración de delta-9-tetrahidrocanabinol durante la 

adolescencia no cambia el balance excitación / inhibición en la corteza 

infralímbica y prelímbica en un modelo de doble impacto de esquizofrenia. 

 

14. La administración de delta-9-tetrahidrocanabinol durante la 

adolescencia no modula la densidad de puncta del receptor de 
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canabinoides tipo 1 o sinaptofisina que rodea el soma de las neuronas 

piramidales en la capa III de las cortezas infralímbica y prelímbica en un 

modelo de doble impacto de esquizofrenia . 

 

15. La administración de delta-9-tetrahidrocanabinol durante la 

adolescencia disminuye la densidad de las células que expresan la 

parvalbúmina, la densidad de las redes perineuronales y su colocalización 

en la corteza prelímbica de un modelo de doble impacto de esquizofrenia. 

 

16. La administración de delta-9-tetrahidrocanabinol durante la 

adolescencia no cambia la expresión de los ARNm de la ácido glutámico 

descarboxilasa, isoforma 67, el receptor del factor de crecimiento 

epidérmico (ErbB4), la polisialiltransferasa ST8 SiaII, la polisialiltransferasa 

ST8 SIAIV y los del receptor de canabinoides tipo 1 en un modelo de doble 

impacto de esquizofrenia. 

 

17. El tratamiento con AM251 durante la edad adulta no revierte los efectos 

de la administración de delta-9-tetrahidrocanabinol sobre la densidad de 

las células que expresan parvalbúmina, densidad de las redes 

perineuronales o su colocalización en la corteza prelímbica de un modelo 

de doble impacto de esquizofrenia. 

 

18. El tratamiento de AM251 durante la edad adulta aumenta la respuesta 

de la inhibición por prepulso de la respuesta de sobresalto en un modelo 

de doble impacto de esquizofrenia. 
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19. El tratamiento de AM251 durante la edad adulta aumenta el volumen de 

la corteza cingulada área 1 en un modelo de doble impacto de 

esquizofrenia. 

 

20. El tratamiento de AM251 durante la edad adulta disminuye la densidad 

de las células que expresan la parvalbúmina, la densidad de las redes 

perineuronales y su colocalización en la corteza prelímbica de un modelo 

de doble impacto de esquizofrenia. 
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