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DTNBP1: dystrobrevin-binding protein 1
ECS: endogenous cannabinoid system

FGA: first-generation antipsychotics

GPCR: G protein-coupled receptors

GRIAL: glutamate receptor AMPA 1
GRIN2A: glutamate receptor N-methyl D-aspartate 2A
GWAS: genome-wide association studies
NRG1: neuregulin 1

NSS: neurological soft signs

MAL: myelin and lymphocyte protein

MAP: mitogen-activated protein

MCCB: matrics consensus cognitive battery
ON: olfactory neuroepithelium

PABPCAL: poly(A) binding protein cytoplasmic 4-like
PKC: protein kinase C

PLC: phospholipase C

MRNA: messenger ribonucleic acid

SGA: second-generation antipsychotics
SMAD5: SMAD family member 5

PET: positron emission tomography

TCF4: gene transcription factor 4

THC: tetrahydrocannabinol

THC-COOH: tetrahydrocannabinol carboxylic acid
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1. Cannabis use in the general population

Cannabis (Cannabis sativa, or marijuana) is a plant consisting of multiple cannabinoids.
Delta-9-tetrahydrocannabinol (THC) is the primary psychoactive component of cannabis
and is responsible for its behavioural and psychotropic effects. There are also non-
psychoactive cannabinoids present in cannabis, such as cannabidiol (CBD),
cannabichromene (CBC), and cannabigerol (CBG), which have several medicinal
properties. Apart from these, the plant also contains other constituents which belong to
diverse classes of natural products. To date there are 545 constituents reported in

cannabis (Pertwee 2014).

Cannabis is available in multiple preparations. Hashish is created from the resin of
marijuana flowers, and it is usually smoked by itself or in a mixture with tobacco, albeit
it can also be also ingested. Herbal cannabis (leaves and flowers) and/or oils can be
smoked, used to brew tea, or mixed into food products. Cannabis and its related
cannabinoids have potential medical applications in the treatment of a variety of serious
illnesses (Volkow et al. 2014). More recently however, synthetic cannabinoids have
become available as safe legal alternatives to cannabis. These preparations are often
more powerful than marijuana and can sometimes be life-threatening (Lafaye et al.
2017). Across all age groups, cannabis is the illicit drug most likely to be used (European
Monitoring Centre for Drugs and Drug Addiction 2018), although the legal landscape is
changing quickly all over the world, which has been associated to increased usage and

reductions in the perception of harm (Cerda et al. 2017).

1.1. Patterns of cannabis use

The patterns of cannabis use can range from occasional to regular use, but also to drug
abuse. It is estimated that 87.7 million European adults aged 15-64 (26.3 %) have
experimented with cannabis at some time in their lives. Of these, an estimated 17.1
million young Europeans aged 15-34 (13.9 %), and 10 million aged 15-24 (17.7 %) used
cannabis in the last year (European Monitoring Centre for Drugs and Drug Addiction

2018).
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Based on general population surveys, it is estimated that around 1 % of European adults
are daily or almost daily cannabis users, that is, they have used the drug 20 days or more
in the last month (European Monitoring Centre for Drugs and Drug Addiction 2018). Use
of cannabis is therefore considered to be frequent (Mounteney et al. 2016) and seems
to be increasing (Azofeifa et al. 2016), especially among young people (Malone, Hill, and
Rubino 2010). This raises important concerns regarding its possible detrimental effects
on cognitive processing during early stages of brain development, and on the increased
risk for developing substance use disorders (Malone, Hill, and Rubino 2010), but also
psychotic disorders (Di Forti et al. 2019). Overall, the number of first-time treatment-
seekers for cannabis-related problems increased from 43.000 in 2006 to 76.000 in 2015.
Multiple factors may lie behind this rise, including higher prevalence of cannabis use
among the general population, increases in the number of intensive users, the
availability of higher potency products, and increases in treatment referral and levels of

provision (European Monitoring Centre for Drugs and Drug Addiction 2018).

1.2. The endocannabinoid system

The endogenous cannabinoid system (ECS), encompasses endogenous cannabinoids or
endocannabinoids such as N-arachidonoylethanolamide (anandamide) (Devane et al.
1992) and 2-arachidonoylglycerol (2-AG) (Mechoulam et al. 1995), cannabinoid
receptors (mainly CB1R and CB3R), and the enzymes responsible for the synthesis and
degradation of endocannabinoids (Lu and Mackie 2016). Endocannabinoids, unlike
classical neurotransmitters, are synthesized ‘on demand’ from postsynaptic membrane
phospholipid precursors (Di Marzo et al. 1994). The ECS is widely expressed in the human
brain and is involved in multiple functional processes including emotional regulation,
motivational behaviour, and cognitive function (Navarrete et al. 2020), and it can play a
crucial role modulating these processes in psychiatric disorders (Koethe et al. 2007;
Wong et al. 2010; Katzman, Furtado, and Anand 2016). In addition, the ECS modulates
the activity of neurotransmission systems involved in cognition such as glutamate,
serotonin (5-hydroxytryptamine or 5-HT), dopamine and GABA (Bloomfield et al. 2019)
(Figure 1).
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Figure 1. Synaptic cleft showing production of cannabinoids, that upon contact with CBiR lead to
retrograde suppression of excitation in glutamatergic neurons and retrograde suppression of inhibition in
GABAergic neurons. THC alters this signalling process by interacting via CB1R. Image from (Bloomfield et
al. 2019).

Further, alterations in CB1R levels have been described in the brain of cannabis users
(Ceccarini et al. 2015; D’Souza et al. 2016; Hirvonen et al. 2012; Mizrahi, Watts, and
Tseng 2017) (Figure 2), and changes in endocannabinoid levels are detected in plasma
following the administration of THC to healthy volunteers (Thieme et al. 2014; Walter et
al. 2013).

1.3. Cannabis use and cognitive effects

Cannabis produces multiple behavioural effects, including reward modulation, changes
in sensory perception such as acute paranoia and psychosis, and impaired motor
coordination. Other common acute adverse effects of cannabis use include anxiety and
panic reactions, often reported by naive users (Hall and Degenhardt 2009). Importantly,
chronic cannabis use induces cognitive alterations, including attention, working memory,
executive function, and learning deficits (Volkow et al. 2016; Crean et al. 2011; D’Souza
et al. 2019; Ford et al. 2017; Solowij and Battisti 2008). These effects are thought to be
mediated through its action on CB1R, and by the modulation of several neurotransmitter
systems including 5-HT, glutamate, GABA, and dopamine (Bloomfield et al. 2019).
However, the magnitude of the impairments and the extent to which they persist after

abstinence are still subject to controversy (Volkow et al. 2016; Schreiner and Dunn 2012).
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Figure 2. Positron Emission Tomography (PET) image showing selective high-affinity CB1R PET radioligand
[*8F]MK-9470 binding in vivo in chronic cannabis users and cannabis-naive controls. Compared with
controls, cannabis users showed a global decrease in CB1 receptor availability, particularly in the temporal
lobe, anterior and posterior cingulate cortex, and nucleus accumbens, implying that chronic cannabis use
may alter specific regional CB1R expression through neuroadaptive changes in CB1R availability. Image
from (Ceccarini et al. 2015).

Some studies show that cannabis users present altered structural and functional
connectivity in the prefrontal cortex, superior parietal lobe, the hippocampus, corpus
callosum and other CBiR-rich areas of the brain (Figure 3) that are important for
attention, executive and emotional processing, neural integration, learning and short
term memory (Abdullaev et al. 2010; Vaidya et al. 2012; Bloomfield et al. 2019;
Lorenzetti, Solowij, and Ylicel 2016; Batalla et al. 2013; Filbey and Yezhuvath 2013;
Zalesky et al. 2012). Some of these findings are more prominent in patients who started
using marijuana in adolescence or young adulthood (Zalesky et al. 2012). However,
contradicting data has been put forward after matching by comorbid alcohol use
(Weiland et al. 2015), suggesting the possibility that comorbid drug use and/or other

underlying conditions could be influencing some of these findings as well.

Nonetheless, approximately 9% of subjects who experiment with marijuana will develop
an addictive disorder; this number is higher among those who start using marijuana at a
young age and escalates up to 25 to 50% among those who smoke marijuana daily

(Volkow et al. 2014).
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Figure 3. Whole brain functional magnetic resonance images of differences in activation between users
and controls during the attention network task, which is a measure of efficiency of attention networks.
Compared to the control group, the cannabis user group showed significantly stronger activation in the
right prefrontal cortex, supplementary motor cortex and bilateral parietal cortical regions compared to
the control group, indicating increased effort to resolve the task. Image from (Abdullaev et al. 2010).

2. Schizophrenia

Schizophrenia is a complex and severe mental disorder that will affect about 7/1000
people, with a higher incidence among immigrants and in urban areas, and with a male:
female ratio of about 1.4 (95 percent confidence interval: 0.9, 2.4) (McGrath et al. 2008;
Moreno-Kistner, Martin, and Pastor 2018). Schizophrenia causes a significant clinical,
familiar and economic burden (Holm et al. 2020; Fusar-Poli, McGorry, and Kane 2017;
Chong et al. 2016; Crespo-Facorro et al. 2020), having remained one of the most
debilitating disorders in all of medicine (Salomon et al. 2012). In fact, adults
with schizophrenia are 2-4 times more likely to die than equivalent adult cohorts in the
general population, and present an average decrease in life expectancy of between 15
to 21 years (Tanskanen, Tiihonen, and Taipale 2018; Hayes et al. 2017; Oakley et al. 2018;
Laursen, Nordentoft, and Mortensen 2014; Olfson et al. 2015; Hjorthgj et al. 2017).
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A leading cause of death in people with schizophrenia is suicide (up to 10%), these
numbers being higher for men and during the initial phases of the illness (Saha, Chant,
and McGrath 2007; Popovic et al. 2014; Hor and Taylor 2010; Thomas Munk Laursen,
Nordentoft, and Mortensen 2014; Tanskanen, Tiihonen, and Taipale 2018), which is
aggravated by a lack of access to adequate mental healthcare care (Schoenbaum et al.
2017) and the presence of neuropsychiatric comorbidities (Hunt et al. 2018; Plana-Ripoll
et al. 2019). Other causes of death include metabolic/cardiovascular, respiratory, and
infectious, as well as accidents and cancer (Walker, McGee, and Druss 2015; Hayes et al.
2017; Bitter et al. 2017; Laursen, Munk-Olsen, and Vestergaard 2012; Lee et al. 2018;
Tanskanen, Tiihonen, and Taipale 2018; Oakley et al. 2018; Olfson et al. 2015; Hjorthgj
et al. 2017). These fatalities may be related to factors such as obesity, diabetes,
hyperlipidaemia, higher prevalence of nicotine use, reduced engagement in healthy
lifestyle, and disparities in access to medical and preventive care, such as cancer
screening (DE Hert et al. 2011; Moore et al. 2015; Farrer et al. 2018; Bjork Bramberg et
al. 2018; Momen et al. 2020; Kugathasan et al. 2020; 2018; Solmi et al. 2020).

2.1. Clinical and functional aspects of schizophrenia

Schizophrenia is characterized by a heterogeneous constellation of symptoms such as
hallucinations, which are perceptual or sensory alterations occurring without apparent
causing stimuli; delusions, which are beliefs or ideas that are strongly held and not
amenable to change in light of conflicting evidence; and disorganized thought and
speech, ranging from easy topic-switching (derailment or loose associations), to nearly
incomprehensible discourse (incoherence)(American Psychiatric Association 2013), all of
which are known globally as positive symptoms. The diagnostic criteria for schizophrenia
according to the Diagnostic and Statistical Manual of Mental Disorders — Fifth Edition

(DSM-5) (American Psychiatric Association 2013) are listed in Table 1.

Additionally, schizophrenia is characterized by negative symptoms, which encompass a
diverse array of signs and symptoms that include avolition (reduced initiation and
persistence of goal-directed activity), alogia (reduction in the quantity of speech and in

its spontaneous elaboration), anhedonia (diminished capacity to experience pleasant
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emotions), affective flattening (decrease in the observed expression of emotion), and
asociality (reduction in social initiative due to decreased interest in forming close
relationships) (Marder and Galderisi 2017; Kirkpatrick et al. 2006). Primary negative
symptoms are a core feature of schizophrenia, but their underlying etiopathogenetic
mechanisms are still unknown (Mucci et al. 2017), whereas secondary negative
symptoms are transient in nature and are attributable to other factors such as positive
symptoms, depression, medication side-effects, social deprivation or substance abuse,
and they often subside with resolution of the causative factors (Kirschner, Aleman, and
Kaiser 2017). Negative symptoms are common, with reported prevalence of 19-37%
(Buchanan 2007), with more than half of the patients displaying at least two types of
negative symptoms (Bobes et al. 2010). Furthermore, negative symptoms account for
much of the long-term disability and poor health and functional outcomes of patients
with schizophrenia (Ventura et al. 2015; Fervaha et al. 2014; Bowie et al. 2008; Evensen

et al. 2012; Rabinowitz et al. 2012).

Table 1. DSM-5 diagnostic criteria for schizophrenia

Criterion A. Two (or more) of the following, each present for a significant portion of time duringa 1 -
month period (or less if successfully treated). At least one of these must be (1), (2), or (3):

Delusions

Hallucinations

Disorganized speech (e.g., frequent derailment or incoherence)

Grossly disorganized or catatonic behavior

LA S

Negative symptoms (i.e.: diminished emotional expression or avolition)

Criterion B. For a significant portion of the time since the onset of the disturbance, level of functioning
in one or more major areas, such as work, interpersonal relations, or self-care, is markedly below the
level achieved prior to the onset (or when the onset is in childhood or adolescence, there is failure to
achieve expected level of interpersonal, academic, or occupational functioning).

Criterion C. Continuous signs of the disturbance persist for at least 6 months. This 6-month period
must include at least 1 month of symptoms (or less if successfully treated) that meet Criterion A (i.e.,
active-phase symptoms) and may include periods of prodromal or residual symptoms. During these
prodromal or residual periods, the signs of the disturbance may be manifested by only negative
symptoms or by two or more symptoms listed in Criterion A present in an attenuated form (e.g., odd

beliefs, unusual perceptual experiences).
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Table 1. DSM-5 diagnostic criteria for schizophrenia (continued)

Criterion D. Schizoaffective disorder and depressive or bipolar disorder with psychotic features have
been ruled out because either 1 ) no major depressive or manic episodes have occurred concurrently
with the active-phase symptoms, or 2) if mood episodes have occurred during active-phase symptoms,
they have been present for a minority of the total duration of the active and residual periods of the
illness.

Criterion E. The disturbance is not attributable to the physiological effects of a substance (e.g., a

drug of abuse, a medication) or another medical condition.

Criterion F. If there is a history of autism spectrum disorder or a communication disorder of childhood
onset, the additional diagnosis of schizophrenia is made only if prominent delusions or hallucinations,
in addition to the other required symptoms of schizophrenia, are also present for at least 1 month (or

less if successfully treated).

2.2. Neurological Soft Signs

Neurological soft signs (NSS) are subtle but observable impairments in simple motor
coordination, complex motor sequencing, sensory integration and disinhibition signs
that are not localized to a specific area of the brain nor characteristic of any specific
neurological condition (Bombin, Arango, and Buchanan 2005; Chan and Gottesman
2008). It is generally accepted that NSS are more prevalent in schizophrenia patients

compared to healthy subjects.

NSS are present prior to the start of treatment and are believed to be independent of
illness phase (as well as type of antipsychotic treatment) (Gourion et al. 2004; Bombin,
Arango, and Buchanan 2005; Chan et al. 2010). In fact, they have been consistently
demonstrated in neuroleptic-naive first-episode patients, i.e. prior to medication
exposure, supporting the assumption that NSS constitute an intrinsic feature of
schizophrenia (Bachmann and Schroder 2017; Dazzan and Murray 2002; Chan et al.
2010). NSS scores have been proposed as course predictors since they decrease in the

clinical course of schizophrenia with remission of psychopathological symptoms.
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However, NSS have also been associated with more chronic and severe forms of the
illness (Whitty et al. 2003; Bachmann and Schroder 2018). NSS have been significantly
associated with baseline positive and negative symptoms, and with the prospective

response to antipsychotic treatment (Mittal et al. 2007).

In untreated patients, NSS seem to be associated with symptom severity, and elevated
NSS are predictive of fewer improvement in symptoms after antipsychotic treatment
(Bachmann and Schroder 2018). These findings are consistent with the hypothesis that
NSS are linked to the neuropathology that underlies schizophrenia symptomatology and
course (Neelam, Garg, and Marshall 2011; Varambally, Venkatasubramanian, and

Gangadhar 2012).

2.3. Cognitive Deficits in Schizophrenia

Schizophrenia is also characterized by cognitive deficits that expand across all cognitive
domains, particularly in attention, verbal memory, speed of processing, and working
memory (Fatouros-Bergman et al. 2014; Mesholam-Gately et al. 2009), although with
significant individual variation (Kremen et al. 2004; Allen, Goldstein, and Warnick 2003;

Rodriguez-Sanchez et al. 2020).

Evidence accumulates pointing towards the fact that cognitive alterations seem to be a
distinct symptom domain of schizophrenia that is present across the course of theillness,
and that independently predicts long-term functional outcome and quality of life (Keefe
2014; Mesholam-Gately et al. 2009; Kane and Lencz 2008; Keefe and Fenton 2007;
Green, Kern, and Heaton 2004; Sponheim et al. 2010). However, despite the clinical and
functional importance of cognitive symptoms, there are no currently approved
pharmacologic treatments for cognitive alterations (Harvey and Keefe 2001; Coyle et al.
2010; Menniti et al. 2013; Choi, Wykes, and Kurtz 2013), partly due to the lack of specific

biomarkers that could guide drug development.
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Functional connectivity, white matter integrity and structural alterations have been
related to cognitive symptoms in schizophrenia (Lesh et al. 2011; Sheffield and Barch
2016; Castro-de-Araujo et al. 2018; Penadés et al. 2019; Dienel and Lewis 2019) (Figure
4), but the field is currently far from reaching a consensus about causative factors.
Consequently, the specific neurobiological mechanisms underlying cognitive symptoms
in schizophrenia remain elusive, and so does their interaction with environmental factors
such as stress, psychological trauma, or drug use. Thus, the need to search for relevant
biomarkers that could inform the neurobiology of cognitive symptoms and their

interaction with environmental factors in schizophrenia is pressing.
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Figure 4. Associations between cognition measures and intrinsic hippocampal activity in schizophrenia
patients, (A) Significantly different intrinsic resting activity as measured by functional magnetic resonance
imaging in healthy controls (panel A) and patients with schizophrenia (panel B). (B).On the same sample,
significant association between cognition, as measured by the composite score on the MATRICS Consensus
Cognitive Battery (MCCB) and intrinsic hippocampal activity in patients. Exploratory correlation analyses
revealed that the effect was driven by negative associations between intrinsic resting hippocampal activity
and the MCCB domains of attention/vigilance (C) and working memory (D). Image adapted from (Tregellas
et al. 2014).
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2.4. Genetic correlates of schizophrenia

Based on twin and family studies, heritable factors are estimated to explain 80% of the
risk of developing schizophrenia (Marder and Cannon 2019). Large-scale genome-wide
association studies (GWAS) have allowed for simultaneous study of millions of single
nucleotide polymorphisms (SNP) across all of the genome, and seem to point to a
polygenic risk profile for schizophrenia, implicating multiple loci, albeit with relatively
small individual effects on risk (Ripke et al. 2013; Rammos et al. 2019; Purcell et al. 2009).
Other alterations known as rare copy number variations (CNV) are much more infrequent

but have larger effect sizes (Purcell et al. 2014; Genovese et al. 2016).

More specifically, possible candidate genes for susceptibility to schizophrenia include the
Disrupted in Schizophrenia (DISC)-1 and DISC-2 genes, as well as, 5-HT,a and D3 receptor
coding genes, the dopamine transporter (SCL6A3) and for catechol-O-methyltransferase
(COMT), which is the enzyme that metabolizes dopamine, or the gene transcription
factor 4 (TCF4). Variations have also been found in genes related to glutamate receptors
such as N-methyl D-aspartate 2A (GRIN2A) or AMPA 1 (GRIA1), or to synaptic plasticity,
such as dystrobrevin-binding protein 1 (DTNBP1), neuregulin 1 (NRG1), or to myelination
processes, such as the myelin and lymphocyte protein (MAL) (Miyamoto et al. 2003;
Rammos et al. 2019; van de Leemput et al. 2016; Vazquez-Bourgon et al. 2014). These
data point towards widespread alterations affecting multiple neurotransmitter systems,
synaptic plasticity and function, cytoskeletal development, and the immune system

(Radhakrishnan, Kaser, and Guloksuz 2017; Bennett 2011).

Despite the many advances reported in preclinical, genetic and neuroimage studies,
however, a clear link between etiology, pathophysiology and biological processes, and
its relation to specific behavioural or cognitive symptoms remains largely to be traced in
schizophrenia (Flores, Morales-Medina, and Diaz 2016; Potkin et al. 2010; van der Merwe
et al. 2019; Howes et al. 2017). This is due to a variety of factors, including the challenge
of obtaining viable neurological tissue for the study of its underlying neurophysiological

processes.
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Moreover, environmental factors, including obstetrical complications, early-life
adversity and trauma, urban residence, and drug use, probably interact with underlying

genetic risks to influence risk of developing schizophrenia (Marder and Cannon 2019).

2.5. Cannabis use and vulnerability to schizophrenia

A positive, dose-dependent association between cannabis use and the risk of
schizophrenia has been documented repeatedly in epidemiological studies, particularly
in young people with high rates of cannabis use (Marconi et al. 2016; Gage, Hickman,
and Zammit 2016). Prevalence of cannabis use is 2-4 times higher in patients who have
experienced a first psychotic episode than in the general population (Bergé et al. 2016;
Jonsdottir et al. 2013) and the risk of psychosis onset is 2.6 times greater in cohorts of
cannabis users and tends to appear earlier, particularly in cases of heavier marijuana use,
higher drug potency/strength and exposure at younger age (Moore et al. 2007; Mané et

al. 2017; Di Forti et al. 2014).

The apparent detrimental effect of cannabis in schizophrenia continues during the
course of illness, whereby generally lower treatment adherence and higher risk of
relapse are reported among patients who continue cannabis use (Bergé et al. 2016;
Linszen, Dingemans, and Lenior 1994). These findings are supported by molecular and
genetic studies highlighting the role of cannabis in altering various neurotransmission
pathways linked to the pathogenesis of psychotic disorders and by interfering with

neurodevelopment (Sherif et al. 2016; Vaucher et al. 2018).

However, a causal relationship between cannabis use and psychotic disorders remains
elusive because randomized controlled trials exposing at-risk subjects to cannabis are
ethically unacceptable and observational findings can always be hampered by
confounding factors (i.e. an unknown risk factor associated to cannabis, instead of
cannabis, causes the disease), and/or reverse causality (i.e. schizophrenia patients may
be more disposed and/or vulnerable to use cannabis) (Petersen et al. 2019; Vaucher et

al. 2018).
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Along those lines, previous studies have shown that genetic risk factors for cannabis use
and schizophrenia are positively correlated (Power et al. 2014; Verweij et al. 2017), and
the coexistence of both disorders generally worsens severity and prognosis (Torrens et

al. 2012; Stone et al. 2014).

2.6. Treatment of schizophrenia

Antipsychotic medications are the cornerstone of successful acute treatment and of
relapse prevention in schizophrenia (Buchanan et al. 2010; Leucht et al. 2012; Keating et
al. 2017; Huhn et al. 2019; Crespo-Facorro, Pelayo-Teran, and Mayoral-van Son 2016).
The purpose of acute treatment with antipsychotic drug therapy is to alleviate acute
symptoms in order to get the patient back to his or her baseline functioning, whereas
maintenance therapy will seek to avoid relapse of symptoms and thus maximize functioning
and quality of life (Keepers et al. 2020). Antipsychotic monotherapy should be preferred,
although a subgroup of patients could benefit from antipsychotic polytherapy (Guinart and
Correll 2020).

Antipsychotic medications are usually classified as typical, also known as first-generation
antipsychotics (FGA), and atypical, or second-generation antipsychotics (SGA) due to
their diverse pharmacodynamic profile. Unlike FGAs, SGAs show less specific D2R
antagonism and often a relatively stronger 5-HT2aR antagonism, as well as adrenergic,
antihistaminergic, and anticholinergic activities (Correll 2010). Thus, of relevance to this
thesis, 5-HT24R plays an important role in both the therapeutic and side-effect profile of

antipsychotics (Miyamoto et al. 2005; Correll 2010).

The degree of clinical response to antipsychotics varies widely (Marder and Cannon
2019). Up to 80% of patients will respond to the first treatment with an antipsychotic
medication by 4 weeks to 1 year. However, between 10 and 30% will have limited
response, and some will have persistent psychotic or residual symptoms that affect their

functioning and their quality of life (Kane et al. 2019).
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Of note, response rates usually refer to positive symptoms, such as delusions or
hallucinations, which tend to respond better to DR blockade, particularly when the
levels of antipsychotic medication in the central nervous system (CNS) are sufficient to

occupy approximately 70% of D;Rs (Uchida et al. 2011).

However, as discussed in earlier sections, there are not currently approved
pharmacologic treatments for both negative and cognitive symptoms of schizophrenia.
In fact, among other side effects (Solmi et al. 2017), both FGAs and SGAs can worsen
cognitive functions in first episode schizophrenia, albeit FGAs seemingly more intensely
(Zhang et al. 2013), probably due to strong D2R blockade (Sakurai et al. 2013). On the
other hand, cognitive function benefits indirectly from an improvement in hallucinations
and thought disorganization (Trampush et al. 2015), which is achieved thanks to
antipsychotic medication, so the net effect of antipsychotics on cognition seems to be

close to zero (Solmi et al. 2017).

3. Role of the serotoninergic system in schizophrenia

Serotinin (5-HT) is a compound found primarily in the CNS, but also in the gastrointestinal
tract and blood platelets. It mediates multiple physiological and regulatory functions
including sleep cycle, gastrointestinal motility, haemostasis, thermoregulation, and
vascular integrity (Cryan et al. 2000; Portas, Bjorvatn, and Ursin 2000; Calabro et al. 2019;
Magalhaes et al. 2010). In the human brain, 5-HT is synthesized in the brainstem's raphe
nuclei and is projected through synaptic connections into the rest of the brain, other
brainstem nuclei and the spinal cord, also through paracrine transmission (Hornung
2003; Pollak Dorocic et al. 2014), which allows 5-HT to regulate such a diverse array of
bodily functions. 5-HT receptors have been classified into seven subgroups (5-HT: to 5-
HT>), although a diverse number of subtypes and variants exist, and importantly, 5-HT
receptors have shown operational diversity, as well as potential to form homo or
heteromers (Hannon and Hoyer 2008; Hoyer, Hannon, and Martin 2002; Beliveau et al.

2017).
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Due to its multiple regulatory roles in bodily homeostasis and basic biological functions,
it is not surprising that disturbances in the 5-HT system have been linked to a diverse
range of neuropsychiatric disorders such as anxiety, impulsivity, major depression, and
schizophrenia (Hornung 2003; Miyazaki, Miyazaki, and Doya 2012; Stepnicki, Kondej, and
Kaczor 2018; Miller and Jacobs 2010). Thus, stress-related 5-HT hypersecretion
originating in the dorsal raphe nucleus could cause disruption in the activity of cortical
neurons in the anterior cingulate and dorsolateral frontal cortices via removal of
phospholipids from the cell membrane as part of a signalling cascade, a process that

could lead to some of the symptoms seen in schizophrenia (Eggers 2012; 2013).
3.1. 5-HT2a receptors and schizophrenia

5-HT2aR are widely expressed in the human brain across both cortical and subcortical
regions, with higher density than other receptors from the same neurotransmitter

family, as shown in Figure 5.

Figure 5. Average density of expression of different serotonergic receptors in the human brain; left
hemisphere. Upper row shows a lateral view of the cortical surface, the bottom row shows a medial view.
Image from (Beliveau et al. 2017).
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Evidence of the involvement of 5-HT.aR in schizophrenia has accumulated in recent
years. For instance, hallucinatory drugs such as lysergic acid diethylamide (LSD),
mescaline or psilocybin, all have in common a high affinity for 5-HT,aR (Lépez-Giménez
and Gonzalez-Maeso 2018), and 5-HT2aR agonists worsen symptoms in mouse models of

schizophrenia (Santini et al. 2013).

These findings, together with the fact that atypical or second-generation antipsychotics,
which are a core feature of the treatment of schizophrenia are essentially 5HT2aR
antagonists (Meltzer and Massey 2011; Kusumi, Boku, and Takahashi 2015; Miyamoto et
al. 2005) strongly suggest the involvement of 5HTaR in the pathogenesis of
schizophrenia. Further, polymorphisms in genes coding this receptor have been
associated with a higher risk for schizophrenia (Golimbet et al. 2007; Miyamoto et al.
2003) and have been related to characteristic dysregulations in sensory information

processing in schizophrenia (Quednow et al. 2008).

Using radioligands, a recent study found that 5-HT.aR are up-regulated in postmortem
frontal cortex of antipsychotic-free schizophrenic subjects, but not in patients treated
with antipsychotics (Muguruza, Moreno, et al. 2013). Conversely, in vivo molecular
imaging studies show significantly lower 5-HT.aR binding in the frontal cortex of
treatment-naive schizophrenia patients, which correlated negatively to positive
psychotic symptoms, but only in the male patients (Rasmussen et al. 2010). In this study,
no relationship to cognitive symptoms was found, but the sample size was small. A recent
meta-analysis tried to tackle these inconsistencies including both post-mortem and
molecular imaging studies, and reported a reduction in prefrontal 5-HT2aR with a large
effect size pooling together 168 patients and 163 controls, albeit with substantial

heterogeneity between studies (Selvaraj et al. 2014).

More recently, an in vivo imaging study in schizophrenia patients treated with clinically
relevant doses of second-generation antipsychotics (olanzapine, risperidone,
aripiprazole and quetiapine), showed that 5-HT:aR availability was lowered by

antipsychotic use, albeit unevenly (Radhakrishnan et al. 2020).
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Finally, the presence of a dysfunctional 5-HT2aR conformation with pro-hallucinogenic
features has been put forward in the dorsolateral prefrontal cortex of subjects with
schizophrenia, which would also be modulated by antipsychotic treatment (Garcia-Bea

et al. 2019).

Interestingly, 5-HT2aR expression alterations have also been found in the brain of at risk
mental state (ARMS) subjects, which can be considered as a continuum of incremental
morbidity that eventually culminates in first-episode psychosis (Hurlemann et al. 2008),
highlighting the fact that alterations in the 5-HT2aR could be present before illness onset.
Together, these findings suggest that frontal cortical 5-HT2aR could be involved in the

pathophysiology of schizophrenia.

However, the specific role of 5HT,a receptors in the different functions, signs and
symptoms of schizophrenia is, at best, only known to a certain extent, and even less so
the potential role that variations in receptor structure, involvement of additional players
and/or complex heterodimer formation may have in schizophrenia. Also, whether such
variations occur in response to or are modulated by exogenous substances, like cannabis

remains to be elucidated.

4. Role of the endocannabinoid system in schizophrenia

In schizophrenia, post-mortem studies have consistently reported an increase in CB1R
density in the the dorsolateral prefrontal cortex (Dalton et al. 2011; Jenko et al. 2012;
Volk et al. 2014). In addition, other post-mortem brain radioligand binding studies have
shown increased density of CB1R in the anterior (Zavitsanou, Garrick, and Huang 2004)
and posterior (Newell, Deng, and Huang 2006) cingulate cortices. Conversely, a series of
immunoreactivity studies show CBiR to be seemingly decreased in the postmortem
dorsolateral prefrontal cortex of schizophrenic subjects compared to controls (Eggan,
Hashimoto, and Lewis 2008; Eggan et al. 2010; Uriglien et al. 2009). Further, while some
in vivo PET scans with radiotracer show decreased availability of CB1iR in multiple
subcortical regions, as well as the posterior cingulate cortex (Ranganathan et al. 2016),
others show increased CB1R availability in the cingulate cortex and other subcortical
regions (Ceccarini et al. 2013), including the brain stem and pons (Wong et al. 2010).
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Lastly, while some studies report a significant decrease in CB1R mRNA levels in the
prefrontal cortex of schizophrenia patients (Eggan, Hashimoto, and Lewis 2008;
Muguruza et al. 2019), others do not (Dalton et al. 2011; Uriglien et al. 2009). Many
methodological issues could account for such discrepant findings, as well as treatment
with antipsychotic medication, but overall, while seemingly inconclusive, imaging and
postmortem research on the availability, density and expression of CB1R in schizophrenia
point towards a relevant role of this receptor that needs to be further elucidated (Inés

Ibarra-Lecue et al. 2018).

Other studies in post-mortem samples have shown altered levels of endocannabinoids
in several brain structures (Muguruza, Lehtonen, et al. 2013). Thus, schizophrenia
patients showed higher 2-AG levels in the cerebellum, hippocampus and prefrontal
cortex when compared to matched controls, whereas anandamide levels were lower in
all three regions. Additionally, lower levels of docosahexaenoylethanolamine were also
found in cerebellum and hippocampus, but not in the prefrontal cortex. Finally, levels of
cannabimimetic compounds, such as palmitoyl-ethanolamine and dihomo-y-
linolenoylethanolamine were also found to be lower in the cerebellum (Muguruza,

Lehtonen, et al. 2013).

As for the enzymes involved in the synthesis and degradation of endocannabinoids, the
levels of the anandamide degrading enzyme, fatty acid amide hydrolase, were shown to
be altered in the cortex of schizophrenic patients (Muguruza et al. 2019). In addition, a
diminished production of NAPE and DAGL, enzymes involved in endocannabinoid
synthesis, has been reported in plasma of schizophrenia patients (Bioque et al. 2016),
which correlated with lower scores in working and verbal memory. Even though blood
levels do not necessarily reflect changes within the CNS, these data highlight the
potential role of the ECS in the cognitive alterations in schizophrenia. Taken together,
these findings seem to reveal an imbalance in the expression and function of different

elements of the endocannabinoid system in schizophrenia.
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5. Interaction between the endocannabinoid and serotoninergic systems

In rodent studies it has been demonstrated that CBiR are expressed in central
serotoninergic neurons, and a bilateral interaction between the serotonergic and
endocannabinoid systems has been revealed (Haring et al. 2015). On the one hand, 5-HT
could play a role in the ability of CB1R to couple to its G-protein second messenger
system, and thus launch intracellular signalling (Devlin and Christopoulos 2002). Further,
chronic treatment with selective 5-HT reuptake inhibitors, which elevate synaptic 5-HT
concentrations, induces hypersensitization of GTPS signalling elicited by CB1R activation,
and also increases CB1R density in prefrontal cortex (Umathe, Manna, and Jain 2011).

Also, activation of 5-HT,aR induces 2-AG release in rodents (Parrish and Nichols 2006).

Conversely, it has been demonstrated that cannabinoid receptor agonists can specifically
upregulate 5-HT2aR (Franklin and Carrasco 2013). Moreover, functional CB1R signaling in
5-HT neurons modulates dinstinct 5-HT-mediated behaviors in mice. Thus, mice lacking
the CBiR receptor in serotonergic neurons are more anxious and less sociable than
control littermates (Haring et al. 2015). Interestingly, other studies have reported that
the administration of the 5-HT.aR agonist, the hallucinogen 2,5.-dimethoxy-4-
iodoamphetamine (DOI) induces a head-twitch response, and this effect is modulated by
endocannabinoids (Darmani 2001; Ibarra-Lecue et al. 2018), supporting an interaction
between the serotoninergic and the endocannabinoid systems in psychotic-like

behaviour in rodents.

All these findings indicate the presence of underlying functional interactions between
the endocannabinoid and serotoninergic systems (Haj-Dahmane and Shen 2011), which
may be clinically relevant in humans. Although human studies have shown that the ECS
may be involved in the regulation of mood and stress-related behavioural alterations
observed in recreational cannabis users (Williamson and Evans 2000), there is a paucity

of data relating and interaction between these two systems.
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Hence, up to date, to our knowledge, there is only one study showing that activation of
5-HT24R induces endocannabinoid release (Dos Santos et al. 2018). Therefore, there is a
pressing need to further characterize the specific cellular mechanisms of this crosstalk,

and the interaction with exogenous elements.

5.1. CB1-5-HT2a receptor heteromers and their signalling properties

G protein-coupled receptors (GPCR) can form heteromer complexes through receptor
oligomerization in the CNS (Fuxe et al. 1983; Ferré et al. 2014). Interestingly, the
dysfunction or disruption of GPCR heterodimer complexes has been described as a
potential molecular basis for potential pathological changes in brain circuits leading to

neuropsychiatric diseases including schizophrenia (Borroto-Escuela et al. 2017).

Both 5-HT2aR and CB1R are GPCR. The 5-HT2aR activates phospholipase-C (PLC) through
Gq and leads to an accumulation of IP3, di-acylglycerol (DAG), and activation of protein
kinase C (PKC). Inside the cytoplasma, a rise in IP3 causes the intracellular endoplasmic
reticulum stores to release calcium, an action shared with other GPCRs (Raote et al.
2007). In contrast, the CBiR couples to multiple intracellular signalling pathways,
including the canonical inhibitory Gi/o-proteins, whose activation inhibits adenylyl
cyclase (AC), and thus production of cyclic AMP (cAMP), as well as other G-protein
subtypes (Gs/q), and B-arrestins coupled to mitogen-activated protein (MAP) kinases

(Howlett, Blume, and Dalton 2010; Priestley, Glass, and Kendall 2017).

Recently, it has been described that CBiR and 5-HT2aR form heteromers that are
expressed and functionally active in the brain of mice, where they specifically mediate
the memory impairment induced by THC (Vinals et al. 2015). This newly characterized
CB1R-5-HT2aR heteromer in mice displayed negative crosstalk and bidirectional cross-
antagonism, meaning that co-stimulation by agonists reduces intracellular signalling,
whereas antagonist binding to one of the receptor subunits blocks the signalling of the

other subunit/interacting receptor (Figure 6; see (Vinals et al. 2015) for details).
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Figure 6. Proposed functional properties of CB1R-5-HT2aR heteromers. In (A), agonist binding to CB:R
(blue) or 5-HT2aR (light green) triggers the conformational changes of TMs 5 and 6, opening the
intracellular cavity for Gi and Gq binding, respectively. In (B), the formation of the CBiR-5-HT2aR
heteromer makes both receptors signal via Gi. In (C), rimonabant binding to CB1R or MDL 100,907 to 5-
HT2aR stabilizes the closed conformation of the receptor, facilitating heterodimerization via TMs 5 and 6
as in the crystal structure of the p-opioid receptor. In this assembly, both protomers are locked in the
closed conformation since the opening of TMs 5 and 6 for G-protein binding is not feasible. Bidirectional
cross antagonism is due to the fact that antagonist binding to any protomer must, in addition to its
common role in a monomeric signaling unit, disrupt this very stable four-helix association. (D) In
agreement, bidirectional cross antagonism is abrogated following treatment with TM 5 or TM 6
interference peptides (dark blue), which disrupt the heteromer structure. Image from (Vinals et al. 2015).

Given the above-described findings, it is possible that a CB1R and 5-HT2aR interact via the
formation of a heterodimer complex in humans too, and that it could play a role in the
pathophysiology of schizophrenia. However, the presence and functionality of this CB1R-
5-HT2aR heterodimer in humans affected with schizophrenia, as well as its clinical
correlates remain to be characterized. Also, there is no evidence regarding how cannabis
use may modulate the signalling properties of this heteromer in healthy controls or in

schizophrenia patients. All of these questions are objectives of the present thesis work.
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6. The olfactory neuroepithelium to study biomarkers of schizophrenia

One of the most prominent challenges in neuropsychiatric research is the lack of safe,
direct access to the brain of a living human. In a context of increasingly productive
collaborations to enhance translational research in neuropsychiatric disorders, the study
of the olfactory neuroepithelium (ON) has recently emerged as a promising alternative
to help characterize biomarkers and study the molecular mechanisms involved in the
pathogenesis of several neuropsychiatric disorders (Lavoie et al. 2017; Horiuchi et al.

2013).

The ON is located dorsally and posteriorly inside the nasal cavity and is composed of
different cell types including basal cells (progenitor cells), olfactory neurons (mature and
immature), and supporting cells. The ON is connected to the olfactory bulb through the
lamina propria and the cribriform plate or lamina cribosa (Sawa and Cascella 2009)

(Figure 7).

Olfactory Bulb

Cribriform Platg

:] Central OEC Source

Lamina Propria :| Peripheral OEC Source

Olfactory Epithelium

Mucus Layer

\ Mitral Cell

\ OEC ﬁOIfactory Neuron
\ Fibroblast HSupporting cell ¢ Basal Cell

Figure 7. Representation of the ON inside the nasal cavity, medial view. Olfactory neurons located in the
ON extend axons from the nasal cavity through the lamina propria and the cribriform plate to reach the
olfactory bulb. Image from (Wright et al. 2018).
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Throughout adult life, olfactory sensory neurons are regenerated from neuronal
precursors (Leung, Coulombe, and Reed 2007; Brann and Firestein 2014), being
therefore an accessible source of regenerating neural cells (Borgmann-Winter et al.
2009). The value of the ON relies on its capacity to generate pluripotent cells that can
proliferate in vitro and differentiate into multiple cell types (Matigian et al. 2010), thus

generating a valid surrogate of human CNS tissue (Lavoie et al. 2017).

Changes in gene regulation and/or expression, altered metabolic or molecular processes
detected in the ON could mirror abnormal neurodevelopmental processes related to the
pathophysiology of certain neuropsychiatric disorders (Smutzer et al. 1998) thus opening
a new, very promising window to the study of neuropsychiatric disorders (Borgmann-
Winter et al. 2015; Mackay-Sim 2012; Benitez-King et al. 2016), particularly those that
may have a possible relationship with neurodevelopmental alterations, such as

schizophrenia (Insel 2010).

Interestingly, expression of CB1R, and the endocannabinoid 2-AG has been found in the
ON of experimental animals (Breunig et al. 2010; Hutch et al. 2015). Further, human ON
cells exhibit a neuronal phenotype comprising several types of receptors including 5-
HT2aR, and signaling pathways related to olfaction and other functional aspects of the

CNS (Borgmann-Winter et al. 2009)

Early studies involving the ON to study schizophrenia obtained the samples through
autopsy and examined distribution of developmentally regulated cytoskeletal proteins,
degree of neuronal maturity and integrity of synaptic connections (Smutzer et al. 1998;
Arnold et al. 2001; Rioux et al. 2005), but limitations related to the need of premortem
consent, rapid degradation of post-mortem tissue, patient’s generally old age and small
sample sizes obtained over long periods of time, all of which may have limited result
generalizability and the hampered the continued use of this technique, that has been

progressively replaced by the use of alternative approaches.

Page 33 of 95



Biopsies of the ON have been able to generate valid models and cultures to study genetic
and protein expression, cell cycle alterations and proliferation, cell function or
intracellular signalling alterations in schizophrenia (English et al. 2015; Fan et al. 2012;
Mor et al. 2013; Brown et al. 2014; Borgmann-Winter et al. 2016; Horiuchi et al. 2016;
Tee et al. 2017; Igolkina et al. 2018). However, biopsies usually require the involvement
of an experienced otorhinolaryngologist, and are either obtained from totally
anesthetized subjects during nasal surgery (Marshall et al. 2005) or through the use of
nasal endoscopy after injection of local anaesthesia (Gao et al. 2017) and may have

variable rates of success potentially requiring abstraction of multiple samples.

More recently, a non-invasive procedure has been described as an alternative to biopsies
to obtain viable ON tissue from the nasal cavity (Benitez-King et al. 2011), whereby cells
are exfoliated through circular movements and cultured to propitiate neural growth
(Figure 8), which has further allowed the study of the ON at a larger scale (Mufioz-
Estrada et al. 2015; Mufoz-estrada et al. 2018; Idotta et al. 2019). For the work related
to this thesis, we have taken advantage of this procedure to characterize CB1R-5-HT2aR

heteromers in the ON of cannabis users and schizophrenia patients.
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Figure 8. Representation of sample collection and processing. After humidification of the nasal cavity, two
separate sterile interdental brushes are used to obtain ON samples, which are subsequently cultured.
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HYPOTHESES

The first hypothesis of the project is that the olfactory neuroepithelium represents a
relevant substrate to explore novel biomarkers related to neuropsychiatric conditions,
such as chronic cannabis use and schizophrenia. Second, that cannabis use could induce
changes in the formation and the signalling properties of CB1-5-HT,A heteromers. Third,
the expression and function of this heteromer may also be altered in schizophrenia, and
could be modulated by cannabis use, and by antipsychotic treatment. Fourth, that the

expression of CB1-5-HT,A heteromers could be linked to cognitive performance.

SPECIFIC OBJECTIVES

1. Study the cellular, molecular, and electrophysiological properities of olfactory

neuroepithelial cells in healthy control subjects and cannabis users.

2. Determine the expression and functionality of CB1-5-HT,A heteromers in olfactory

neuroepithelium cells of healthy controls and chronic cannabis users.

3. Evaluate the formation and functionality of CB1-5-HT,A heteromers in the olfactory
neuroepithelium of schizophrenic patients (cannabis users and non-cannabis users), as

compared to healthy controls (cannabis users and non-cannabis users).

4. Correlate the expression of CB1-5-HT,A heteromers with features related to the use of

cannabis, to cognitive performance, neurological soft signs, and clinical variables.

5. Explore the in vitro effects of antipsychotic treatment in olfactory neuroepithelium
cells from healthy controls and chronic cannabis users on the functionality of CB1-5-HT,A

heteromers.
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ARTICLE 1

“Cannabis Users show Enhanced Expression of CB1-5-HT,A Receptor Heteromers in

Olfactory Neuroepithelium Cells”

Galindo L, Moreno E, Lopez-Armenta F, Guinart D, Cuenca-Royo A, Izquierdo-Serra M,

Xicota L, Fernandez C, Menoyo E, Ferndndez-Ferndndez JM, Benitez-King G, Canela El,

Casado V, Pérez V, de la Torre R, Robledo P.

Mol Neurobiol. 2018 Aug;55(8):6347-6361. doi: 10.1007/s12035-017-0833-7

OBJECTIVE

To investigate the expression and functionality of CB1R-5-HT,AR heteromers in the
olfactory neuroepithelium of chronic cannabis users, and to evaluate their role in

cognitive alterations.
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ABSTRACT

Cannabinoid CB1 receptors (CBiR) and serotonergic 2A receptors (5HT2aR) form
heteromers in the brain of mice where they mediate the cognitive deficits produced by
delta9-tetrahydrocannabinol. However, it is still unknown whether the expression of this
heterodimer is modulated by chronic cannabis use in humans. In this study, we
investigated the expression levels and functionality of CB1R-5HT2aR heteromers in
human olfactory neuroepithelium (ON) cells of cannabis users and control subjects and
determined their molecular characteristics through adenylate cyclase and the ERK 1/2
pathway signaling studies. We also assessed whether heteromer expression levels
correlated with cannabis consumption and cognitive performance in neuropsychological
tests. ON cells from controls and cannabis users expressed neuronal markers such as BlllI-
tubulin and nestin, displayed similar expression levels of genes related to cellular self-
renewal, stem cell differentiation, and generation of neural crest cells, and showed
comparable Na* currents in patch clamp recordings. Interestingly, CBiR-5HT2aR
heteromer expression was significantly increased in cannabis users and positively
correlated with the amount of cannabis consumed, and negatively with age of onset of
cannabis use. In addition, a negative correlation was found between heteromer
expression levels and attention and working memory performance in cannabis users and
control subjects. Our findings suggest that cannabis consumption regulates the
formation of CB1R-5HT2aR heteromers and may have a key role in cognitive processing.
These heterodimers could be potential new targets to develop treatment alternatives

for cognitive impairments.
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ARTICLE 2

“Altered signalling in CB1R-5-HT2AR heteromers in olfactory neuroepithelium cells of

schizophrenia patients is modulated by cannabis use”

Guinart D, Moreno E, Galindo L, Cuenca-Royo A, Barrera-Conde M, Pérez EJ, Ferndndez-

Avilés C, Correll CU, Canela El, Casadd V, Cordomi A, Pardo L, de la Torre R, Pérez V,
Robledo P.

Schizophr Bull. 2020 Apr 6:sbaa038. doi: 10.1093/schbul/sbaa038. Epub ahead of print.

PMID: 322493

OBJECTIVE

To investigate the changes in the expression and functionality of CB1R-5-HT2AR-HET in
olfactory neuroepithelial cells in schizophrenia patients, as well as their clinical and

neurocognitive correlates and their modulation by cannabis use.
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ABSTRACT

Schizophrenia (SCZ) has been associated with serotonergic and endocannabinoid
systems dysregulation, but difficulty in obtaining in vivo neurological tissue has limited
its exploration. We investigated CB1R-5-HT,aR heteromer expression and functionality
via intracellular pERK and cAMP quantification in olfactory neuroepithelium (ON) cells of
SCZ patients non-cannabis users (SCZ/nc), and evaluated whether cannabis modulated
these parameters in patients using cannabis (SCZ/c). Results were compared versus
healthy controls non-cannabis users (HC/nc) and healthy controls cannabis users (HC/c).
Further, antipsychotic effects on heteromer signalling were tested in-vitro in HC/nc and
HC/c. Results indicated that heteromer expression was enhanced in both SCZ groups
versus HC/nc. Additionally, pooling all four groups together, heteromer expression
correlated with worse attentional performance and more neurological soft signs (NSS),
indicating that these changes may be useful markers for neurocognitive impairment.
Remarkably, the previously reported signalling properties of CB1R-5-HT2aR heteromers
in ON cells were absent specifically in SCZ/nc treated with clozapine. These findings were
mimicked in cells from HC/nc exposed to clozapine, suggesting a major role of this
antipsychotic in altering the quaternary structure of the CB1R-5-HT2aR heteromer in
SCZ/nc patients. In contrast, cells from SCZ/c showed enhanced heteromer functionality
similar to HC/c. Our data highlight a molecular marker of the interaction between
antipsychotic medication and cannabis use in SCZ with relevance for future studies

evaluating its association with specific neuropsychiatric alterations.
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1. Characterization of ON cells in healthy controls and cannabis users

In this project, we successfully obtained ON samples using a non-invasive exfoliation
procedure in living humans. Consistent with several reports in the literature (Jiménez-
Vaca et al. 2018; Lavoie, Sawa, and Ishizuka 2017), we found that the ON constitutes a
relevant substrate to investigate novel biomarkers related to the pathophysiology of

neuropsychiatric diseases, such as chronic cannabis use and schizophrenia.

The advantages of exfoliation over other types of tissue obtention techniques, such as
biopsy and autopsy are multiple. First, autopsies are limited by the fact that investigators
need premortem consent, and there is a risk of rapid sample degradation, patients tend
to be old and sample sizes are small, thus limiting result generalizability. Further, the fact
that exfoliation is essentially non-invasive and basically consists of a simple brushing of
the nostrils allows for quicker assessments that can be performed by any sanitary
personnel with a remarkably high success rate. Thus, sample extraction does not require
an otorhinolaryngologist to perform an endoscopy under anaesthesia, as usually done in
the case of biopsies that also tend to present a very heterogeneous cellular sample
(Benitez-King et al. 2011; Lavoie, Sawa, and Ishizuka 2017). In fact, in this study, the
exfoliation procedure was conducted in all subjects without exception, and there were

no incidences related to the procedure, aside from occasional discomfort.

However, some additional elements must be considered. In our sample, to minimize
discomfort, particularly brushing-related erosion of highly innervated intranasal mucosa,
topic lidocaine was applied in the area using a nasal spray shortly before the extraction.
The influence that the administration of lidocaine may have had in our findings cannot
be dismissed. For instance, a study showed that application of nasal lidocaine spray to
the nasal mucosa of healthy volunteers caused a small reduction in olfactory perception
(Hari, Grimshaw, and Jacob 2018). It is important to note, though, that this reduction was
transient, returning to normal levels after 15-30 minutes, which excludes persistent

neural damage, and the doses used were much higher than in our study.
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Additional testament to the quality of the exfoliated tissue is that the all the cells tested
expressed markers of neural lineage. In the first experiment, including a subset of ON
cells exfoliated from healthy controls and cannabis users (ARTICLE 1), cells from both
groups were positive for Blll-tubulin and nestin, two specific neuronal markers. BllI-
tubulin identifies both mature and immature neurons, whereas nestin identifies neural
precursors (Benitez-King et al. 2011). Both BllI-tubulin and nestin have been used as
neural and neural precursor markers in multiple previous studies (Hill et al. 2019; Ortiz-
Lépez et al. 2017; Benitez-King et al. 2011). Further, among these two groups of subjects,
we explored differences in terms of Blll-tubulin and nestin protein levels, both by
immunoblot and immunofluorescence techniques, and we found no significant group

differences, confirming an equivalent stage of cell differentiation in both groups.

In addition, we also compared cannabis users and healthy controls in terms of the
expression of genes related to cell differentiation and cell function. In both groups, we
found expression of genes associated with stem cell differentiation, self-renewal, and
generation of neural crest cell (namely: NANOG, TWIST, RET and P63), further
corroborating the neural lineage of the ON cells in culture. No changes in the relative
expression of these genes were found between groups. On the other hand, we did not
find expression of characteristic molecular markers of neuronal progenitors, globose or
horizontal basal cells (PAX6, SOX2, and NeuroD1), or markers of olfactory ensheathing

cells (P75) in either group (Borgmann-Winter et al. 2015)

Furthermore, the electrophysiological recordings in ON samples from cannabis users and
control subjects revealed the presence of voltage-gated Na* channels that exhibited
electrophysiological properties consistent with previous data (Benitez-King et al. 2011),
but were not different between cells derived from cannabis users and control subjects.
Taken together, these data indicate that the ON cell cultures obtained in our studies were

of neural lineage at various stages of neuronal differentiation.
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Further, these data also indicate that cannabis use does not induce mayor perturbations
in ON cell viability, which guarantees the effective analysis of functional biomarkers of
cannabis use disorder in this cell model. Our data, identifying several cellular, functional
and gene expression aspects of human ON samples, highlight their potential for the non-
invasive, inexpensive detection of disease or prognostic biomarkers (ldotta et al. 2019),
This can be relevant even preceding clinical symptom onset, as it is interestingly
common for olfactory alterations to be present before neuropsychiatric alterations
appear, such as in the case of schizophrenia (Radua et al. 2018) or Alzheimer’s disease
(Jung, Shin, and Lee 2019), but also as early marker of iliness progression, such as in the

case of multiple sclerosis (Ciurleo et al. 2018).

2. Cognitive performance and clinical implications in cannabis users and schizophrenia

patients

We report significant findings related to cognitive performance of our sample. First, our
results show that cannabis users showed attentional and working memory deficits
compared to healthy control non-cannabis users (ARTICLE 1 and 2). Our findings are
aligned with multiple previous studies relating cannabis use to psychomotor, mood and
cognitive alterations (Mizrahi, Watts, and Tseng 2017; D’Souza et al. 2004; Volkow et al.
2016), including altered neural function during attention and working memory

(Weinstein, Livny, and Weizman 2016).

Additionally, we found that schizophrenia subjects who do not use cannabis showed
widespread cognitive deficits: attention, working memory, executive functions and
emotional recognition compared to healthy controls and cannabis users (ARTICLE 2).
These findings were replicated in schizophrenia patients who use cannabis, except for
working memory, which seems to be spared in this subset of subjects. Thus, in our
sample, schizophrenia patients who do not use cannabis were more cognitively

compromised than schizophrenia patients who use cannabis.
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Cognitive deficits are considered a central feature of schizophrenia and range across a
number of cognitive domains, including attention, verbal fluency, working memory, and
processing speed, with superimposed severe deficits in declarative verbal memory and
executive functioning (Fatouros-Bergman et al. 2014; Bowie and Harvey 2006). Our
results are consistent with these reports. Current pharmacological approaches either
with antipsychotics or with other types of drugs have shown little impact on improving
cognition in schizophrenia (Choi, Wykes, and Kurtz 2013; Harvey 2009), highlighting the
need for unveiling new molecular mechanisms and developing new treatment
approaches. Therefore, the characterization of novel molecular targets that may play a
role in cognitive alterations frequently seen in schizophrenia is of high interest of the

field.

Interestingly, in line with our results, some studies describe better cognitive profile in
schizophrenia patients using cannabis compared to schizophrenia patients who do not
use cannabis (Yucel et al. 2012). While some authors have interpreted these results as a
bias derived from a greater capacity for socialization, and therefore to obtain cannabis
for consumption in patients with better functioning (Potvin and Amar 2008) others
interpret that the schizophrenia group with cannabis consumption could be a subgroup
of patients with less congenital vulnerability (such as less neurocognitive symptoms and
less presence of NSS (Yucel et al. 2012; Ruiz-Veguilla, Callado, and Ferrin 2012) where
environmental factors, such as use of cannabis, would play a more relevant role in

precipitating illness onset.

Previous studies have correlated cellular and molecular changes in ON cells with cognive
alterations in schizophrenia patients. One study found that cell proliferation was altered
in exfolliated ON samples from schizophrenia patients compared to healthy controls, and
such changes correlated with verbal memory alterations (Idotta et al. 2019). However,
sample size was small, did not account for drug use, and all patients had been
hospitalized recently, which had probably led to recent medication changes the authors

cannot account for.
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Another study, using nasal biopsies and laser capture microdissection in a sample of 16
schizophrenia patients and 15 healthy controls, correlated neuropsychological domain
scores with differential gene expression in the ON related to the SMAD pathway
(Horiuchi et al. 2016). The authors found that two genes, the SMAD family member 5
(SMAD?5), and the poly(A) binding protein, cytoplasmic 4-like (PABPC4L), were positively
correlated to the overall composite score of the neuropsychological assessment. These
findings confirm the utility of the ON to study molecular markers of disease with clinical

significance.

3. Increased CB1R-5-HT.AR heteromer expression in ON cells of cannabis users and

schizophrenia patients

In this project, we revealed the presence of functional CB1R-5-HT2AR heteromers in ON
cells of healthy controls (cannabis users and non-cannabis users), and schizophrenia

patients (cannabis users and non-cannabis users) (ARTICLES 1 and 2).

Notably, CB1R-5-HT,AR heteromer expression was increased in cannabis users and in
schizophrenia patients, as compared to healthy controls non-cannabis users. Our
findings are aligned with previous studies in animal models reporting that acute THC
administration increased the number of CB1R-5-HT2aR heteromers in the brain of mice
(Vinals et al. 2015). In addition, the capacity of cannabis to induce the formation of other
types of heteromers in neural tissue has been described. Thus, chronic THC increased
the number of dopamine D1R-D;R heteromers in striatal neurons of monkeys (Hasbi et
al. 2020). Further, other authors recently showed that cannabidiol blunts THC-induced
cognitive impairment in rodents via A;aR-CB1R heteromers expressed at the presynaptic

level in hippocampal neurons (Aso et al. 2019).

Interestingly, we found a significant positive correlation between the expression of CB1R-
5HT2aR heteromers and the amount of cannabis consumption in cannabis users (as
measured by plasma concentrations of THC-COOH) (ARTICLE 1), which remained

significant when including schizophrenia patients that used cannabis (ARTICLE 2).
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Although it was not possible to characterize in detail the type, potency or exact quantity
of cannabis use, we did measure levels of metabolite THC-COOH as a valid proxy which
can be detected between 2-7 days after use (Huestis, Henningfield, and Cone 1992).
Moreover, in the population of subjects that had tried cannabis at least once in their
lifetime, we found a significant positive correlation between the age of first onset of
cannabis use and heteromer expression. Hence, the use of cannabis seemed to favor

heteromer formation in both healthy controls and schizophrenia patients.

Importantly, CBiR-5-HT,AR heteromer expression in schizophrenia patients was
increased independently of cannabis use. These findings suggest that cannabis stabilizes
the formation of this heteromer in healthy controls, but that in schizophrenia patients,
the development and/or treatment with antipsychotics may preclude the potential
effects of cannabis consumption. Therefore, we cannot completely exclude the
possibility that a combination of epigenetic factors taking place in this population may
be modulating the expression of CB1R-5-HT,AR heteromers. In this sense, recent studies
have identified gene-environment interactions between a genetic polymorphism in the
endocannabinoid system and cannabis use involved in the risk of presenting a psychotic
episode (Bioque et al. 2019), and epigenetic changes have been shown to take place in

schizophrenia patients (Roth et al. 2009; Wockner et al. 2014).

4. CB1R-5-HT2AR heteromer expression is linked to attention deficits and NSS

A major finding of this study was that enhanced heteromer formation correlated with

worse attention performance, and with more NSS in the entire population studied.

The presence and severity of NSS does not relate to a specifically located neuronal
pathology, but rather is indicative of a nonspecific impairment either in sensory-motor
integration or in cortical-subcortical connections (Gunasekaran, Venkatesh, and Asokan
2016). Importantly, these functions are modulated in part by corticostriatal circuits that

highly express CB1R (Fernandez-Ruiz 2009; Goodman and Packard 2015).
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Therefore, our results showing a possible link between CB31R-5-HT;aR heteromer
expression in ON cells and NSS-related processes in the CNS is neuroanatomically
plausible. Longitudinal studies would be needed to further understand this relationship
and would help to clarify whether CB1R-5-HT2aR expression maintains a correlation with

NSS overtime.

Attention refers to the capacity to maintain voluntary focus on a single task, and it is a
critical cognitive function that allows individuals to effectively interact with their
environments and complete goals (Fortenbaugh et al. 2018). Neuroanatomical or
molecular correlates of attention have not yet been clearly elucidated, partly because of
the complexity to isolate attention from other simultaneous cognitive processes. Areas
of the prefrontal and parietal cortices have been traditionally implicated in tasks
requiring the deployment and maintenance of attention (Langner and Eickhoff 2013).
However, more recently, some attention-related functional brain networks have been
identified, seemingly emerging from coordinated activity across wide swaths of cortex
as well as subcortical regions and the cerebellum, adding to the difficulty of underpinning
the underlying molecular correlates of attention (Katsuki and Constantinidis 2014;

Rosenberg et al. 2016).

Interestingly, as outlined in the introduction, both CBiR and 5-HT.aR are widely
expressed across both cortical and subcortical regions with a relatively high density
compared to other receptors from the same neurotransmitter family, and recent findings
show that stress-related serotonin hypersecretion originating in the dorsal raphe nucleus
could cause disruption in the activity of cortical neurons in the anterior cingulate and
dorsolateral frontal cortices (Eggers 2013). Further, recent studies in primates show that
enhancing central serotonergic function results in categorically distinct changes in
fundamental cognitive operations such as attention (Weinberg-Wolf et al. 2018). Thus,
it is possible that increased formation of CB1R-5HT,aR heteromers in ON cells may
biologically link to neurocognitive impairments related to attentional performance, as

well as non-specific motor coordination and sensorimotor integration alterations.
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Conversely, no significant correlations were observed regarding other neurocognitive
measures, such as working memory, verbal fluency or emotional recognition, as well as
for severity of psychotic or depressive symptoms in schizophrenia patients, suggesting
an apparent dissociation between heteromer expression and these processes. However,
we must consider that fact that both groups of patients were treated outpatients that
showed a relatively mild symptoms profile, with median PANSS positive and Hamilton
Depression Scale scores moderately to very low, which may have prevented us from

detecting a meaningful relationship with CB1R-5HT2aR expression.

Additionally, is also possible that our modest sample size may have hampered our
chances of finding meaningful relationships and thus limiting the generalizability of the
results. However, the group with the smallest sample size (schizophrenia patients that
use cannabis) tended to have a very tight interquartile range along all tests, thus making
statistical inferences more reliable. While patient recruitment and obtention of ON
samples may be challenging in inpatient settings, studies with more severe patients both
in terms of depressive and psychotic symptoms would be needed to further study the
relationship between CBiR-5HT2aR heteromers and psychotic and/or depressive

symptoms.

Another element we must consider is the fact that all patients were treated with a variety
of antipsychotics, but also other medications, including antidepressants. Some recent
naturalistic studies report an association between lifetime antipsychotic dose and poorer
global cognition in a general population cohort (Husa et al. 2017). Also, high dopamine
D2R occupancy, which isa common mechanism of action of antipsychotic drugs, has been
associated with increased risk of cognitive impairment (Sakurai et al. 2013). However,
other studies (Davidson et al. 2009; Keefe et al. 2007) have reported cognitive
improvements, particularly in the early stages of the illness, although improvements
were modest and differences between antipsychotic classes were not detected. In
contrast, a recent meta-analysis seems to suggest an overall positive effect of
antipsychotics on cognition, with an apparently small advantage of atypical

antipsychotics versus typical antipsychotics (Desamericq et al. 2014).
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Finally, in our study we did not evaluate olfactory performance; therefore we cannot rule
out completely that CB1R-5-HT2aR heteromers in ON cells could be linked to olfactory
alterations obsereved in schizophrenia patients (Nguyen, Shenton, and Levitt 2010), and
that cannabis use may modulate this interaction. Indeed, endocannabinoids and
exogenous cannabinoids increase odor detection and food intake by acting on CBiR
located in the olfactory bulb in mice (Soria-Gomez, Bellocchio, and Marsicano 2014),
although contrasting results have also been reported (Hutch et al. 2015) and there is a
dense serotonergic innervation of the olfactory bulb in mammals, where 5-HT2aR could
participate in olfactory learning (Hardy et al. 2005). Future studies may help to further
understand the potential involvement of CB1R-5-HT2aR heteromers in ON cells and/or

the olfactory bulb in odor detection and disease.

5. CB1R-5-HT2aR heteromer signalling is altered in ON cells of cannabis users and

schizophrenia patients

To determine changes in the functionality of CB1R-5-HT2aR heteromers, we assessed
cAMP production and pERK activity in ON cells following pharmacological challenge with
different agonists and antagonists, and evaluated crosstalk and cross-antagonism via the
heteromer (ARTICLE 1 and 2). Our results revealed that the negative crosstalk and cross-
antagonism was more intense in cannabis users as compared to healthy controls,
consistent with previous findings in mice showing that acute administration of THC

enhances the functionality of the heteromer (Vinals et al. 2015).

In contrast, we found that schizophrenia patients that do not use cannabis did not display
negative crosstalk and or cross-antagonism with respect to all the other groups, while in
schizophrenia patients that use cannabis, both of these effects were present. These data
suggested that (i) schizophrenia and/or antipsychotic treatment was potentially
changing the conformation of the heteromer leading to the loss of the known molecular

signature of the heteromer, and (ii) that cannabis (THC) prevents this alteration.

Page 56 of 95



To further understand these data, we designed an in vitro study where ON cells from
healthy controls with no previous history of cannabis use, and ON cells from cannabis
users were treated repeatedly with several different types of antipsychotics, including
clozapine (high affinity 5-HT,aR antagonist), aripiprazole (moderate affinity 5-HT.aR
antagonist, but also D2R partial agonist), and haloperidol (low affinity 5-HT2aR antagonist,

preferential D2R antagonist).

Our results showed that in ON cells from healthy controls with no cannabis use,
heteromer functionality was lost (no negative crosstalk or cross-antagonism) following
clozapine, but not aripiprazole or haloperidol administration. These findings were
corroborated when we analyzed the functionality of the heteromer in ON cells from
separate sub-groups of schizophrenia patients treated with either clozapine/olanzapine

or aripiprazole/risperidone.

In contrast, in ON cells from cannabis users treated with clozapine, aripiprazole and
haloperidol, heteromer functionaliy was enhanced (more negative crosstalk and cross-
antagonism). The implication of these results is that clozapine, but not aripiprazole nor
haloperidol, binds to 5-HT2aR in the heteromer in a way that changes its conformation,

and that cannabis use (THC) prevents this alteration.

Our docking experiments shed light into the possible mechanisms taking place in the
heteromer that could explain this change in conformation. Thus, we proposed that
clozapine binding at 5-HT2aR in schizophrenia patients that do no use cannabis is
producing an alternative interface that tolerates simultaneous activation of both
receptors (absence of negative cross-talk), and does not contain the cross-antagonism
signature. This is possible because in this slightly different quaternary structure of the
CB1R-5-HT2aR heteromer, the outward movement of TM6 in both protomers is feasible,
and the lack of formation of the four-helix bundle facilitates receptor activation of the

protomer.
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Interestingly, when THC was docked in these simulations, we observed that it triggered
an extra stabilization of the TMs 5&6 interface in a way that clozapine is no longer able
to produce the alternative interface. A possible explanation for such findings would be
that exposure to clozapine implies the participation of additional proteins in the
heteromer that stabilize the alternative interface, and that cannbis use precludes this
interaction. Further studies would be required to validate this model and identify the

components of these larger heteromeric complexes.

6. Implications of CB1R-5-HT2aR heteromer signalling alterations

The changes in heteromer functionality observed are difficult to correlate with
neuropsychological and clinical performance. In this study, we did not have enough
sample size to compare clinical or cognitive variables in schizophrenia patients based on

their underlying antipsychotic treatment, which would have sliced our sample too thin.

Nonetheless, our results suggest that both potentiation of heteromer functionality due
to cannabis use, and loss of its known molecular signature in clozapine-treated
schizophrenia patients may lead to cognitive alterations. Also, our findings show that
cannabis counteracts the effects of clozapine on heteromer functionality, but whether
this interaction is detrimental or beneficial for cognitive performance or other aspects,

still needs to be elucidated.

In relation to the effects of clozapine vs. other antipsychotics on cognitive performance,
some studies show protective effects (Meltzer and McGurk 1999; Lee, Jayathilake, and
Meltzer 1999), while others report dose-dependent detriments (Savulich et al. 2018) or
no differences vs. other atypical antipsychotics (Asenjo Lobos et al. 2010; Bilder et al.
2002). While in these studies the influence of cannabis was not specifically accounted
for; several other reports exist regarding the effects of clozapine in schizophrenia

patients with comorbid cannabis use.
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A recent retrospective cohort study showed that both cannabis use and psychotic
symptoms decreased in patients treated with clozapine, compared to patients treated
with other antipsychotics in adolescents with psychosis (Tang, Ansarian, and Courtney
2017). Other retrospective chart review studies have shown similar outcomes in adults

(Green et al. 2003).

Interestingly, quite a few studies have evaluated the differential effects of antipsychotics
in reducing cannabis consumption in schizophrenia patients. Thus, a small clinical trial
randomizing 31 patients to clozapine vs. continuing other antipsychotic treatment, found
that use of cannabis was reduced in the clozapine group, but not significantly (Brunette
et al. 2011). Sample size and lack of power may have hampered their ability to find
significantly different results. However, other randomized clinical trials comparing
clozapine to ziprasidone have found no differences (Schnell et al. 2014), but clozapine

dose was low.

While a reduction in cannabis use could be mediated by some improvements in cognition
and impulse control related to clozapine use (Meltzer and McGurk 1999; Dursun et al.
2000), it is also possible that clozapine is able to reduce cannabis use simply via
improvement of psychotic symptoms. Thus, if patients are using cannabis to cope with
psychotic symptoms or to self-medicate (Mané et al. 2015; Leweke et al. 2012), a
potentially more effective antipsychotic (clozapine) may essentially reduce/eliminate the
need to use cannabis. Also, clozapine’s complex pharmacological profile may involve
changes in the dopaminergic mesocorticolimbic system, as well as other
neurotransmitter systems involved in substance use disorders (Green et al. 2008). Lastly,
other confounders could account for such findings, including the fact that treatment with
clozapine involves a more intense medical monitoring, and thus more interactions with

the clinical team and associated psychosocial services.
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Indeed, the need for clinical trials aimed to untangle the differential effects and
molecular underpinnings of different antipsychotics on cognition and their interaction
with cannabis use is pressing. However, due to the multiple confounders and biases
influencing the choice of one antipsychotic versus another, only prospective, randomized
clinical trials, where treatment is assigned as part of the study accounting for baseline
between-group differences, including cannabis use, would truly help tackle down this
complex interaction involving multiple players. Of note, these trials could also involve
newer antipsychotics with different pharmacological profiles (Koblan et al. 2020), but
also other clozapine-like drugs that may interact with the heteromer in a similar way

changing its conformation and disrupting its signaling.

Taken together, our data put forward that the CBiR-5-HT2aR heteromer could be a
molecular marker of the interaction between antipsychotic medication and cannabis use
in schizophrenia with relevance for neurocognitive performance. Nonetheless, our
design was cross-sectional, so it is unknown if results may change over time. Further
research is warranted to understand the potentially evolving role of CB1R-5-HT2aR
heterodimers in the cognitive deficits observed in schizophrenia patients, including the
study of antipsychotic naive schizophrenia population and longitudinal, prospective data.
Further, we do not know whether these findings are specific to schizophrenia or may be
shared with other neuropsychiatric disorders. Other neuropsychiatric control groups

would have been needed to elucidate the diagnostic specificity of our findings.

7. Summary of the findings and concluding remarks

In summary, our results show that cannabis use stabilizes the formation of CB1R-5-HT2aR
heteromers in ON cells, and that younger age of onset of cannabis use, and plasma
concentrations of THC-COOH are correlated with the expression of the heteromer in

both schizophrenia patients and healthy controls who use cannabis.
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Further, we show that the formation of CB1R-5-HT2aR heteromers in ON cells may be
detrimental for cognitive processes such as attention and for NSS. Since these results
were observed in the entire sample studied, and heteromer expression is increased in
healthy cannabis users to the same extent as in schizophrenia patients, it is possible that
both cannabis use and schizophrenia stabilize the heteromer leading to the
aforementioned neurocognitive alterations. However, the influence of antipsychotic
treatment, polytherapy in some cases, cannot be dismissed, and subjects free of
antipsychotic treatment will have to be tested to tease out the specific effects of

cannabis in CB1R-5-HT2aR heteromer formation and functionality in schizophrenia.

In addition, our results also show that clozapine, but not aripiprazole or haloperidol,
abolishes the characteristic signaling properties of CBiR-5-HT2aR heteromers in
schizophrenia patients. This was confirmed not only in in vitro studies but also when
separating schizophrenia patients by treatment regimen. Some molecular and

pharmacological features may account for this effect.

On the one hand, these data could imply antipsychotics with a large, bulky molecular
structure such as clozapine may interact with the 5-HT2aR in the heteromer in a way that
changes its conformation and disrups its signaling, while antipsychotics with an
elongated, lighter conformation such as aripiprazole or haloperidol do not. On the other
hand, an alternative explanation for such findings could lie on the different affinity both
drugs display for 5-HT,aR. Thus, clozapine’s affinity for 5-HT2aR is significantly higher
(Correll 2010), and aripiprazole may not bind as preferentially to 5-HT2aR, also when
forming heteromers such as CBiR-5-HT:aR. Interestingly, cannabis use prevents
clozapine’s alteration of the quaternary structure of the heteromer, stabilizing its
formation, and thus preempts the effect of clozapine in altering the signaling properties

of CB1R-5-HT2aR heteromers.
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In conclusion, in this thesis we show that both cannabis and schizophrenia stabilize the
formation of CB1R-5-HT2aR heteromers, but cannabis use and clozapine treatment in
schizophrenia patients modify de signaling properties of CB1R-5-HT2aR in specific yet
opposite ways. Finally, we also show that the CB1R-5-HT24R heteromer is a potentially
relevant biomarker of neurocognitive alterations in a population consisting of healthy

controls, cannabis users and schizophrenia patients (cannabis and non-cannabis users).
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CONCLUSIONS

The findings obtained in the present thesis revealed that:

1. Olfactory neuroepithelial cells of healthy control subjects and cannabis users express

proteins associated with neuronal markers, and genes related to neuronal precursors.

2. The olfactory neuroepithelium of healthy control subjects and cannabis users show

similar cell differentiation and sodium channel functionality.

3. Functional CB1R-5-HT2aR heteromers are expressed in the ON of healthy controls,

cannabis users and schizophrenia patients.

4. CB1R-5-HT74R heteromer formation is increased in cannabis users and schizophrenia

patients, with and without a history of chronic cannabis use.

5. A significant link exists between cannabis use and the formation of CB1R-5-HT2aR

heteromers.

6. A significant correlation occurs in the general population between the expression of

CB1R-5-HT>24R heteromers and attention and NSS.

7. The molecular signature of CB1R-5-HT;aR heteromers is altered in schizophrenia

patients, and this effect is prevented by cannabis use.

8. Chronic administration of clozapine in vitro to ON cells from healthy controls modifies
the functionality of CB1R-5-HT,aR heteromers, and these changes are not observed in ON

cells from cannabis users.

9. Clozapine, but not aripiprazole treatment in schizophrenia patients may induce
alterations in the functionality of CB1R-5HT2aR heteromers through changes in the

quaternary structure of the heteromer, and cannabis use prevents these changes.
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