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“I didn’t want to just know names of things. [

remember really wanting to know how it all worked.”

Elizabeth Blackburn
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INTRODUCTION

1. SCHIZOPHRENIA

1.1. GENERAL ASPECTS

Schizophrenia is a chronic and disabling mental disorder that is characterized by a decreased
ability to perceive reality. The illness profoundly disrupts individual ability to think clearly,
manage emotions, make decisions and interact with other people. It is regarded as the most
severe and disabling psychiatric disorder, affecting more than 20 million people worldwide
(Charlson et al., 2018).

Lifetime prevalence of schizophrenia is estimated between 0.3-0.7% of the population
worldwide (McGrath et al., 2008) and it is associated with significant health, social, and
economic concerns (Whiteford et al., 2013), such as premature mortality, disproportionately
high financial costs in terms of health care, loss of productivity and social service needs.
These, among other factors, make schizophrenia one of the top 20 leading causes of disease-
related disability worldwide, being also the seventh most costly medical illness in our society

(Freedman, 2003; James et al., 2018).

The average age of onset is in the late teens to the early twenties for men, and the late

twenties to early thirties for women (Ugok et al., 2012; Immonen et al., 2017).
The characteristic symptoms of schizophrenia fall into three dimensions:

- Positive symptoms refer to hallucinations, delusions, disorganized speech or disordered

thinking. This cluster of symptoms is also referred as psychosis.

- Negative symptoms refer to absent or diminished abilities, such as anhedonia (inability to
experience pleasure from positive stimuli), alogia (decrease in verbal output or
expressiveness), affective flattening (lack of facial and emotional expression), or avolition
(reduction of self-initiated and purposeful acts, difficulties following through with

commitments).

- Cognitive symptoms include memory problems, difficulties with focus, attention and

making decisions, and deficits in working memory.

Psychotic symptoms are usually episodic over time, and their emergence or worsening often
requires temporary hospitalization. Meanwhile, negative and cognitive symptoms tend to be
more stable over time, and contribute significantly to functional impairment. Moreover,
psychotic symptoms of schizophrenia are treatment responsive, while current

pharmacological treatment is practically ineffective on negative and cognitive symptoms.
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Clinical diagnosis of schizophrenia is based on criteria of the Diagnostic and Statistical
Manual of Mental Disorders (DSM) from the American Psychiatric Association (APA) or of
the International Statistical Classification of Diseases and Related Health Problems (ICD)

from the World Health Organization (WHO).

The latter version of the DSM, that is the DSM-V, was published on 2013. Diagnostic criteria
of the DSM includes that the presence of two or more of the characteristic symptoms
(hallucinations, delusions, disorganized speech, disorganized/catatonic behavior or negative
symptoms) should persist for at least a month. One of them must also be one of the three
first ones (hallucinations, delusions or disorganized speech, known as core positive
symptoms). Moreover, at least one of the signs of the disorder must be present for a period
of 6 months; and social, occupational or self-care dysfunction due to the disturbance must
be evident. DSM-V included some innovations compared with the previous version, such as
the removal of subtype classifications of schizophrenia (paranoid, disorganized, catatonic,
undifferentiated, and residual). Similarly, the major criteria for schizophrenia diagnosis in the
last version of ICD, that is ICD-10, published in 1992, are persistent hallucinations, delusions

or thought disturbances during at least one month.

The disorder usually has a gradual, insidious onset that takes place over about 5 years,
beginning with the emergence of negative symptoms followed shortly by cognitive and social
impairment. In this first stage of the disorder, called the prodromal period, some first signs
can appear (social isolation, unusual thoughts and suspicions, change of friends, academic

failure, sleep alterations, irritability...) (see Figure 1). Yet these symptoms are common and

Stages of lliness

Premorbid Prodromal Chronic or Residual

Healthy Early intervention
I Prevention of progression
Worsening
Severity Noorfew  Attenu- Psychotic symptoms
of Signs symptoms ated Negative symptoms
and symp- Cognitive symptoms
Symptoms toms Functional disability
I I 1 | I
Birth 10 20 30 40 50
I

Puberty Years

Figure 1. Stages of illness in schizophrenia. The syndromic stage begins with the first episode of psychosis and
continues through the progressive stage. After the onset of the first episode of psychosis, decline in functioning
leads to the chronic effects of the disease. Adapted from Lieberman & First, 2018.
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nonspecific, they are not diagnostic, although neither are they typical of the mentally healthy
state of the individual. This period is then followed by the emergence of psychotic symptoms
and first psychiatric contact (Hafner et al., 1999). This debut in positive symptoms is known

as First Episode Psychosis (FEP).

1.2. AETIOLOGY AND PATHOGENESIS

Emil Kraepelin (1850-1929) proposed that psychiatric disorders including the so-called
Dementia praecox (now known as schizophrenia), were “natural disease units”. Since then,
accurately assign patients to these natural disease units, often based on course and
outcome, became doubtful. However, he has remained as the founder of current psychiatric
research, as we use categorical diagnoses to study the genetics, pathology, and treatment of

psychiatric disorders.

What causes schizophrenia — aetiology — and how it develops — pathogenesis - are questions
that have occupied the minds of every psychiatric researcher for over a century. These crucial
aspects have stimulated successive cycles of proof and disproof, and excited much
controversy. However, a wealth of evidence has accumulated in the recent decades, leading
to a virtual universal acceptance of schizophrenia as a complex neurodevelopmental disease

(Selemon and Zecevic, 2015).

One of the few features that are certainly accepted about schizophrenia — as well as for any
other psychiatric disorder — is that it cannot be attributed solely to one factor. Instead, both
genetic and environmental factors are known to take part in the onset and development of
the illness (van Os et al., 2010; Sullivan et al., 2012). Each of them has to combine
necessarily with others in order to develop the disease, and individually accounts to a
minimum extent of the disorder variance. Nevertheless, none of them is either necessary or

sufficient in schizophrenia.

Current knowledge about schizophrenia has pointed to genetics as the undoubtedly main
factor in the aetiology of the disease. Recent studies estimate a proportion of variance
explained by additive genetic effects around 80% (Hilker et al., 2018; Sullivan et al., 2003).
This variance is explained by thousands of genetic loci with minimal prevalence differences

from healthy people, most of which have not been discovered yet.

Despite this genetic association, the identification of specific molecular or structural
variation has not been easy. Lack of clear postmortem differences in the brains of subjects
with schizophrenia was likely one of the most puzzling scenario back in time. Modification of
diagnostic criteria along the years has also hampered the progress in the knowledge of the

basis of the disease. Nowadays, however, the development of more sensitive techniques is
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demonstrating subtle but perceivable variances that offer more clues to the disorder

pathophysiology.

Neuroimaging research in twins and first-degree relatives of patients has shown some
heritable traits that underlie the illness. These include grey matter volume reductions in
hippocampus, cortex (mainly frontal and, specifically, dorsolateral prefrontal), caudate
nucleus or thalamus (Boos et al., 2007; Goldman et al., 2008), as well as ventricular
enlargement (Kempton et al., 2010), and abnormalities in late brain maturation, with a
disrupted trajectory of volume change with age (van Haren et al., 2008). A 18 years
longitudinal study has also shown a progressive brain grey and white matter decrease, as
well as cerebrospinal fluid increase in schizophrenia, being more severe during the early
stages and correlating mainly with cognitive impairment (Andreasen et al., 2011). Ventricles
enlargement and gray matter reduction seen to continue over time, probably contributing to

the pathogenesis of the chronic disease (Olabi et al., 2011).

Functional brain imaging studies point to a prefrontal and temporal defective connectivity
(Mwansisya et al., 2017). Moreover, some postmortem histological studies have reported
cortical cytoarchitecture abnormalities, suggesting a defective neuronal migration during
early developmental stage that could lead to an abnormal neuronal connectivity and circuitry
postulated to underlie the illness (Akbarian et al., 1993). Reduced spine densities (Glantz
and Lewis, 2000), smaller dendritic arbors and reduced neuropil on the pyramidal cells of the
prefrontal cortex (PFC) (Selemon and Zecevic, 2015) also point to an aberrant pruning in
schizophrenia (McGlashan, 2000). Apart from brain morphologic studies, neurophysiological
studies have consistently disclosed alterations such as abnormal auditory P300, P50

amplitudes or prepulse inhibition (PPI) deficits (Keshavan et al., 2008).

According to the neurodevelopmental hypothesis (see Figure 2), this defective neural
circuitry is then vulnerable to dysfunction when unmasked by certain developmental
processes, and the exposure to stressors or drugs as the individual moves through the age of

risk (Selemon and Zecevic, 2015).

Moreover, several neurotransmitter systems and circuits within the brain seem to be affected
in patients with schizophrenia. These observations have been replicated along the years and
have led to several hypotheses of schizophrenia etiopathogenesis, which will be presented in

the 1.2.3 section.

This overall view offers only some clues about this complex disease. Knowing the molecular
aetiological mechanism of schizophrenia is critical for drug discovery, as well as for

stratification of the patients and the improving of pharmacological treatment.
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Figure 2. Scheme of the onset and progression of schizophrenia in relation to risk factors. Taken from Millan et
al., 2016.

1.2.1. Genetics

The genetic component of schizophrenia was historically supposed due to its tendency to
run in families, and schizophrenia disease has been shown to present higher heritability than
other psychiatric diseases (Sullivan et al., 2012). The studies in families, twin and adoption
carried out in the 80s and 90s provided increasing proofs that genetics plays a major
aetiological role, and became the main foundation for the search of genetic risk factors

(Frangos et al., 1985; Kety, 1987; Onstad et al., 1991; Tienari, 1991; Kendler and Diehl, 1993).

Classical twin studies are based on a simple theory: differences between a disease incidence
in monozygotic twins are attributed to the environment, while differences between dizygotic
twins to both hereditary and environmental factors. The first case reports related to
schizophrenia in twins date from the 30s (Luxenburger, 1928; Rosanoff et al., 1934).
However, twin studies in schizophrenia are recognized to be pioneered by Dr. Irving
Gottesman. He evidenced that the risk for schizophrenia and related disorders are similar for
the offspring of both the unaffected and the affected monozygotic twins. This fact supported
the notions that carrying a heritable genetic vulnerability for schizophrenia is not sufficient
for expressing the disease, and that non-shared environment contributes to the multifactorial
aetiology of schizophrenia (Gottesman and Shields, 1972; Gottesman, 1989). Studies with
adoptees, which investigated similarities with their biological and adoptive parents, as well as
studies with adoptees' relatives also pointed to a major heritable genetic effect, discarding

shared environmental effect explanation for the familiarity (Heston, 1966; Kety, 1994).
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Large-scale studies estimate a concordance rate - the probability that a second twin will
develop a disorder if the first examined twin has the disorder - of schizophrenia for
monozygotic twins of around 40%. Thus, heritability - the proportion of variance explained by
additive genetic effects — has been estimated in around 80% (Sullivan et al., 2003; Hilker et
al., 2018), indicating that inherited genetics have a substantial influence on the risk for the

disorder.

The first large-scale common single-nucleotide polymorphisms (SNPs) association study in
schizophrenia was published in 2006 (Mah et al., 2006). Since then, large genome-wide
association studies (GWAS) of thousands of SNPs, demonstrated that schizophrenia is
significantly associated with a substantial number of common variants of small effect size
(also known as ‘common disease-common variant’ model). Meanwhile, genome-wide copy
number variations (CNV) studies have also demonstrated that some rare, highly penetrating
CNVs — 22q11.2, 1921.1 and 15q13.3 deletions, to name some — can play an important role
in schizophrenia susceptibility (also known as ‘common disease-rare variant’ model)

(Bassett et al., 2010).

Later GWAS (Schizophrenia Working Group of the Psychiatric Genomics Consortium, 2014;
Li et al., 2017), large-scale analyses of CNV (Marshall et al., 2017), and Next Generation
Sequencing (NGS) studies (Fromer et al., 2014; Singh et al., 2016) suggest the implication of
a number of genes involved in several neural functions, such as synaptic plasticity,

neurogenesis and glutamatergic signaling.

The most recent GWAS in schizophrenia performed a meta-analysis of around 41,000 cases
and 65,000 controls (Pardinas et al., 2018) and identified 145 risk loci, adding 50 new loci to
the largest report. The study showed an association of brain-relevant functional gene sets
involved in synaptic networks, neurogenesis and cortical development, glutamate ion
channels or abnormal long-term potentiation. Some of the most replicated gene associations
involve postsynaptic density (PSD) proteins, activity-regulated cytoskeleton-associated
protein (Arc), N-methyl-D-aspartate receptor (NMDAR), Fragile X mental retardation protein
(FMRP) targets, voltage-gated calcium (Ca**) channels and neural cell adhesion molecule 1

(NCAM1).

This hypothesis-free approach has also provided surprising candidate mechanisms involving
immunological pathways and major histocompatibility complex (MHC), neuronal Ca®'
signaling or miR-137 targets. Last studies using potent novel bioinformatics tools to
integrate multi-omics and GWAS information to fine-tune data are providing high-confidence

risk genes and advancing our understanding of schizophrenia aetiology (Wang et al., 2019).
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Recently, the first genetic study with African population was carried out (Gulsuner et al.,
2020). This novel work found that damaging gene variants — mutations that disrupt proteins
— were more prevalent in subjects with schizophrenia and were concentrated in genes highly

expressed in the brain and involved in the functioning of synapses.

Unfortunately, while scientific community has advanced in gaining insight into the genetic
architecture of schizophrenia, it is estimated that a considerable proportion of heritability
(about two thirds) is yet to be explained (Gershon et al., 2011; Foley et al., 2017). These
studies are now opening the door to the possibility of clinical diagnostic subdivides of

schizophrenia based on both the genotype and the phenotype.

1.2.2. Environmental factors

As stated before, environment unequivocally plays a role in the aetiopathogenesis of
schizophrenia. Over the past decades, substantial evidence implicates environmental factors
in the development of the disease. The general belief and more certainly proven fact is that
some environmental factors can trigger the disease in people who already have a genetic
predisposition, also known as ‘stress-vulnerability’ model. This genetic predisposition thus
operates by making individuals selectively vulnerable for environmental risks (gene—
environment interaction, or GxE). An extensive review on the environmental influence on
schizophrenia was carried out some years ago (van Os et al., 2010), and a recent study has
demonstrated the additive interaction between genetic risk for schizophrenia and several
environmental exposures (Guloksuz et al., 2019). The environmental factors that have been

associated most frequently with schizophrenia are the following:

Urbanicity

Urbanicity refers to the presence of conditions that are particular to urban areas or present
more largely than in nonurban areas at a given time. Numerous studies have consistently
reported an increased incidence of schizophrenia in urban areas across countries and
cultures, especially when focusing on urban upbringing and showing a dose-response
relationship, leading to an odds ratio (OR) of about 2 (Pedersen, 2001; Sundquist et al.,
2004), and suggesting that the association may be causal (Krabbendam, 2005). Urbanicity
seems to act synergistically with genetic liability (van Os et al., 2004) and, while studies
addressing urbanicity lack of description consensus, it has been proposed that the social

aspects of urbanicity may account for the major extent of the risk (March et al., 2008).

Migration and minority group position
Well-established evidence shows that some visible immigrant minority groups have a higher
risk of developing psychotic disorders than the native-born individuals (Dykxhoorn et al.,

2019). Moreover, refugees have an even higher risk of schizophrenia and other non-affective
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psychotic disorders than non-refugee migrants from similar regions of origin (Hollander et
al., 2016). The experience of traumatic incidents in this particular subgroup of immigrants is
thought to be underlying this phenomenon (Abbott, 2016). Moreover, the increased risk of
schizophrenia and related disorders among immigrants clearly persists into the second
generation (Bourque et al.,, 2011). It has been proposed that the higher psychosis risk for
certain migrant or ethnic minority groups is due to the chronic social adversity and
discrimination (Morgan et al., 2010). This chronic social adversity results in a state of social
‘defeat’ (chronic experience of an inferior position or social exclusion) (Selten and Cantor-
Graae, 2005), as it also applies to internal migrants and ethnic minorities without migration
history, and not when living in a high own-group ethnic density area during puberty. These
facts suggest that it is not the ethnic group per se that increases the risk, but rather the
degree to which one stands out in relation to the wider social environment and find himself

in a stressful outsider position (van der Ven and Selten, 2018).

The association between both urbanicity and migration may indicate a common
environmental influence of chronic social disadvantage and isolation (McGrath et al., 2004)
on schizophrenia etiopathogenesis, although further work is needed for the identification of

specific mechanisms underlying the proxy risk factors.

Prenatal stressful environmental exposures and obstetric complications

A wide variety of environmental exposures in the mother during the first trimester of
pregnancy (from the death of a first degree relative to earthquakes) has been reported to
increase the risk for adult psychotic outcomes (Khashan et al., 2008; Procopio, 2008; Guo et
al., 2019). Moreover, it has been also suggested that prenatal and perinatal events —
including maternal viral infections, prenatal nutritional deficiency, rh incompatibility, or
pregnancy and birth complications —increase the risk for psychosis. A meta-analysis of the
prospective population-based studies (Cannon et al., 2002) revealed that some obstetrics
complications, when pooled, might account for a relatively small proportion of incidence of
schizophrenia (effect sizes around 2). However, history of obstetric complications was found
to be associated with increased risk of transition to schizophrenia (OR around 6) in “at risk”
individuals (Kotlicka-Antczak et al., 2018), pointing again to a gen-environment interaction.
Studies addressing specifically prenatal infections and schizophrenia have moved from
ecologic designs based on epidemics in populations, to investigations based on reliable
biomarkers in individual pregnancies, and have targeted specific infections — influenza,

Toxoplasma gondii — as schizophrenia risk factors (Brown and Derkits, 2010).

Early childhood trauma and adversity
A meta-analysis including prospective cohort studies, cross-sectional and case-control

studies revealed that childhood adversities are associated with an increased risk for
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developing psychosis (OR around 2.8). When adversities were subdivided, emotional abuse
was the one that increased most the risk (OR around 3.4) (Varese et al., 2012). It has been
also reported that childhood abuse increases the risk for psychotic symptoms in adulthood
in a dose-response fashion (increasing from 2 to 48 times more likely in people who had
experienced child abuse of increasing severity) (Janssen et al., 2004). An extensive review
concluded that childhood abuse and neglect are related to some symptoms of schizophrenia,
specifically hallucinations (Read et al., 2005). Moreover, childhood trauma has been related
with less insight and poorer outcome in schizophrenia patients (Pignon et al., 2019).
Interestingly, a study has shown a large shared effect of adversities including sexual, physical,
emotional abuse, physical and emotional neglect, separation and institutionalization on the
risk of psychosis, suggesting a common mechanism underlying traumatization (Trauelsen et
al., 2015).

Cannabis use

Various lines of evidence point to associations between cannabis use and psychosis and
suggest that early chronic exposure to cannabis is associated with a higher risk for psychotic
outcomes, including schizophrenia in later life. This association is still a subject of study
nowadays (Gage, 2019) and, as it supposes the main topic of this Doctoral Thesis, it will be

thoroughly addressed in an independent section (Section 3).

1.2.3. Neurotransmission systems

A major proportion of the studies in schizophrenia has been directed towards understanding
the involvement of the different neurotransmitter systems in the pathology. Indeed, it was
mainly through neuropharmacological observations using psychoactive drugs that upheld
the formulation of hypotheses on the pathology of schizophrenia (Steeds et al., 2015). These
hypotheses have implicated different neurotransmission systems, such as the dopaminergic,
serotonergic, glutamatergic, or y-aminobutyric acid (GABA)ergic systems in the pathology of

schizophrenia, (see Figure 3).

Dopamine

The dopaminergic hypothesis has been the most enduring one to explain the aetiology of
schizophrenia. This should not be surprising, as since the discovery of chlorpromazine on
the 50s, all the antipsychotic drugs available on the market target this system. This
hypothesis is also the most thoroughly studied, and perhaps the one most commonly

accepted.

Few years after the introduction of chlorpromazine, which is considered the first
antipsychotic, DA receptor blockade was presumed to be the basis of the antipsychotic

effects of this drug and the recently discovered at that time haloperidol (Carlsson and

11
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Figure 3. Neurotransmitter systems that have been involved in schizophrenia. Taken from Freedman, 2003.

Lindqvist, 1963). The “antipsychotic” DA receptor (Seeman and Lee, 1975; Burt et al., 1976),
now known as the dopamine D2 receptor (D2R), was confirmed to be the primary site of
action for all antipsychotics, and their clinical potency was found to be highly correlated with
their affinity for the receptor (Creese et al., 1976; Seeman et al., 1976). Furthermore,
stimulant drugs, such as cocaine and amphetamine, which increase synaptic DA, can induce
and aggravate psychotic symptoms (Bell, 1965; Angrist et al., 1985). These studies, among
others, led to the classic DA hypothesis that maintained that schizophrenia was a result of

excessive DA activity.

A possible explanation on this classic DA hypothesis argues that mesolimbic DA system
assigns importance, or salience, to stimuli or ideas and that in schizophrenia, excess DA
leads to the assignment of salience to irrelevant or insignificant thoughts or events, creating

a psychotic state (Kapur, 2003). However, the general hyperdopaminergic hypothesis was not

12
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fully supported since some patients were treatment resistant. Furthermore, treatment was
only partly effective or no effective at all, on negative and cognitive symptoms of the disease.
This hypothesis was then believed to be too much simplistic for explaining such a complex

disease with that many set of symptoms.

With the development of more sensible techniques and more specific drugs, a compelling
number of studies (Ingvar and Franzén, 1974; Bunzow et al., 1988; Monsma et al., 1989,
1990; Sokoloff et al., 1990) led to the reformulation of the theory. It was then postulated that
positive symptoms of schizophrenia may result from an excess of DA neurotransmission in
mesolimbic and striatal brain regions, whereas dopaminergic neurotransmission deficits in
prefrontal brain regions would be responsible for the negative symptoms and cognitive
impairments (Davis et al., 1991). However, the increase in striatal D2R density in drug-free
and naive patients with schizophrenia was not consistent in the literature (Owen et al., 1978;
Lee and Seeman, 1980; Ruiz et al., 1992). Thus, it was postulated that the supersensitivity to
DA reported in patients with schizophrenia may arise from an increase in the proportion of
D2R that are in a state of high sensitivity for DA, the so-called D2"®" (Seeman, 2011).

High

Pharmacological tools for measuring D27*" receptors are still ongoing (Subburaju et al.,

2018), and this theory in schizophrenia is not clarified yet.

Still, enhanced functionality of D2R in striatal brain regions seems to contribute to positive
symptoms of schizophrenia (Thompson et al., 2013), whereas negative and cognitive
symptoms of the disorder may be partly attributed to either less DA or hypofunctionality of
DA D1 receptor in the PFC (Toda and Abi-Dargham, 2007). Other DA receptors, such as D3
and D4, have been less studied, although it seems that they play a role in schizophrenia

(Seeman et al., 1993) and its treatment (Sokoloff et al., 1990; Bitter et al., 2019).

Whereas DA alterations are directly associated with the manifestations of the symptoms, the
DA theory of schizophrenia has several flaws. The role of DA in the brain is complex, and DA
alterations are probably the endpoint of a number of events involving other transmitters such
as serotonin, GABA and glutamate. Thus, investigation of the pathophysiology of
schizophrenia has extended its field of inquiry beyond this system, to include other

neurotransmitters.

Serotonin

The serotonergic hypothesis of schizophrenia arose from early observational studies with
lysergic acid diethylamide (LSD). After commercialized in 1949 for research purposes, it was
evidenced that LSD and other related compounds produced mental disturbances resembling
those occurring at the onset of schizophrenia. Moreover, these compounds had some

chemical similarities to serotonin (5-HT) (Woolley and Shaw, 1954), thus raising what it is

13
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now known as the serotonergic hypothesis of schizophrenia. Some years later, in a study with
several psychoactive agents, binding affinities for the so-called 5-HT2 receptor were found to
correlate with human hallucinogenic potencies (Glennon et al., 1984). In the 90s and
posterior years, it was demonstrated that LSD, psilocybin, 2,5-dimethoxy-4-iodoamphetamine
(DOI) or mescaline agonism on serotonin 2A receptors (5-HT2AR) was responsible for their
psychotic-like effects (Marek and Aghajanian, 1996; Vollenweider et al., 1998; Gonzalez-
Maeso et al., 2003; Gonzalez-Maeso and Sealfon, 2009).

In relation with the previous facts, atypical antipsychotic drugs were demonstrated to show
higher affinity for 5-HT2 receptors than for D2 receptors (Meltzer et al., 1989a). Indeed, the
atypical antipsychotic clozapine has been demonstrated to be the most effective in

treatment-resistant patients with schizophrenia (Kane, 1988; Davis et al., 2003).

Despite these quite consistent reports associating 5-HT system and psychosis, studies in
human brains from patients with schizophrenia are quite inconclusive and the findings have
not been consistently replicated (Abi-Dargham, 2007). Moreover, patients that have received
antipsychotic medications for many years are known to confound observations, hindering
even more the discerning between aetiological alterations and the ones due to the course
and the treatment of the disease (Vita et al., 2015). Overall, a comprehensive model of 5-HT
transmission in schizophrenia has not yet emerged and additional research is needed in

order to establish its role in symptomatology and treatment opportunity.

As mentioned above, the discovery of the high affinity of some antipsychotic drugs for 5-
HT2AR made this target one of the most widely studied in schizophrenia. A more detailed
review of 5-HT2AR physiology and its involvement in schizophrenia can be found in section
43.

Glutamate

Like serotonergic theory, glutamate theory in schizophrenia also arose from causal
observation of side effects. Phencyclidine (PCP) was legally manufactured and licitly used on
humans as a short-acting analgesic and for general anesthesia. However, the regulation
curtailed its use to animals because of post-operative side effects. First reported observation
of its psychotomimetic effect, as well as of exacerbating thought disturbances in patients
with schizophrenia, was in 1959 (Luby, 1959). Shortly after, together with ketamine, they were
revealed to differ from other general anesthetics and, along with other related agents, they

were classified as 'dissociative anesthetics’ (Corssen and Domino, 1966).

Ketamine and PCP were classified as glutamate NMDAR non-competitive antagonists (Anis
et al., 1983; Thomson et al., 1985). It was further described that at subanesthetic doses they

mimic some positive, negative and cognitive symptoms of schizophrenia in healthy people
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(Krystal, 1994). Thus, the glutamate hypothesis of schizophrenia postulated that NMDAR
mediated dysfunction of neurotransmission might represent a primary deficit in the illness.
Nowadays, it is well-established that administration of NMDAR antagonists can induce
psychosis-like states resembling most of the symptoms seen in patients with schizophrenia
(Newcomer, 1999; Stone et al., 2008). Nevertheless, studies regarding NMDAR subunits
alterations in schizophrenia have shown discrepancies. In this way, decreased mRNA and
protein expression of the obligatory GRINT subunit of this receptor in the cortex and
hippocampus is probably the most consistent finding (Hu et al., 2015; Catts et al., 2016).
However, the status of each NMDAR subunit in the brain of subjects with schizophrenia

remains controversial.

An early report with patients with schizophrenia showed lower glutamate levels in
cerebrospinal fluid, indicating that hypofunction of the glutamate neurotransmitter may
contribute to the pathophysiology of this disease (Kim et al., 1980). Glutamate dysfunction
has been mainly associated with cognitive disorders. However, double-blind randomized
controlled trials with adjuvant treatment with glutamate positive modulators have failed to

show procognitive effects in schizophrenia (Iwata et al., 2015).

Despite that first report, several others failed to replicate this finding (Perry, 1982), even
reporting elevated glutamine/glutamate levels in left anterior cingulate cortex, thalamus and
medial frontal cortex of drug-free individuals with FEP and adolescents at high-risk (Théberge
et al., 2002; Tibbo et al., 2004). A recent meta-analysis of magnetic resonance studies
revealed significant elevations in glutamate/glutamine in the basal ganglia, thalamus and
medial temporal lobe in schizophrenia. While elevated medial frontal glutamate/glutamine
levels were only evident in individuals at high risk for schizophrenia, the increase in the
medial temporal lobe was seen in patients with chronic schizophrenia but not in the high-risk
or FEP groups. Despite the functional significance of both metabolites, the findings
suggested that some regional glutamatergic abnormalities could progress with the clinical

course of the disorder or show differential responses to antipsychotic (Merritt et al., 2016).

Studies in animals and humans have led to some key findings on a mechanism that appears
to unify the NMDA hypofuntion and the hyperglutamatergic hypothesis. While NMDAR
blockade appears necessary to explain psychotomimetic effects of ketamine and PCP,
ketamine administration at doses that impair cognitive functions increase glutamate efflux in
the frontal cortex (Rowland et al., 2005; Stone et al., 2012; Abdallah et al., 2018), and
blockade of cortical a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
(AMPAR) reduce the cognitive effects (Moghaddam et al., 1997). This fact suggests that
cognitive disruptions involving NMDAR hypofunction could be due to an increasing release

of glutamate that thereby stimulates excessively postsynaptic AMPAR in pyramidal neurons
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of the frontal cortex. Moreover, excessive cortical glutamate has been associated with failure

to remission after first antipsychotic treatment (Egerton et al., 2012).

Glutamate hypothesis is indeed closely related to DA hypothesis. Interestingly, specific
GABAergic interneurons in the PFC undergo dramatic changes in NMDAR/AMPAR ratio
during the adolescent period (Wang and Gao, 2009). Blockade of NMDAR on these
interneurons are thought to disinhibit glutamatergic neurons, increasing glutamate release
and subsequently increasing DA neuron firing and release in projection targets such as the
striatum and cortex (Moghaddam and Javitt, 2012; Kokkinou et al., 2018). Other findings
include structural alterations of the proper glutamatergic pyramidal neurons in the layer IIl of
the cortex or decreased mRNA expression of the AMPA subunit GRIA1 in the hippocampus
(Meador-Woodruff, 2000; Hu et al., 2015).

Although both ketamine and PCP are interesting pharmacological tools for the study of
schizophrenia, it has been reported that both can bind also to D2 and 5-HT2 receptors. Thus,
these models may be reproducing a non-selective neurochemical perturbation, rather than an

exclusive glutamatergic alteration (Kapur and Seeman, 2002).

y-aminobutyric acid

Early studies on this neurotransmitter showed a reduction in thalamic and nucleus
accumbens GABA content in postmortem tissue of subjects with schizophrenia (Perry et al.,
1979; Spokes et al., 1980). Later on, other studies suggested a reduction of GABA reuptake
sites in left temporal lobe, hippocampus and amygdala (Simpson et al., 1989), and
decreased GABA content and glutamate decarboxylase enzyme (GAD) activity — the enzyme
that catalyzes GABA formation - in frontal and temporal areas, as well as in the putamen

(Sherman et al., 1991; Simpson et al., 1992).

GAD enzyme consists of two isoforms, GAD67 and GAD65, encoded by two different genes,
GAD1 and GAD2. The most consistent findings regarding pathological changes in
schizophrenia are reduced GAD67 messenger ribonucleic acid (mRNA) and reduced GAD67
mRNA positive neurons, which appear to involve specific populations of parvalbumin
positive cells in the dorsolateral prefrontal cortex (DLPFC) (de Jonge et al, 2017).
Interestingly, alternative splicing and epigenetic state of GAD1 appear to play a role in the
developmental profile of GAD67 expression and deregulation in these processes in the PFC
and hippocampus of patients, contributing to GABA dysfunction in schizophrenia (Tao et al.,
2018).

A recent meta-analysis of GABA neuroimaging studies in schizophrenia failed to reveal
consistent alterations in any brain region, despite there are not many studies, and most of

them involve small patient samples (Egerton et al., 2017). Further studies accounting for
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confounding effects of age, stage of illness, medications or other unknown factors will be
useful to clarify the extent of implication of GABA alterations in schizophrenia

pathophysiology.

1.3. ANTIPSYCHOTIC TREATMENT

Antipsychotic drugs are the basis of the pharmacotherapy in schizophrenia. In general terms,
antipsychotic drugs are effective in reducing the severity of positive symptoms and
preventing relapses (Leucht et al., 2012; Leucht and Davis, 2017; Huhn et al., 2019).
However, the majority do not improve neither negative symptoms nor cognitive impairments
(Miyamoto et al., 2012; Nielsen et al., 2015). Indeed, about 20% are resistant to standard
antipsychotics (Kumar et al., 2016) and polypharmacy is commonly used in the treatment of
schizophrenia. Up to 75% of patients with schizophrenia take at least two drugs, and about
25% of patients receive 5 drugs or more (Toto et al., 2019). Other pharmacological
treatments apart from antipsychotic drugs used in the management of schizophrenia are
antidepressants, mood stabilizers, and benzodiazepines. However, the evidence supporting
the efficacy and safety of neither adjunctive medication nor combination therapy is limited

(Stroup et al., 2019; Tiihonen et al., 2019).

Two generations of antipsychotic drugs have been developed and classified as typical or

atypical antipsychotic drugs.

1.3.1. Typical antipsychotics

Chlorpromazine, haloperidol or fluphenazine are examples of the most commonly used first-
generation or typical antipsychotic drugs. While all block dopamine D2R, high occupancy
levels of this receptor are not associated with more effectiveness, but with more prevalence
of extrapyramidal motor side effects and excess prolactin release (Kapur et al., 2000). A
recent study has related these extrapyramidal effects with the association/dissociation
kinetics over D2R (Sykes et al., 2017). Due to the relevance of these “on-target” side effects,

discontinuation of therapy and therefore recurrence of psychosis often occur.

1.3.2. Atypical antipsychotics

Clozapine was the first compound that was described as an atypical antipsychotic. The main
features that distinguish these antipsychotics are that (1) they show fewer extrapyramidal
side effects at clinically effective doses, and that (2) they antagonize 5-HT2AR, and show less
affinity to D2R. This fact leads to an enhanced 5-HT2AR/D2R affinity ratio, which is
characteristic of this class of antipsychotics (Meltzer et al., 1989a). Other atypical

antipsychotics commonly used are risperidone, olanzapine or quetiapine.
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Nowadays, clozapine is the ‘gold standard’ of second-generation antipsychotics. It has
practically no extrapyramidal side effects (Leucht et al., 2009, 2013). However, these
antipsychotics produce more weight gain and insulin resistance (Newcomer, 2007; Leucht et
al., 2013).

In general, second-generation antipsychotics are the mainstay of treatment of FEP in
developed countries, although their superiority in improving overall symptoms and negative
symptoms, decreasing relapses or increasing the quality of life, remain unclear for many of

them (Leucht et al., 2009, 2013; Zhu et al., 2017).

Despite the efforts both at preclinical and clinical stages in schizophrenia research, no
substantial improvements have emerged since the advent of antipsychotic medication, and
up to 67% of patients with schizophrenia shows no symptomatic remission in the first 4-6
weeks of treatment, leading to more relapses (Samara et al., 2019). While a common tool in
psychiatric practice is increasing the dose in non-responders, there is not evidence for this
practice to be neither effective nor safe (Samara et al., 2018). These data shows the

importance for the improvement of antipsychotic treatment.

1.4. COMORBIDITY IN SCHIZOPHRENIA

Comorbidity rates are very high in psychiatry, and most individuals who meet diagnostic
criteria for one disorder meet diagnostic criteria for a second one, in some cases even for a
third. Thus, when exclusion rules are bypassed, up to half of schizophrenia patients meet

criteria for a co-occurring syndrome.

Given the evidence showing that symptoms are continuous rather than categorical and the
overlap between psychiatric disorders, several empirical models of symptoms clustering tried
to explain the comorbidity observed between closely related disorders. Clusters are usually
categorized as internalizing (anxiety, depressive symptoms), externalizing (substance
dependence, conduct disorder), psychotic/thought disorders (hallucinations, disorganized
speech), pathological introversion... among others (Cloninger, 1987; Markon, 2010; Kotov,
2011). Recently, a general factor model was proposed, suggesting that there is one common
liability to all forms of psychopathology and that covariation transcends these dimensions
(Caspi et al., 2014; Caspi and Moffitt, 2018).

Irrespective of the theory, the truth is that there is an increased prevalence of a noteworthy
amount of disorders among patients with schizophrenia compared with the general
population, including anxiety disorders, depressive and substance abuse disorders, among
others. These comorbidities occur at all phases of the course of illness and their presence is
generally associated with increased severity of psychopathology and poorer outcomes,

including more psychotic relapses, poor adherence to antipsychotic treatment, and greater
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use of health services. Moreover, they often require specific treatment and management

approaches (Buonocore et al., 2017).

Anxiety disorders are estimated to have a mean prevalence rate of 38% for at least one type
(Achim et al., 2011). These disorders are known to occur spontaneously, intermittently, in
direct response to psychotic symptoms or even as a side effect of antipsychotic medications
(Aikawa et al., 2018).

Although schizophrenia is conceptualized as a non-affective psychotic syndrome, it is often
associated with a variety of depressive states, that are intrinsic to the illness and import a
poorer outcome, including more psychotic relapses (Conley et al., 2007). The lifetime
prevalence have been determined to range from 7 to 75%, depending on the nature of the
study, the diagnostic system and rating scales applied (Buckley et al., 2009). Although the
heterogeneity is even bigger in depression symptoms than in anxiety, review of the studies
addressing this issue indicate a modal frequency of around 25% (Siris, 2000). It has been
suggested that depression and schizophrenia, as well as bipolar disorder, may share some
early-life risk factors, as well as some aspects of aetiopathophysiology (Smoller et al., 2013;
Witt et al., 2017). Moreover, evidence suggests that depression is linked to poorer outcomes

in schizophrenia, such as worse quality of life, and suicide (Upthegrove et al., 2017).

Substance misuse is the most common co-occurring disorder in schizophrenia and worsens
the course of illness. Data from the Epidemiologic Catchment Area (ECA) Study in US in the
90s described that patients with schizophrenia are 4.6 times more likely to have a
concomitant substance use disorder (excluding nicotine and caffeine) than the rest of the
population. With a lifetime prevalence of 47%, odds for alcohol disorders are up to 3 times
as high, and for other drug disorders they are 6 times as high (Regier, 1990). The prevalence
of smoking in schizophrenia is specially higher than among general population (88% versus
25-30%), even among psychiatric patients in general (52%) (Hughes et al., 1986). The
specific comorbidity of cannabis use disorders in schizophrenia will be addressed in a
separate section (section 3). Despite the high co-occurring rates, patients with comorbid
substance use disorders are often excluded from clinical trials, a fact that limits the
generalization of results and ignores the potential effects of the intervention on substance

use.

All of these comorbidities are not only common, but also important determinants of the
patient’s degree of suffering, disability, and even survival. Understanding this relationship is
complicated, although the available evidence in genetics is providing an increasingly clearer
picture of the boundaries of the schizophrenia spectrum (Cardno and Owen, 2014; Maier et
al., 2018).
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1.5. RESEARCH TOOLS FOR THE STUDY OF SCHIZOPHRENIA

One of the challenges of the research in schizophrenia is the development of better
treatments that target the whole set of symptoms of the disease in a better way that the

currently available ones do, i.e. causing less side effects.

Given the complex nature of schizophrenia, a great effort has been done to understand the
deep roots of each symptom present in the illness. In this line, not only genetic, postmortem
brain and neuroimaging studies, but also research in peripheral tissue, as well as the
development of animal models have been essential for reaching the knowledge that we have
about this complex disease. Each of these approaches has its own limitations and strengths,
so as the combination of them are indispensable to address the most challenging questions

regarding schizophrenia pathophysiology.

1.5.1. Human brain studies

From the most classical studies in postmortem brain tissue, to the most novel neuroimaging
approaches, research in the human brain tissue is an irreplaceable tool as the biological
substrate of psychiatric illness, including schizophrenia (Meana et al., 2014). Thus, these

studies probably provide the most valuable evidence as to the nature of schizophrenia.

Studies in postmortem brain tissue usually involve genetic, mRNA and protein expression
evaluation. Most recent meta-analysis studies show that these studies have been helpful to
describe synaptic loss in regions such as hippocampus and frontal cortical regions (Osimo et
al., 2019). Other recent significant findings involve a significant decrease of postsynaptic
elements in the PFC (Berdenis van Berlekom et al., 2020), or an increase in the density of
microglia and an overexpression of proinflammatory genes in postmortem brains of subjects
with schizophrenia (van Kesteren et al., 2017). Moreover, positron-emission tomography
(PET) and single-photon emission computed tomography (SPECT) imaging techniques have
been important for describing alterations in receptors and transporters in several brain
regions (Spies et al., 2015) in schizophrenia, as well as for demonstrating the mechanism of

action of antipsychotic drugs (Mamo et al., 2007; Yilmaz et al., 2012).

Functional magnetic resonance imaging (fMRI) measures brain activity by detecting changes
associated with oxygenated blood flow (hemodynamic response), which is directly correlated
with neuronal activation. The fMRI uses the blood-oxygen-level dependent (BOLD) signal,
either in response to a task, or showing subjects’ baseline BOLD variance. Both resting-state
fMRI and fMRI studies in response to cognitive tasks in FEP have shown similar and different
brain regional changes, but the convergent functional abnormalities among the studies seem
to be within the prefronto-temporal pathway, especially in the DLPFC, orbital frontal cortex

and the left superior temporal gyrus (Mwansisya et al., 2017). Substantial intrinsic
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dysconnectivity in insula, lateral-postcentral cortex, striatum, and thalamus (Brandl et al.,
2019) and an aberrant reactivity of the limbic system to emotionally neutral stimuli have also

been associated with schizophrenia (Dugré et al., 2019).

Diffusion tensor imaging (DTI) is a powerful magnetic resonance imaging (MRI) method for
measuring the magnitude, the degree and the orientation of diffusion anisotropy, extensively
used for estimating the integrity of white matter circuitry. In schizophrenia, white-matter
dysconnectivity in the corpus callosum and left posterior cingulum fibers have been reported
with this technique (Dong et al., 2017). Interestingly, deficits in white matter integrity are
suggested to underlie cognitive function impairments in schizophrenia (Kochunov et al.,
2017).

1.5.2. Peripheral tissue studies: focus on platelets

Peripheral tissues, especially peripheral blood mononuclear cells (PBMC) are extensively
used in genetic markers association studies. Indeed, it has been the tissue used in every
single GWAS carried out in schizophrenia. PBMC, along with saliva samples, are also used

for epigenetic studies (Teroganova et al., 2016).

Platelets have also been extensively used for the study of several neuropsychiatric disorders,
including autism, schizophrenia and depression (Asor and Ben-Shachar, 2012; Mazereeuw et
al., 2013; Dietrich-Muszalska and Wachowicz, 2016). These small anucleated cells originate
from megakaryocytes, and are thought to share embryologic origin, and some morphological
and functional features with neurons. More specifically, they share many biochemical
similarities with the neuronal monoamine system, particularly in the uptake, storage and
metabolism of 5-HT (Stahl, 1977). Platelets possess 5-HT2AR and serotonin transporters
(SERT), and contain the largest amount of 5-HT outside the CNS stored in specific dense
granules (Mercado and Kilic, 2010). Interestingly, 5-HT2AR present in platelets has similar
binding characteristics and engage the same signal transduction system than the central 5-
HT2AR (Geaney et al., 1984; de Chaffoy de Courcelles et al., 1987), and studies of platelet
secretion have indicated that it bears important similarities to neuronal exocytosis (Reed et
al., 2000). Furthermore, they also contain mitochondria expressing monoamine oxidase-B
(MAO-B) (the enzyme that deaminates 5-HT into 5-hydroxyindoleacetic acid (5-HIAA)), as
well as o2 adrenoceptors (Barradas and Mikhailidis, 1993).

The major proportion of studies in platelets of subjects with schizophrenia and other
neuropsychiatric diseases has been focus in serotonergic system, were abnormalities of
different compounds of the system have been reported in relation with both the pathology
and the treatment (Stahl et al., 1983; Ertugrul et al., 2007; Peitl et al., 2016). The first report

showed a lower platelet monoamine oxidase (MAQ) activity in subjects with schizophrenia
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(Murphy and Wyatt, 1972). However, a subsequent meta-analysis of all the studies carried
out in the next two decades concluded that this finding is not consistent and that it could be
a result of the disease treatment (Marcolin and Davis, 1992). A more recent study reported
lower 5-HT in platelets associated with more severe depressive symptoms in schizophrenia
(Peitl et al., 2016).

Apart from studies regarding 5-HT system, other studies have pointed out that platelet o2
adrenoceptors functionality is altered in major depression and that antidepressant drugs
modulate this receptor (Garcia-Sevilla et al., 1990; Garcia-Sevilla et al., 2004). Other
neurotransmitter systems, such as glutamate and dopamine, have also been studied in

platelets, although to a lesser extent (Dean et al., 1996; Baier et al., 2009).

Altogether, the features mentioned above make platelets an interesting target for the study of
receptors and mediated signal transduction mechanisms in the CNS. Moreover, the study of
biochemical processes related to psychiatric disorders might be useful in order to find
biological markers and unraveling pathophysiological processes relevant to the aetiology of

schizophrenia(Asor and Ben-Shachar, 2012).

1.5.3. Animal models

Animal models of complex heterogeneous psychiatric disorders are very valuable preclinical
tools to investigate the neurobiological basis of these diseases. They offer a more convenient
platform to perform invasive monitoring of molecular changes that may underlie the
symptoms, and to test novel therapeutic compounds not possible in patients for ethical
reasons. The main advantage of animal models is the high experimental control, which is
essential when analyzing the relative contributions of varying underlying factors to the

symptoms of a disorder.

A useful and good animal model should fulfill three main validity criteria: construct, face and
predictive criteria (explained in Figure 4). However, a major challenge with animal models
used for the study of schizophrenia involves the modeling of uniquely human symptoms, e.g.
delusions or auditory hallucination (Jones et al., 2011). In spite of that, the advancement in
the knowledge of environmental and genetic risk factors, together with the development of
behavioral assays with translational relevance to clinical manifestations, has improved our
ability to create animal models for schizophrenia symptoms to a fare extent. These models

are expected to improve clinical translation of novel therapies (Nestler and Hyman, 2010).

To date, several animal models for the study of schizophrenia have been developed so far.
The most classical include pharmacological models, such as PCP and amphetamine

administration (Jentsch and Roth, 1999; Featherstone et al.,, 2007). In addition, mutant
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Patient with schizophrenia Animal model for schizophrenia study
Causative factors Construct validity
Genetic mutations Knock-out/mutated genes
Cannabis abuse > Chronic THC treatment
Stressors during infancy Mild-stress during young period
Symptoms and pathology Face validity
Delusions and hallucinations —_— Neutrotransmitter disturbances
dopaminergic disturbances Cognitive impairment
Cognitive deficits Drug induced hyperlocomotion
Therapy Predictive validity
Symptomatic, with typical/atypical » Antipsychotic responsive deficits
antipsychotics

Figure 4. Criteria used to validate animal models for the study of schizophrenia. Inspired by Chesselet & Richter,
2011.

knock-out (KO) mice, such as disrupted in schizophrenia 1 (DISC1) KO or neuregulin1 KO,
have been developed (O’'Tuathaigh et al., 2008; Jaaro-Peled, 2009). Animal models
mimicking maternal infection during gestation, e.g. polyinosinic:polycytidylic acid (poly(I:C))
(Zuckerman et al., 2003) or methylazoxymethanol acetate (MAM) (Moore et al., 2006) are

gaining a lot of interest currently.

Lastly, the “two-hit” paradigm appeared as one of the most conceptual model, in which a
combination of two causative factors — usually genetic + environmental — are used in order to

reinforce construct validity (Uzuneser et al., 2019).
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2. CANNABIS PLANT AND THE ENDOCANNABINOID SYSTEM

2.1. HISTORY AND GENERAL ASPECTS

Cannabis, also known as marijuana or hemp, is a genus consisted of a main species and two
subspecies of flowering plants from the Division Magnoliophyta. The species is called
Cannabis sativa L., and consists of two subspecies: Cannabis sativa L. ssp. indica and
Cannabis sativa L. ssp. sativa (see Figure 5). There is a third one, Cannabis ruderalis, which

is widely debated as to whether it is a subspecies or it may be included within sativa

subspecies.
( Y )
Rank Scientific name Common name Cannabis indica Cannabis sativa
Kingdom Plantae Plants
Subkingdom Trachechionta Wascular plants
Superdivision Spermatophyta Seed plants
Division Magnoliophyta Flowering plants
Clazs Magneliopsida Dicotyledons
Subclass Hamamelidae
Order Urticales
Family Cannabaceae Hemp family
Genus Cannabis L. Hemp, marijuana
Species Cannobis sativa L
Subspecies Cannobis sativa L. ssp. indico
Connobis sativo L. ssp. sotivo

. N J

Figure 5. Left: Classification for Kingdom Plantae down to Subspecies sativa and indica. Right: Illustrations of the
whole plant and the leaves of indica and sativa subspecies.

Cannabis genus is accepted to be indigenous to Central Asia, with some researchers also
including northern South Asia in its origin. The large scale cultivation started in China for
fiber and seed production, and soon after in India for resin production, although nowadays

its cultivation has spread all over the world (ElSohly, 2007).

Cannabis usage dates back to at least the 3000 before Christ (BC) in written history, and
possibly further back by archaeological evidence (Long et al., 2017). For millennia, the plant
has been used for fiber and rope, as medicine, and for religious and recreational use. Indeed,
the use of cannabis as a mind-altering drug has been documented in Eurasian and African

prehistoric societies by archaeological finds (Merlin, 2003).

Nowadays, cannabis continues to be the most widely used illicit drug worldwide (see
distribution in Figure 6). Data from 2017, coming from the United Nations, estimates a
global number of cannabis users of around 192 million, that is around 2.5% of the world
population. A global estimation based on available data from 130 countries suggests that, in
2016, 13.8 million people aged 15-16 years, equivalent to 5.6% of the population in that age
range, used cannabis at least once in the previous 12 months (United Nations Office on

Drugs and Crime (UNODC), 2017).
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Figure 6. Distribution of Cannabis sativa L. Data taken from http://www.plantsoftheworldonline.org. Map created

with mapchart.net.

Regarding the use of the plant for human consumption, cannabis derivates can be found in
multiple forms. Herb is the name used for the plant leaves and flowering tops. These parts
are dried and crumbled and they are usually smoked. Other cannabis products are oils. They
are low concentrated preparations, as they are obtained diluting the plant extract or
macerating the raw plant in vegetable oils (most commonly olive, sesame or hemp oil), and
it is consumed orally. Cannabis resin, also known as hashish or hash, is the concentrated
extract of stalked resin glands from the plant. Both the color and the appearance can vary a
lot (from dry and hard, to moist and pliable; from almost black, to a dirty yellow) depending
on the preparation method or the amount of leftover plant material. It is consumed by
smoking a small piece, typically mixed with herbal cannabis or tobacco; or via oral ingestion.
Lastly, cannabis or hash oil is the strongest form of marijuana and the least common form of
the drug. It is an oleoresin obtained by the extraction of the plant through any of various
methods, most involving a solvent, such as butane or ethanol. The appearance depends on
both production method and temperature. Color most commonly ranges from transparent
golden to tan or black. Hash oil is sold in tiny bottles or cartridges used with pen vaporizers,

and it is usually consumed by smoking, vaporizing or eating.

The most common administration routes are the inhalation, through smoking or vaporizing,
and ingestion. Other routes include topical, sublingual or rectal and is becoming increasingly
common in medical uses. All these routes determine the timing of the onset of the effects, as

well as the potency and duration.
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2.2. PHARMACOLOGY OF THE CANNABIS PLANT

Whereas cannabis has been consumed for millennia, it was not until 1964 that the A°-
tetrahydrocannabinol (THC), the main chemical component responsible for the psychoactive
effect, was isolated and its chemical structure elucidated (Gaoni and Mechoulam, 1964,
1971; Poutsma, 1965). Up to now, more than 400 chemical components have been described
in cannabis, of which around 80 are unique to this species. Some of these components are
characteristic from cannabis plant and are known as cannabinoids. The main and more
abundant ones will be further described below. Other cannabinoids include cannabinol

(CBN), cannabigerol (CBG) or tetrahydrocannabivarin (THCV), among many others.
Delta-9-tetrahydrocannabinol (THC)

THC is the most known cannabinoid in cannabis plant. It is a derivative from the inactive
acid form, which becomes THC when heated. The first isolation of THC in a pure form was
reported in 1964, after several efforts of different chemists in elucidating the active principle

of the plant (Marshall, 1898; Adams et al., 1940).

THC is the responsible for the major psychoactive and reinforcing effect of cannabis
(D'Souza et al., 2004); as well as for some of the therapeutic properties - at least partially -
attributed to the plant. THC in rodents produces a widely known range of behavioral
symptoms like hypomotility, hypothermia, catalepsy and analgesia (Little et al., 1988). The
evaluation of this set of symptoms is commonly known as tetrad test, and is a common
feature of cannabinoid agonists (Martin et al., 1991). Other effects are the reduction of
ocular pressure, increase in food intake and decrease some tumors growth (Williams et al.,
1998; Blasco-Benito et al., 2018; Miller et al., 2018). In humans, THC increases pulse rate,
impairs episodic and working memory, and modulates emotion and reward processing.
However, a high variability is evident both among studies and across individuals within
studies (Freeman et al., 2019). The psychotomimetic effect of THC is usually the most
intended effect in recreational cannabis users. Currently, the cannabis available in Europe
and USA contains mean concentrations of around 17% THC, about two-fold the

concentration that was present 10 years ago (Chandra et al., 2019).

Pharmacological action of THC is primarily due to the partial agonism over cannabinoid type
1 receptors (CB1R) and cannabinoid type 2 receptors (CB2R). The characteristics and

distribution of these receptors will be subsequently reviewed (section 2.3.1.).
Cannabidiol (CBD)

The chemical structure of CBD was elucidated in 1963 (Mechoulam and Shvo, 1963). Similar

to THC, CBD is formed when the acid form is heated. By now, several properties have been
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attributed to this chemical compound, such as anxiolytic, antidepressant, antipsychotic, anti-
inflammatory and anticonvulsive effects (Resstel et al., 2009; Zanelati et al., 2010; Pedrazzi et

al., 2015; Devinsky et al., 2016; Petrosino et al., 2018).

Several reports have demonstrated that CBD attenuates many of the effects evoked by THC.
CBD has low affinity for CB1R and CB2R orthosteric sites; however, it has been demonstrated
that acts as a potent non-competitive CB1R negative allosteric modulator (Laprairie et al.,
2015) and it is supposed to be a CB2R modulator (Martinez-Pinilla et al., 2017). It is also
known to act as a low-affinity serotonin 1A receptor (5-HT1AR) agonist (Russo et al., 2005),
peroxisome proliferator-activated receptor y (PPARy) agonist and transient receptor
potential voltage channel 1 (TRPV1) agonist (Bisogno et al., 2001). Additionally, it is a high
affinity G protein-coupled receptor 55 (GPRS55) antagonist (Ryberg et al., 2009).

2.3.THE ENDOCANNABINOID SYSTEM

Despite the advances in the chemistry of synthetic cannabinoids with similar effects as THC
during the 70s and the 80s, the molecular basis of cannabinoid activity remained unclear for
several decades. During those years it was generally assumed that the high lipophilicity was
the basis of their pharmacological action (Paton, 1975). A further conceptual problem, which
hindered the work aimed at the discovery of a specific receptor, was the presumed lack of
stereospecificity. However, this idea was demonstrated to be false for cannabinoid
compounds (Mechoulam et al., 1988) and, indeed, a specific cannabinoid receptor was

discovered in 1988 (Devane et al., 1988), known today as CB1R. This discovery gave birth to
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retrograde neurotransmitters (see Figure 7). Cannabinoids are produced in the
postsynapses, whereupon they migrate to presynaptic axon terminals, bind to cannabinoid
receptors, and inhibit neurotransmitters release (Maejima et al., 2001; Wilson and Nicoll,
2001). The main neuronal types that express cannabinoid receptors in the brain are GABA
neurons, followed by glutamatergic neurons (Katona et al., 2000; Robbe et al., 2001; Piomelli,
2003). For this reason, endocannabinoids are thought to be essential to maintain the balance
between these two neurotransmitters, that are the most abundant in the brain (Schousboe,
1981).

2.3.1. Components of the endocannabinoid system

Cannabinoid receptor type 1 (CBI1R)

CB1R is a member of G protein-coupled receptors (GPCR), formed by seven transmembrane
domains connected by three extracellular and three intracellular loops, an extracellular N-
terminal tail, and an intracellular C-terminal tail. It was cloned in 1990 (Matsuda et al., 1990)
and consists of 472 amino acids in humans (473 amino acids in rat and mouse, with 97-99%
amino acid sequence identity among these species) (Howlett et al., 2002). It is widely
expressed in the CNS, especially in substantia nigra, globus pallidus and caudate/putamen,
as well as in hippocampus, frontal cortex and cerebellum (Herkenham et al., 1990; De Jesus
et al., 2006), and it participates in a variety of brain functions related to these areas, including
executive, emotional, reward, and memory processing. Apart from CNS, CB1R is expressed in
other tissues such as digestive tract (Croci et al., 1998), lungs (Grassin-Delyle et al., 2014),
sperm (Rossato et al., 2005) and oocytes (Peralta et al., 2011).

Detailed electron microscope studies in the hippocampus show that CB1R is almost
exclusively present on presynaptic terminals of inhibitory GABAergic neurons (Katona et al.,
2000). Animal studies are consistent with this observation, and CB1R distribution in frontal
cortex and amygdala seem to correlate with hippocampal CB1R. These terminals target
dendritic branch of pyramidal output from these areas (Fitzgerald et al., 2019). CB1R are also
expressed in a much lesser extent in glutamatergic terminals of areas such as hippocampus,

nucleus accumbens and cerebellum (Robbe et al., 2001; Kawamura, 2006).

The distribution of CBTR suggests that this receptor plays a key role in the
excitatory/inhibitory modulation that these neurotransmitters wield over dopaminergic and
serotonergic systems. Moreover, CB1R are also functionally present in glial cells (Han et al.,
2012) and in different cell compartments, such as endosomes and mitochondria (Bénard et

al., 2012), thereby increasing the physiological repertoire of CB1R actions.
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Cannabinoid receptor type 2 (CB2R)

CB2R, like CB1R, is a GPCR. It was cloned three years after CB1R (Munro et al., 1993) and
consists of 360-amino acids in humans. It is quite different from CB1R, especially in its
amino terminal domain, where there is no significant conservation. Between transmembrane
domains 1 and 7, the CB2R is only 48% identical to that of CB1R, substantially less than
between other GPCR types, but enough to be identified as a cannabinoid receptor. It is
expressed primarily in spleen and immune cells (specially B lymphocytes) (Galiegue et al.,
1995), and it is nearly absent in normal nervous tissue (Howlett et al., 2002). Moreover, it
has been demonstrated to be present in human spermatozoa (Agirregoitia et al., 2010) and

blood vessel endothelium (Dowie et al., 2010).

Despite CB2R was considered a peripheral cannabinoid receptor, its presence has also been
described throughout the CNS of rats (Van Sickle, 2005; Gong et al., 2006) and in microglial
cells of human brain (Galve-Roperh et al., 2000; Nufiez et al., 2004). Specially, CB2R in the
brain is found upregulated under certain pathological conditions, such as gliomas (De Jests
et al., 2010), Alzheimer’s disease (Benito et al., 2003) or neuroinflammatory conditions that

course with microglia activation (Dowie et al., 2014; Gémez-Gélvez et al., 2016).
Anandamide (AEA)

After the discovery of CB1R, the search for the endogenous ligand lead to the discovery of
arachidonoylethanolamide, an arachidonic acid derivative isolated from porcine brain extract,
that was named anandamide (from Sanskrit "ananda", meaning bliss) (Devane et al., 1992).
AEA is a high affinity CB1R partial agonist generated from n-acylphosphatidylethanolamines
(NAPEs) derived from cell membranes. AEA is expressed in the human brain (Muguruza et
al., 2013a), and, to a lesser extent, in the blood, cerebrospinal fluid, oviductal fluid and
seminal plasma (Schuel et al., 2002; Monteleone et al., 2005; Romigi et al., 2010). It is known
to have a very short half-life due to the rapid re-uptake and subsequent degradation (Di
Marzo et al., 1994).

Despite AEA was discovered quite recently, it is known to play a role in key physiological
processes such as regulation of feeding behavior (Monteleone et al., 2005), memory
processes and sleep patterns (Murillo-Rodriguez et al., 1998), pain relief (Fride and
Mechoulam, 1993) and embryo implantation (Maccarrone, 2002). It is also known to have

anxiolytic (Kathuria et al., 2003) and vasodilator (Zygmunt et al., 1999) effects.
2-arachidonoylglycerol (2-AG)
2-AG, discovered in 1995 (Mechoulam et al., 1995), is a full agonist of both CB1R and CB2R

that binds with low affinity (Gonsiorek et al., 2000). It is synthesized from diagylglycerol
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(DAQ) and it is present at relatively high levels in the CNS (Stella et al., 1997). Detection of 2-
AG in brain tissue is complicated in part due to the relative ease of its isomerization to 1-
arachidonoylglycerol (1-AG) during standard lipid extraction conditions. However, last
decade a method for the quantification of 2-AG and other endocannabinoids was developed
and validated (Lehtonen et al., 2011), and enabled the measure of 2-AG and other

endocannabinoids in postmortem human brain (Muguruza et al., 2013a).

Studies in animals have demonstrated that 2-AG is essential in memory processes (Stella et
al., 1997), stress resilience (Bluett et al., 2017) and regulation of inflammatory and immune

responses (Kishimoto et al., 2003; Gokoh et al., 2005).

Both AEA and 2-AG are not stored, as classical neurotransmitters are. Instead, they are
rapidly synthesized on demand by neurons in response to depolarization and consequent
Ca® influx (Di Marzo et al., 1998) and released from postsynaptic neurons. Subsequently,
they activate presynaptic CB1R by travelling backward across synapses, suppressing

neurotransmitter release (Wilson and Nicoll, 2002).

N-acylphosphatidylethanolamine phospholipase D (NAPE-PLD) and diacylglycerol lipase
(DAGL)

AEA is produced from the hydrolysis of a pre-formed membrane phospholipid precursor
catalyzed by the enzyme NAPE-PLD, which was cloned in 2004 (Okamoto et al., 2004). This
enzyme is stimulated with Ca®" and it is equally efficacious with most NAPEs, and hence
responsible for the formation of other n-acylethanolamines apart from AEA (Okamoto et al.,
2005). Another route of AEA synthesis found in circulating macrophages is cleavage of the
NAPE phosphodiester bond by a NAPE-selective phospholipase C (PLC) followed by
dephosphorylation of the resulting phospho-AEA to liberate AEA (Liu et al., 2006).

2-AG is synthesized by more than one pathway, while a DAG derivate is considered the
biosynthetic precursor for 2-AG (Bisogno et al., 1997). DAGs are then converted into 2-AG by
the action of selective DAGL, designated as DAGLx and DAGLpR. While DAGLx is the
dominant 2-AG producing lipase in adult brain (Bisogno et al., 2003), DAGLB plays an
important role in the generation of 2-AG in the liver and during immune responses (Gao et
al., 2010; Shin et al., 2019). The expression of both enzymes shifts during brain development,
as they seem to be co-localized with CB1R in axonal tracts of the embryonic nervous system,
and move to a dendritic field location in postsynaptic neurons in the adult brain (Bisogno et
al., 2003; Ludanyi et al., 2011; Yoshino et al., 2011). This dynamic localization reflects the
proposed roles for 2-AG as an autocrine endocannabinoid required for axonal guidance
(Brittis et al., 1996; Williams et al., 2003), and as a retrograde messenger in the control of

synaptic plasticity in the adult brain (Chevaleyre and Castillo, 2003).
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Fatty acid amino hydrolase (FAAH) and monoacylglyrerol lipase (MGL)

AEA degradation in the CNS occurs primarily by the enzyme FAAH (Cravatt et al., 1996),
which is an integral membrane protein that hydrolyses AEA, producing arachidonic acid and
ethanolamine (McKinney and Cravatt, 2005). However, the hydrolase is not selective and it
degrades multiple fatty acid amides (Boger et al.,, 2000). In the brain, FAAH is mostly
situated in the endoplasmic reticulum with a somatodendritic location (Gulyas et al., 2004).
More recently, it has been reported that other enzyme, FAAH2, can degrade AEA and related
compounds. They have limited sequence homology (~20%), their orientation in the
membrane differs, and while FAAH is expressed in the brain, testis, and small intestine,
FAAH2 is not present in the brain, it faces the lumen and it is predominant in cardiac tissue
and ovary. In addition, FAAH has been reported to have much greater activity with regard to

fatty acid ethanolamides such as AEA (Wei et al., 2006)

AEA and related compounds can also be degraded either by the n-acylethanolamine acid
amide hydrolase (NAAA), highly expressed in immune cells, specifically in macrophage
lysosomes (Muccioli, 2010), or by several of the same enzymes responsible for arachidonic
acid oxidation, including cyclooxygenase-2 (COX-2) and the 12- and 15-lipoxygenases (Di
Marzo, 2006)

2-AG degradation is primarily due to MGL, which is responsible for inactivation of the major
fraction of 2-AG in the brain (Dinh et al., 2004) and it is localized presynaptically, specifically
in synaptic terminals (Makara et al., 2005; Ludényi et al., 2011). A minor proportion of 2-AG
is thought to be hydrolyzed by two additional enzymes, monoacylglycerol lipase (ABHD6)
and lysophosphatidylserine lipase (ABHD12). These enzymes display different localizations,
and are believed to control independent pools of 2-AG and signaling events (Blankman et al.,

2007).

Additionally, 2-AG can be oxidized by COX-2 more efficiently than AEA, leading to a distinct
family of prostaglandins in macrophages, and in a Ca*" dependent manner (Kozak et al.,
2000). This mechanism is thought to contribute to the inflammation-induced

neurodegeneration (Sang et al., 2007).

The understanding of the endocannabinoid system has been expanded to include related
receptors, such as PPAR, TRPV1 or GPR55 (Pertwee et al., 2010; Storozhuk and Zholos, 2018;
Karwad et al., 2019). Furthermore, several compounds have been shown to enhance AEA and
2-AG levels by competing with the same degrading enzymes, thus increasing their activity.
These compounds include palmitoylethanolamide (PEA), stearoyl ethanolamide (SEA), and
oleoylethanolamine (OEA), and are thought to play the so-called “entourage effect” (Ben-

Shabat et al., 1998).
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2.3.2. Cannabinoid intracellular signaling in the brain

Nowadays, it is known that CB1R and CB2R properties encompass a great molecular, cellular
and functional complexity. Despite the constant addition of new players involved in the
central endocannabinoid signaling, most of what is known refers to CB1R, which is far more

abundant than CB2R in the healthy human brain (Benito et al., 2008).

Stimulation of CB1R and CB2R activates a number of signal transduction pathways
associated with heterotrimeric G proteins complex. Cannabinoid receptors are primarily
coupled to inhibitory Gai/o protein subunits, that inhibit adenylyl cyclases, decreasing
intracellular cyclic adenosine monophosphate (cAMP) concentration (Howlett et al., 1986;
Matsuda et al., 1990; Felder et al., 1993) and subsequently damping protein kinase A (PKA)
activation. A-type rectifying potassium (K') currents are normally inactivated upon
phosphorylation by PKA, so reduced PKA activation produces a net reduction in the
phosphorylation of K* channels, thus modulating the kinetics of the currents (Deadwyler et

al., 1995; Hampson et al., 1995).

Apart from this intracellular response, recent advances suggest that CB1R can couple to
different Ga proteins in brain cells, depending on the ‘context’ - cell type, cellular functional
state, pathological condition - where they are activated. In addition, CB1R activation inhibits
N-type voltage-gated Ca’* channel, and activates G-protein gated inwardly rectifying K*
channels (GIRK) (Guo and lkeda, 2004) independently of cCAMP and depending on the ligand
used. The relative contribution of each of these inhibitory mechanisms seems to depend on
the variance of ion channel expression by cell type and cAMP-dependent interaction with
other molecules. GB /v subunits are also thought to play a role in these effects, while there is
still some uncertainty about how this process occurs. Under certain conditions, some
endocannabinoids and exogenous cannabinoids, such as WIN55,212-2, AEA and THC, can
also lead to mobilization of intracellular Ca** (Lauckner et al., 2005, 2008; Waldeck-Weiermair
et al., 2008). This modulation seems to occur indirectly or even independently of CB1R
activation (Netzeband et al., 1999; Rao and Kaminski, 2006), and it is thought to vary upon
cell type.

The above mentioned effects regarding Ca** mobilization, together with Ras homolog family
member A (RhoA) activation and extracellular signal-regulated kinase (ERK) phosphorylation
seem to be mediated by the proper CBIR coupling to Gaq/11 (Lauckner et al., 2005).
However, both exo- and endocannabinoids have been also reported to activate GPR55, which
is an orphan GPCR that is known to couple to G12/13 and, to a lesser extent, to Gaq/11
subunits (Ross, 2009; Ryberg et al., 2009). Other signal transduction observed upon CB1R

activation is the activation of mitogen-activated protein kinase (MAPK) or Akt along with
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phosphoinositide 3-kinase (PI3K) activation, and nitric oxide (NO) production, depending on
the particular type of cell and the agonist used (Zou and Kumar, 2018).

This plethora of intracellular responses extends far beyond the classic view of the
cannabinoid receptors coupling exclusively to Gai/o protein subtypes and decreasing cAMP.
The prevailing idea that is gaining ground in GPCR study is that receptors can exist in
different activated conformational states capable of coupling to different G proteins.
Although the GPCR's preferred coupling partner is usually defined according to the G-protein
subtype activated by the endogenous ligand under physiological or experimental conditions,
the binding of any single particular agonist may also initiate the activation of multiple
different G proteins, as it may be capable of stabilizing more than one conformation of the
GPCR (Kenakin, 2011). In addition, a conformation that preferably activates one isoform of
Go may activate another if the preferred is less available, and feedback pathways may result
in receptor modifications (e.g., phosphorylation) that alter the G protein preference of the
GPCR.

Apart from the agonist, CB1R expression level seems to be important for the specific
signaling outcome. In addition, Gai protein expression, and the isoform of adenylyl cyclase
expressed in the cell are also important since it has been described that CB1R may couple to
stimulatory Gos under certain conditions, activating adenylyl cyclase (Rhee et al., 2002;

Finlay et al., 2017).

Whereas CB2R have been less studied, upon activation, inhibition of adenylyl cyclase via
Gaifo proteins and activation of MAPK and Akt have been reported, whereas it does not

seem to signal via ion channels (Pertwee, 1997; Martinez-Martinez et al., 2016)

In recent decades, the endocannabinoid system has attracted considerable attention as a
potential therapeutic target in numerous physiological and pathological conditions. In this
context, the vast majority of intracellular responses triggered by endocannabinoids are likely
due to the activation of specific G proteins. In human genome, 16 genes encode o subunits
of G proteins (Sanchez-Ferndndez et al., 2014), and it is common for a given cell type to
express a dozen or more of these subunits (Straiker et al., 2002). G proteins mediate the
earliest step in cell responses to external events, albeit studies focusing on this first event of
cannabinoid signaling are scarce. There is an increasing interest in dissecting the
intracellular pathways responsible for the multiple effects that both endo- and
exocannabinoids exert in the brain, so studies addressing the specific mechanisms

underlying each of these effects are still needed.
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3. CANNABIS AND SCHIZOPHRENIA

3.1. HISTORICAL OVERVIEW

Back in the early 19" century, the French psychiatrist Jacques-Joseph Moreau (1804-1884)
provided the first systematic work on the effects of cannabis intoxication, on his monography
“Du hachisch et de I'aliénation mentale: études psychologiques, 1845”. On that novel work,
Moreau tried to model and understand mental illness using cannabis (J. Moreau, 1845).
Since then, many scientists are still making efforts for elucidating the relationship between

cannabis and psychosis.

Back in the 70s and 80s, several case reports started to suggest that cannabis could be a
complicating factor in schizophrenia (Breakey et al., 1974; Treffert, 1978; Knudsen and
Vilmar, 1984). In addition, several studies reporting psychotic episodes triggered by cannabis
consumption in non-psychiatric subjects started to appear on scientific literature (PPalsson

et al., 1982; Rottanburg, 1982).

In 1987, it was described for the first time that cannabis could play a role in the onset of
schizophrenia in a larger longitudinal study (Andréasson et al., 1987). This 15-year follow up
cohort-study of Swedish conscripts found that heavy use of marijuana increased the risk of
schizophrenia later in life by up to six times in a dose-dependent manner. However, the
majority of patients with schizophrenia never consumed cannabis, and only 3% of heavy
users developed schizophrenia. These observations evidenced the already known fact that
cannabis use is neither necessary nor sufficient to cause schizophrenia, and suggested that
cannabis might play a role only in a subgroup of individuals with a preexisting vulnerability to
schizophrenia. The Swedish conscript survey is, to date, the longest follow-up of psychotic

patients with data on cannabis use prior to incidence of psychosis.

To date, there is rational evidence that in those patients with psychosis, continued use of
cannabis is associated with more positive symptoms, more frequent and earlier relapses, and
poorer outcome (Caspari, 1999; Grech et al., 2005; Nufiez et al., 2016; Setién-Suero et al.,
2019).

3.2. CANNABIS CONSUME AS A RISK FACTOR FOR SCHIZOPHRENIA

Cannabis may represent one of the most potentially modifiable risk factors for the
development of schizophrenia, so establishing the nature of this association and accurately
estimating its magnitude still suppose the main aim of several human studies (Hickman et
al., 2009; Gage et al., 2013). Despite the numerous studies in the literature, causality requires
certain scientific evidence criteria, some of which remain undemonstrated. Non causal

explanations for associations may include reverse causation - where associations actually
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reflect psychosis increasing risk of cannabis use -, confounding factors- where other variables
that increase risk of both cannabis use and psychosis lead to false associations - and bias -

where problems with measurement or sample selection lead to incorrect estimates.

It is important to note that causality cannot be proven by observational studies. The unique
experimental design to demonstrate causality in humans is the randomized controlled trial.
In this sense, experimental support for causality, in the sense of randomized allocation to
exposure, has been demonstrated only for acute outcomes such as induction of transient
delusions or hallucinations or cognitive impairment following experimental cannabis use.

These studies will be addressed in section 3.2.2.

3.2.1. Observational studies

Since the first study from Andreasson and colleagues, numerous others have investigated
the association between cannabis and schizophrenia. A subsequent follow-up study of the
same cohort (Zammit, 2002) still found a dose related increase in risk of psychotic
symptoms and schizophrenia with previous cannabis use, even when statistically controlling
other potential confounding variables, such as psychiatric symptoms at baseline. Moreover,
evidence from following cohort studies from New Zealand (Arseneault et al., 2002;
Fergusson et al., 2003, 2005; Caspi et al., 2005), United States (US) (Tien and Anthony,
1990), Netherlands (van Os, 2002), Germany (Henquet et al., 2005) and United Kingdom
(Wiles et al., 2006), consistently reported an increased risk of psychosis in people using
cannabis. The last study from the Swedish cohort, published in 2014 (Manrique-Garcia et al.,
2014), evidenced a more severe course and poorer prognosis in cannabis users already

diagnosed with schizophrenia.

Regarding the strength of the association, these cohort studies were reviewed in a careful
meta-analysis that addressed studies quality (Moore et al., 2007), which concluded that
frequent cannabis consumption was associated with a two-fold risk of a psychotic outcome.
A more recent meta-analysis adding two cross-sectional studies (Miettunen et al., 2008;
McGrath et al., 2010), and two case-control studies (Di Forti et al., 2009, 2014) confirmed a
dose-response relationship, where the frequency of cannabis use correlated positively with

the increase of the risk for psychosis (Marconi et al., 2016).

Some reports have pointed that among patients with a FEP, current and daily cannabis use is
more prevalent, as well as lifetime use of high potent cannabis (Larsen et al., 2006; Di Forti
et al., 2009; Ferraro et al., 2019), thus providing a preliminary evidence that regular cannabis
use precedes psychotic outcomes. The most robust study carried out to date (Di Forti et al.,
2019), is a large multicentric case-control study that confirmed the contribution of frequent

use of cannabis of high potency (more than 10% of THC) to the variation of the incidence of

35



INTRODUCTION

psychotic disorders. Moreover, data were fully adjusted for age, gender and ethnicity, level of

education, employment status, tobacco use, stimulants, legal highs and hallucinogenics.

Despite all this scientific evidence regarding unspecific psychotic outcomes, whether
cannabis use ‘causes’ schizophrenia has been a matter for debate for decades. The fact that
is consistent is that cannabis use may precipitate schizophrenia in people who are genetically
vulnerable (Vaucher et al., 2018), by means of a family history of schizophrenia (McGuire et
al., 1995), or because expressing subtle previous psychotic symptoms (Verdoux et al., 2003).
Importantly, a recent study have demonstrated that adolescents with a high genetic liability
to schizophrenia that used cannabis most frequently had lower cortical thickness than those
who never used cannabis (French et al., 2015). In this context, it has been suggested an
additive interaction between genetic risk state for schizophrenia and lifetime regular
cannabis use, that indicates that the etiopathogenesis of schizophrenia involves genetic
underpinnings that makes individuals more sensitive to the effects of some environmental
exposures such as cannabis use (Guloksuz et al., 2019). There is also evidence that the
genetic vulnerability for schizophrenia and for cannabis use partly overlap (Verweij et al.,

2017; Aas et al.,, 2018; Gurriaran et al., 2019).

3.2.2. Controlled studies in humans

The first pharmacological observations with individual compounds present in cannabis date
from the 40s (Loewe, 1946), albeit research into the pharmacology of cannabinoids increased
markedly in the mid-1960s and early 1970s. Since the synthesis of THC, a huge number of
studies have put efforts in elucidating the mechanisms underlying its psychoactive effect.
Randomized controlled trials provided evidence that this compound induced a range of
transient behavioral and cognitive effects in mentally healthy individuals similar to those
seen in schizophrenia and other endogenous psychoses (D’'Souza et al., 2004). They have
shown that both subjects with schizophrenia and first-degree relatives are more susceptible
to its psychotropic effects than healthy controls (D’Souza et al., 2005; Veling et al., 2008;
Kahn et al., 2011). Moreover, frequent users of cannabis show blunted responses to the
psychotomimetic and cognitive impairing effects of THC but not to its euphoric effects
(D’'Souza et al., 2008b). Importantly, this group addressed important issues regarding THC
psychotomimetic properties, such as the D2R implication in the effects (D’'Souza et al.,
2008a; Gupta et al., 2019), and its impact on cortical processes such as y-band neural
oscillations, sensory gating and working memory (D’Souza et al., 2012; Cortes-Briones et al.,

2015; Skosnik et al., 2018).

Studies evaluating binocular depth inversion illusion (BDII) test, which is a measure of
impaired visual processing that occurs in some psychotic states, found that cannabis resin,

nabilone and dronabinol (a synthetic form of THC) induce BDII similar to that observed in

36



INTRODUCTION

acute paranoid schizophrenia or schizophreniform psychotic patients (Emrich et al., 1997;
Leweke et al., 2000; Koethe et al., 2006). Additionally, THC has also shown to disturb P300
waves amplitude, which has been related to cognitive impairment (Radhakrishnan et al.,
2014).

This experimental evidence suggests that the THC present in cannabis plant may cause
biological effects that resemble certain symptoms seen in subjects with schizophrenia.
However, further work is still necessary to identify the factors that place individuals at higher
risk for chronic cannabis consumption, as well as the biological mechanisms underlying the

association between this consumption and schizophrenia.

3.3. MECHANISMS  UNDERLYING CANNABIS AND PSYCHOSIS
RELATIONSHIP

Apart from epidemiological studies, growing body of literature from pharmacological, genetic
and postmortem approaches suggests that the consumption of exogenous cannabinoids

may be involved in the pathophysiology of psychosis and/or schizophrenia.

Before the discovery of cannabinoid receptors, early studies carried out in humans with
different THC analogs (Hollister, 1974) provided the basis for correlating their
psychotomimetic potency to a valid proxy in animal models, i.e. drug discrimination (Balster
and Prescott, 1992). Subsequent studies led to hypothesize that the reinforcing and
psychotropic effects of THC in humans are mediated through its agonist effect on CB1R,
although it has modest affinity and low intrinsic activity over the receptor (Wiley et al., 1995;
Howlett et al., 2002; Spiller et al., 2019). The question that remains unanswered is: how does
their activation disrupt network dynamics and information processing to make psychosis

more likely?

The CBIR is one of the most abundant GPCR in the CNS, and it is distributed
presynaptically, with high density across many brain regions that are relevant to neural
circuitry of psychosis and schizophrenia, such as frontal cortex, basal ganglia, anterior
cingulate cortex and hippocampus (Herkenham et al., 1990, 1991; Glass et al., 1997;
Egertova and Elphick, 2000).

Across all the major brain structures where endocannabinoids signaling has been explored,
both glutamatergic and GABAergic terminals are direct targets for exo- and
endocannabinoids, and these compounds are known to modulate these excitatory and
inhibitory inputs to dopaminergic neurones. Interestingly, striatal GABAergic projection
neurons, cortical interneurons and glutamatergic pyramidal cells are the main cell types that

have been recently associated with schizophrenia (Skene et al., 2018).
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There is suggestive evidence that the sensitization of the mesolimbic dopaminergic system
may be one pathway by which the repeated use of cannabis may be related to the onset of
psychotic symptoms. Thus, acute CB1R activation stimulates mesolimbic and
mesoprefrontal dopaminergic transmission (French et al., 1997; Pistis et al., 2001; Voruganti
et al., 2001). Dopaminergic activity is driven by excitatory and inhibitory inputs arising from
numerous afferent structures and interneurons that are filtered by local endocannabinoid
signaling, and CB1R on GABAergic terminals can facilitate this activity through suppression

of inhibitory input on dopaminergic neurons (Covey et al., 2017).

Negative effects of cannabinoids in working memory and other cognitive processes have
been related to a disruption of neural synchronization in the PFC (Gonzalez-Burgos and
Lewis, 2008). Activation of CB1Rs by cannabinoids in cortical interneurons inhibits GABA
release, and may suppress the control that they exert over pyramidal neurons, thereby
interfering with associative functions, disrupting normal gating mechanisms and resulting in
poor integration of cortical inputs (Pistis et al., 2001). Cannabinoids, indeed, have also been
shown to influence glutamatergic synaptic transmission and plasticity in the PFC (Auclair et

al., 2000).

As said before, all of these effects are mainly driven by cannabinoid action upon CB1R. This
receptor is known to downregulate after chronic activation (Sim-Selley et al., 2006), and
cannabis dependent subjects have shown decreased brain CB1R availability (D’Souza et al.,
2016). However, this downregulation is thought to be reversible and return to control values
after around three weeks of cannabis abstinence in humans and rodents, although behavioral
and molecular sensitization have also been reported (Rubino et al., 2001, 2003; Tournier et
al., 2016). In this regard, physiological neurodevelopmental processes especially of the
frontal cortex and limbic system, that occur during adolescence (Giedd et al., 1999), are
thought to be more sensitive to exogenous disturbances such as cannabis use (Fuhrmann et
al.,, 2015). Indeed, the endocannabinoid system seems to have a crucial role in these
neurodevelopmental processes (Meyer et al., 2018), as cannabis has particularly deleterious

effects during this period (Ashtari et al., 2011; Rubino and Parolaro, 2016).

In summary, it has been shown that exposure to cannabinoids induces several alterations in
the functioning of the brain in CB1R enriched regions and in neuromodulator systems
relevant to cognition. Alterations in the functionality of the endocannabinoid system, such as
receptor downregulation, de-/sensitization and downstream effector changes accompanying
the resultant regional neuroadaptations are supposed to underlie cognitive effects in relation
with chronic cannabis use. Considering that cannabis regular use is highly prevalent in the
population with psychosis, investigations of the factors influencing worse outcomes and

early onset are needed in order to advance the search of new treatment options.
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These studies suggest that a deregulation of the endocannabinoid system can indeed
interact with neurotransmitter systems that are already known to underlie schizophrenia

(Fernandez-Espejo et al., 2009; Volk and Lewis, 2016; Fakhoury, 2017).

Studies regarding endocannabinoid system in schizophrenia

Genetic and postmortem studies in the brain of subjects with schizophrenia have provided
additional evidence for the role of the endocannabinoid system in psychotic and
schizophrenia-like symptoms. All the evidences have been extensively reviewed in the
Manuscript presented in the Annex section of this Doctoral Thesis, and the main findings

are the following:

Studies addressing CB1R availability or density on the brain of subjects with schizophrenia
are inconclusive, showing a decrease (Eggan et al., 2008, 2010; Ranganathan et al., 2016), an
increase (Jenko et al., 2012; Ceccarini et al., 2013; Volk et al., 2014) or no changes (Deng et
al., 2007) of this receptor in different regions of the brain. Several confounding factors,
including antipsychotic treatment (Uriglien et al., 2009), radiotracer used in the experiments,
or cannabis and tobacco use (Ranganathan et al., 2016) are likely underlying the
contradictory outcomes. A recent study addressing the functionality of CB1R has not found
differences in this regard (Muguruza et al., 2019). However, further research is needed to

understand the potential pathophysiological consequences of alterations in CB1R.

Endocannabinoid levels and the enzymes that regulate them have also been studied in the
brain of subjects with schizophrenia. While most of the studies of the enzymes are restricted
only to mMRNA measures, an interesting report has found an increased activity of the enzyme
FAAH (Muguruza et al., 2019) in the PFC of these subjects. Additionally, alterations in the
levels of the main endocannabinoids, AEA and 2-AG, are evident in this area and others, such
as hippocampus and cerebellum of schizophrenia subjects (Muguruza et al., 2013a). These
reports point to an imbalance of the endocannabinoid system in schizophrenia, although
more studies are needed in order to understand the specific role that this system may have

on schizophrenia pathogenesis.

Moreover, certain alleles of the CNRT gene have shown to increase susceptibility to
schizophrenia, as well as cognitive impairment related to cannabis misuse among subjects

with schizophrenia (Ujike et al., 2002; Ho et al., 2011).

Despite all these evidences, still more scientific evidence is needed to fully elucidate the
mechanisms by which the endocannabinoid system imbalances are associated with

psychotic and schizophrenia-like symptoms.
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4. 5-HT2A RECEPTORS

4.1. GENERAL ASPECTS

The serotonin 5-HT2A receptor subtype is a member of the rhodopsin-like or class A
superfamily of GPCR. This receptor is a member of the 14 5-HT receptors, classified in seven
families based on their structural, operational and transductional features, namely: 5-HT1 (5-
HT1A, 5-HT1B, 5-HT1D, 5-HT1E, and 5-HT1F), 5-HT2 (5-HT2A, 5-HT2B, and 5-HT2C), 5-
HT3, 5-HT4, 5-HT5 (5-HT5A, 5-HT5B), 5-HT6, and 5-HT7 (see Figure 8). All these receptors
are differentially expressed throughout the organism, partly explaining the pharmacological
complexity of 5-HT action (Hoyer et al., 2002). So far, it is well established the fundamental
role of serotonin and its receptors in mood control (Jenkins et al., 2016), food intake (Halford
et al., 2005) or blood pressure regulation (Watts et al., 2012). Moreover, serotonin receptors
have been related to many diseases, such as depression, anxiety, schizophrenia, obsessive—

compulsive and panic disorders, migraine or hypertension (Pithadia, 2009).

Receptor .
. Subtypes  Type Functions
family
5-HT1 5-HT1A G protein-coupled receptor Inhibitory auto- and
5-HT1B heteroreceptor
5-HT1D
5-HT1E
5-HT1F
5-HT2 5-HT2A G protein-coupled receptor  Excitatory heteroreceptor
5-HT2B
5-HT2C
5-HT3 Ligand-gated ion channel Excitatory heteroreceptor
5-HT4 G protein-coupled receptor  Excitatory heteroreceptor
5-HT5 5-HT5A G protein-coupled receptor Inhibitory
5-HT5B
5-HT6 G protein-coupled receptor  Excitatory
5-HT7 G protein-coupled receptor  Excitatory

Coupled to Gai/o
Coupled to Gag/11
Coupled to Gas

Figure 8. 5-HT receptor subtypes and their mostly reported functions.
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The 5-HT2AR is encoded by the HTR2A gene, which has been located on human
chromosome 13q14 —q21 and comprises of 471 amino acids in rats, mice and humans (Stam

et al., 1992).

In the human CNS, 5-HT2AR is abundantly expressed in several brain cortical areas,
especially among layers Il and V, and the hypothalamus. To a lesser extent, it is also
expressed in the hippocampus and striatal structures (Pazos et al., 1987). A revealing study
addressing specific location of these receptors in the PFC points predominantly to a
postsynaptic location in the proximal apical dendrites of pyramidal neurons (Jakab and
Goldman-Rakic, 1998), where they are suggested to play a crucial role on gating mechanisms
implicated in latent inhibition processes and working memory. Although in a lower
proportion, 5-HT2AR have also been identified on parvalbumin expressing GABAergic
interneurons of the middle layers (Williams et al., 2002; Puig and Gulledge, 2011).

In the periphery, 5-HT2AR is present in gastrointestinal tract, vascular and bronchial smooth
muscle and blood platelets, where it mediates several functions such as contraction and
platelet aggregation (De Clerck et al., 1984; Fiorica-Howells et al., 2002; Cogolludo et al.,
2006).

4.2. INTRACELLULAR SIGNALING

The effector that has been best characterized in 5-HT2AR signaling involves the stimulation
of Gaq/11 heterotrimeric G-proteins. Upon activation, it promotes PLC-mediated catalysis of
the hydrolysis of phosphatidylinositol-4,5-bisphosphate (PIP2) to IP3 and DAG, thus
activating protein kinase C (PKC) and elevating cytosolic Ca** (Conn and Sanders-Bush,
1987; Carr et al., 2002). Although this signaling was the first to be established, 5-HT2AR is
now known to activate several other signaling pathways that may involve other G proteins
and alternative direct coupling to the receptor (Abbas and Roth, 2008). For example, it
mediates the release of arachidonic acid (AA) independently of PLC, and presumably through
the activation of phospholipase A2 (PLA2) (Felder et al., 1990). This AA release is mediated
by a complex mechanism that involves signaling through RhoA and p38 and p42/44 MAPK,
as well as ERK signaling, all of them depending on Ga proteins different from Goaq/11, such
as Ga12/13 and Gai/o protein subtypes (Kurrasch-Orbaugh et al., 2003). Studies in cells also
suggest that 5-HT2AR interacts with adenosine diphosphate-ribosylation factor 1 (ARFT),
leading to the functional activation of phospholipase D (PLD) (Mitchell et al., 1998;
Robertson et al., 2003). Interestingly, another study has demonstrated that 5-HT2AR
activation also leads to the formation of 2-AG, an endocannabinoid whose formation is

partially dependent on the activation of PLC (Parrish and Nichols, 2006).
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In cell cultures, 5-HT2AR also has important functional interactions with some proteins, such
as the ribosomal protein S6 kinase 2 (S6K2), which seems to induce a ‘tonic-brake’ in
signaling and alter agonist functional selectivity directly phosphorylating the receptor in the
i3 loop (Sheffler et al., 2006; Strachan et al., 2009, 2010). Moreover, 5-HT2AR also interacts
with caveolin-1 in smooth muscle tissue (Bhatnagar et al., 2004), arrestins and postsynaptic
density protein 95 (PSD-95) in cortical neurons (Schmid et al., 2008; Abbas et al., 2009),

which are known to modulate 5-HT2AR functionality in vivo and internalization processes.

Importantly, human and animal studies have reported that 5-HT2AR mediates the
hallucinogenic response of some psychedelic drugs, such as DOI and psilocybin (Willins and
Meltzer, 1997; Vollenweider et al., 1998; Nichols, 2004; Gonzélez-Maeso et al., 2007; Lépez-
Giménez and Gonzélez-Maeso, 2017). Moreover, cortical expression of 5-HT2AR seems to
be sufficient to induce these hallucinogenic effects (Gonzalez-Maeso et al., 2007).
Conversely, other 5-HT2AR agonists, such as lisuride, do not induce similar
neuropsychological responses (Egan et al., 1998; Shan et al., 2012). These data raised the
idea that the different 5-HT2AR agonists exhibit functional selectivity over this receptor in the

brain cortex.

Some studies in animals have suggested that 5-HT elicits its responses on 5-HT2AR by
assembling proteins such as B-arrestin2, Src and Akt, while hallucinogenic 5-HT2AR
agonists do not require this complex recruitment (Schmid and Bohn, 2010). Interaction with
the scaffolding protein PSD-95 has also been suggested to be essential for the hallucinogenic
response of 5-HT2AR agonists (Abbas et al.,