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Abstract 
Schizophrenia, a psychiatric disorder affecting 24 million people worldwide, continues 

to present significant challenges despite notable progress in understanding its etiology. 

While advancements have been made, the fundamental pathophysiological mechanisms, 

molecular diagnostics, and precise biomarkers remain unclear. Consequently, ongoing 

psychiatric research must focus on unraveling the complex biological foundations of the 

disorder. A deeper understanding is crucial for identifying more appropriate diagnostic 

categories and developing innovative therapeutic strategies to improve the quality of life 

for individuals affected by schizophrenia. 

Currently, the leading etiological hypothesis suggests that schizophrenia arises from a 

complex interaction between genetic and environmental factors, which disrupt the 

processes governing brain development and maturation. From birth to adulthood, brain 

development depends on synaptic plasticity, the process by which neurons modify their 

connections in response to external signals, refining synapses and creating neural circuits. 

Accordingly, impaired synaptic plasticity is thought to play a pivotal role in the 

pathophysiology of schizophrenia, a notion strongly supported by evidence from multiple 

disciplines. 

Among the genes that play crucial roles in both development and adulthood by 

mediating synaptic plasticity, Neuritin-1 (NRN1) stands out. Prior to this thesis, extensive 

research using cell and animal models had explored the functions of NRN1 in the brain. 

In summary, NRN1 regulates apoptosis in proliferative neurons, promotes neuronal 

migration and synaptic maturation, modulates neurite outgrowth during differentiation, 

stimulates dendritic arbor growth, stabilizes active synapses, and as previously 

mentioned, supports synaptic plasticity. Additionally, several studies have highlighted 

NRN1's neuroprotective effects, its role in enhancing cognitive performance, and its 

sensitivity to neurotherapeutic agents through epigenetic mechanisms. This body of 

evidence suggests that NRN1 could be a promising target for developing therapeutic 

strategies for schizophrenia, as modulating its expression may positively impact brain 

functioning and, therefore, behavior and patient outcomes. However, despite these 

promising findings, human research on the role of NRN1 in schizophrenia remained 

limited, with only two previous studies examining its impact on schizophrenia risk, age at 

onset, and intelligence quotient. 

Given its potential importance, we focused on NRN1 as a key synaptic plasticity gene 

in schizophrenia, aiming to deepen our understanding of how this mechanism contributes 

to the disorder and how such knowledge could enhance patient care. To achieve this, we 

adopted a multilevel approach incorporating various layers of NRN1 molecular diversity. 

This strategy resulted in four articles that examined the association of NRN1 with age at 

onset, clinical and neuroimaging traits of schizophrenia, its interactions with related 



 

genes, its expression and methylation in post-mortem brain samples from schizophrenia 

patients, and its methylation changes in response to cognitive therapy.  

Overall, our results validate the efficacy of a multifaceted methodology in uncovering 

the role of candidate genes in modulating schizophrenia presentation. Specifically, we 

identified NRN1 genetic variants associated with an increased risk for early-onset 

schizophrenia-spectrum disorders, with carriers exhibiting altered dorsolateral prefrontal 

cortex activity during a working memory task. Additionally, epistatic interactions 

between NRN1, BDNF-rs6265, and CACNA1C-rs1006737 significantly modulated clinical 

severity and neuroanatomical features, with the interaction between NRN1 and BDNF in 

the left lateral orbitofrontal cortex fully mediating the effects on general psychopathology. 

In post-mortem brain samples, schizophrenia patients treated with clozapine displayed 

lower NRN1 expression and methylation differences in the prefrontal cortex compared 

to untreated patients and controls, with these methylation differences correlating with 

NRN1 expression and influenced by specific genetic variants. Lastly, we demonstrated 

the clinical applicability of our findings, showing that cognitive remediation therapy is 

associated with changes in NRN1 peripheral methylation, with increased methylation 

distinguishing responders from non-responders across cognitive domains, an effect also 

shaped by NRN1 genetic variability. 

Globally, the findings presented in this thesis highlight how understanding the role of 

specific genes involved in synaptic plasticity can not only deepen our insight into the 

etiology of schizophrenia but also potentially lead to improved patient care. Although 

studies focusing on candidate genes are constrained by the polygenic nature of the 

disorder, these studies provide compelling evidence and valuable clinical insights, laying 

the groundwork for further exploration of these key genes within broader molecular 

networks. Thus, this thesis serves as a steppingstone in the collective process of building 

knowledge about the etiology of psychosis, aiming to understand how individual genetic 

variations influencing neurodevelopment and synaptic plasticity contribute to the 

underlying causes of schizophrenia. 

 

Keywords 
Psychotic disorders, synaptic plasticity, genetics, methylation, NRN1   



 

Resum  
L'esquizofrènia, un trastorn psiquiàtric que afecta 24 milions de persones arreu del 

món, encara presenta grans reptes pel que fa a la comprensió dels seus mecanismes 

etiològics. Malgrat els avenços en aquest camp, els mecanismes bàsics que la causen, 

així com el seu diagnòstic molecular i l'ús de biomarcadors precisos, continuen sent poc 

clars. Per tant, la investigació psiquiàtrica ha de centrar-se a desxifrar els fonaments 

biològics complexos del trastorn. Això és fonamental per definir millor les categories 

diagnòstiques i crear noves estratègies terapèutiques que millorin la qualitat de vida de 

les persones amb esquizofrènia. 

La principal hipòtesi etiològica suggereix que l’esquizofrènia és el resultat d’una 

interacció complexa entre factors genètics i ambientals que altera els processos que 

guien el desenvolupament i la maduració del cervell. Al llarg del desenvolupament, des 

del naixement fins a l’edat adulta, el cervell depèn de la plasticitat sinàptica, un procés 

en què les neurones adapten les seves connexions en resposta a estímuls externs, refinant 

les sinapsis i formant circuits neuronals. Així, es creu que les alteracions en la plasticitat 

sinàptica són centrals en la fisiopatologia de l’esquizofrènia, una idea fermament 

recolzada per evidència de diverses disciplines. 

Entre els gens que tenen un paper crucial en el cervell, tant en el desenvolupament 

com en l'edat adulta contribuint a la plasticitat sinàptica, destaca especialment Neuritin-

1 (NRN1). Diversos estudis amb models cel·lulars i animals previs a aquesta tesi ja havien 

explorat les funcions de NRN1 en el cervell. En resum, NRN1 regula l’apoptosi en 

neurones proliferatives, promou la migració neuronal i la maduració sinàptica, modula el 

creixement de neurites durant la diferenciació neuronal, estimula el desenvolupament de 

les dendrites, estabilitza les sinapsis actives i, com ja s’ha esmentat, dona suport a la 

plasticitat sinàptica. A més, diversos estudis han subratllat els efectes neuroprotectors de 

NRN1, el seu paper en la millora del rendiment cognitiu i la seva sensibilitat als agents 

neuroterapèutics mitjançant mecanismes epigenètics. Aquest conjunt d'evidències 

suggereix que NRN1 podria ser un gen prometedor per al desenvolupament d'estratègies 

terapèutiques per a l’esquizofrènia, ja que modular la seva expressió podria impactar 

positivament en el funcionament cerebral i, per tant, en el fenotip dels pacients. Tot i 

aquestes troballes prometedores, la recerca en humans sobre el paper de NRN1 en 

l’esquizofrènia era limitada, amb només dos estudis previs que examinaven el seu 

impacte en el risc d'esquizofrènia, l'edat d'aparició del trastorn i el quocient intel·lectual 

dels pacients. 

Atès el seu gran potencial, ens vam centrar en NRN1 com a gen essencial en la 

plasticitat sinàptica en l’esquizofrènia, amb l’objectiu d’aprofundir en la comprensió de 

com aquest mecanisme contribueix al trastorn i com aquest coneixement podria millorar 

l’atenció als pacients. Per aconseguir-ho, vam adoptar un enfocament de múltiples nivells 

que integra diverses capes d’anàlisi de la diversitat molecular de NRN1. Aquesta 

estratègia va resultar en quatre articles que examinen l’associació de NRN1 amb l’edat 



 

d’inici de la malaltia, diferents trets clínics i de neuroimatge, les seves interaccions amb 

gens relacionats, la seva expressió i metilació en mostres cerebrals post-mortem de 

pacients amb esquizofrènia, i els canvis de metilació en resposta a la teràpia cognitiva en 

aquests pacients. 

En general, els nostres resultats validen l'eficàcia d'aquesta metodologia multifacètica 

per descobrir el paper dels gens candidats en la modulació de la presentació de 

l’esquizofrènia. En concret, hem identificat variants genètiques de NRN1 associades a un 

risc més alt de patir trastorns de l'espectre esquizofrènic d'inici precoç, amb portadors 

que presenten una activitat alterada a l’escorça prefrontal dorsolateral durant una tasca 

de memòria de treball. També hem observat que les interaccions epistàtiques entre 

NRN1, BDNF-rs6265 i CACNA1C-rs1006737 modulen de manera significativa la gravetat 

clínica i les característiques neuroanatòmiques, on la interacció entre NRN1 i BDNF a 

l'escorça orbitofrontal lateral esquerra media completament els efectes sobre la 

psicopatologia general. En mostres cerebrals post-mortem, els pacients amb 

esquizofrènia tractats amb clozapina van mostrar una menor expressió de NRN1 i 

diferències de metilació a l'escorça prefrontal en comparació amb pacients no tractats i 

controls, amb aquestes diferències de metilació correlacionades amb l'expressió de 

NRN1 i influïdes per variants genètiques específiques. Finalment, hem evidenciat la 

rellevància clínica dels nostres descobriments, demostrant que la teràpia de rehabilitació 

cognitiva s'associa amb canvis en la metilació perifèrica de NRN1, amb una major 

metilació diferenciant els pacients que responen dels que no responen en diversos 

dominis cognitius, un efecte també influït per la variabilitat genètica de NRN1. 

En conjunt, els resultats presentats en aquesta tesi subratllen com la comprensió del 

paper de gens específics implicats en la plasticitat sinàptica pot no només aprofundir en 

el coneixement de l’etiologia de l’esquizofrènia, sinó també obrir vies per a la millora de 

l’atenció als pacients. Tot i les limitacions dels estudis centrats en gens candidats, 

derivades de la naturalesa poligènica del trastorn, aquests treballs aporten evidències 

sòlides i valuoses perspectives clíniques, establint les bases per a una investigació més 

àmplia d’aquests gens clau dins de xarxes moleculars complexes. Així, aquesta tesi 

representa una contribució significativa al procés col·lectiu de construcció de 

coneixement sobre l’etiologia de les psicosis, amb l’objectiu d’entendre com les 

variacions genètiques que afecten el neurodesenvolupament i la plasticitat sinàptica 

poden contribuir a les causes subjacents de l’esquizofrènia. 

 

Paraules clau 
Trastorns psicòtics, plasticitat sinàptica, genètica, metilació, NRN1 
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1.1. The neurodevelopmental framework of schizophrenia 

The human brain is an extraordinarily complex structure, containing approximately 

10¹¹ neurons spread across subcortical regions and the cortex. These neurons form grey 

matter with their cell bodies and white matter with their myelinated axons. Additionally, 

the brain is composed of around 10¹² glial cells, which provide support and protection 

through astrocytes and microglia or insulate axons via oligodendrocytes. However, the 

true intricacy of the brain lies not merely in the number of its components but in the 

extensive network of neuronal connections, comprising an estimated 10¹⁵ synapses 

(Herculano-Houzel, 2009). This remarkable complexity requires over two decades to 

reach full maturity, shaped by a combination of genetic and environmental influences.  

The neurodevelopmental processes coordinate how the brain acquires its intricate 

structure and interconnected networks (Silbereis et al., 2016) (Figure 1). The cortex grows 

rapidly from four postconceptional weeks to the third postnatal year, outpacing all other 

organ systems (Gogtay et al., 2004). It begins with neurulation, forming the neural tube, 

which segments into the forebrain, midbrain, and hindbrain (Donkelaar et al., 2023). In 

the dorsal telencephalon, neuroepithelial cells become radial glial cells (RGCs), initiating 

neurogenesis (Betizeau et al., 2013; Penisson et al., 2019). These cells produce neurons 

and intermediate progenitor cells in the subventricular zone, generating excitatory 

projection neurons that migrate and differentiate into the six-layered cortex through 

lamination (Hatanaka & Hirata, 2020; Mira & Morante, 2020). Meanwhile, cells from the 

caudal ganglionic eminences in the basal telencephalon become inhibitory interneurons, 

migrating tangentially to the cortex (Faux et al., 2012; Llorca & Marín, 2021; Zimmer-

Bensch, 2018). As neurons migrate, they undergo neuritogenesis, extending dendrites 

and axons, and synaptogenesis, forming complex networks (Alfadil & Bradke, 2023; 

Lefebvre et al., 2015). Post-neurogenesis, RGCs give rise through gliogenesis to astrocytes 

and oligodendrocytes, while epithelial cells differentiate into microglia, all contributing to 

brain development (Molofsky et al., 2012; Tilborg et al., 2017). After this period, the rate 

of growth slows and processes such as synaptic maturation, dendritic and synaptic 

pruning and myelination predominate, mediated by the convergence of influences from 

intrinsic and extrinsic factors (Faust et al., 2021; Mordelt & de Witte, 2023; Seng et al., 

2022; Spear, 2013; Tooley et al., 2021; Williamson & Lyons, 2018).  

Notably, human neurodevelopment has unique features, as highlighted by 

comparative studies, which show that while ontogenetic patterns, neurogenic expression, 

cytoarchitecture, and cell-type composition are largely consistent across species, 

differences arise in the temporal and spatial gene expression trajectories of 

neurodevelopmental genes in humans (Zhu et al., 2018). During embryonic development, 

the human brain has a larger population of RGCs with increased proliferative capacity 

and prolonged neurogenesis, resulting in an overrepresentation of pyramidal cells in 

cortical layers II and III, which support human-specific cognitive and motor abilities 

(Dehay et al., 2015; Workman et al., 2013). Additionally, the human brain experiences 
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extended synaptogenesis, peaking from late prenatal stages to three years postnatally 

(Petanjek et al., 2011). Both processes contribute to human-specific cortical expansion. 

Following this period, synaptic refinement continues due to prolonged myelination and 

extensive adolescent synaptic pruning, both extending into the third decade, especially 

in associative regions of the frontal cortex (D. J. Miller et al., 2012). This is supported by 

imaging studies that have evidenced continued brain development through childhood, 

adolescence, and early adulthood, with differential trajectories related to grey and white 

matter. For example, while grey matter volume peaks in childhood and decreases through 

the second decade of life, white matter volume increases until mid-to-late adolescence 

before decelerating (Gogtay et al., 2004). 

Figure 1. A representation of brain development and maturation in relation to the onset of schizophrenia. 
The figure illustrates, at the top, the structural changes occurring in the brain, while at the bottom, it displays 
key cellular processes and the average onset age for various mental disorders. These events are mapped 
to their estimated timing and sequence, spanning from conception through embryonic and fetal 
development (measured in weeks) to postnatal stages, including infancy (in months), childhood, 
adolescence, and adulthood (in years). Adapted figure (Silbereis et al., 2016).  

These intricate molecular and cellular processes involved in human brain 

development are encoded within the complex genome (Zhou et al., 2024). Transcription 

serves as the initial step in translating genetic information into specific phenotypes, 

establishing distinct molecular and cellular characteristics. At this stage, the epigenome 

plays a crucial role in regulating spatiotemporal gene expression patterns (Bacon & 

Brinton, 2021; Lister et al., 2013; Murao et al., 2016; Sanosaka et al., 2009). Additionally, 

these epigenetic mechanisms can also be influenced by various external factors, serving 
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as a molecular bridge between environmental cues and gene expression (Perera et al., 

2020). Remarkably, the great majority of protein-coding genes, along with an increasing 

number of non-coding genes, are active at some stage of brain formation (Kang et al., 

2011). In terms of temporal expression, gene activity during prenatal and early postnatal 

periods accounts for nearly two-thirds of global expression variance, whereas changes in 

adulthood contribute only minimally (Kang et al., 2011). Regionally, co-regulated gene 

networks are expressed across brain areas during key developmental stages. These 

include genes involved in neuronal specification, which are highly active during 

embryonic and early fetal stages, and those related to synaptic function and ion channels, 

which peak in late fetal development and stabilize in early childhood (Kang et al., 2011). 

In the adult human brain, most genes in the brain are not limited to a single region but 

are instead active in multiple brain areas, with varying expression levels across those 

regions, suggesting that genes serve multiple functions, impacting different aspects of 

brain activity (Negi & Guda, 2017). However, transcriptomes show greater variability over 

time and across regions than across sexes, ethnicities, or individuals (Mazin et al., 2013). 

The extended developmental window of the human brain enables extensive shaping 

by intrinsic and extrinsic factors, resulting in a structure and function that support the 

inherent variability in cognition, behavior, and personality traits observed in humans. 

However, this prolonged development also increases the brain's susceptibility to 

disruptions. The challenge of regulating diverse molecular and cellular processes over a 

long period and across various cell types and regions is evident in the distinct regional 

and temporal vulnerabilities of the brain to diseases, including schizophrenia. Thus, 

understanding this disorder requires a focused examination of the brain. 

 

1.2. Diagnostic and clinical characteristics of schizophrenia 

Two main diagnostic classifications 

Although schizophrenia is recognized as a biological illness, no single brain 

characteristic, biomarker, or symptom definitively identifies it. The term disorder captures 

its complexity, as no specific cause has been established. Thus, the diagnosis still relies 

heavily on clinical evaluations, symptom assessment, and patient-reported experiences 

and history. However, with the intention of establishing a formal framework for identifying 

mental disorders, various guidelines have been developed, grounded in the 

conceptualization that psychopathology can be categorized into different disorders. This 

approach has led to the creation of diagnostic classification systems, such as the 

International Classification of Diseases (ICD) developed by the World Health 

Organization (WHO) and the Diagnostic and Statistical Manual (DSM) developed by the 

American Psychiatric Association (APA). These guidelines outline the specific clinical 

manifestations of each disorder, determined through expert consensus, providing a 

structured guide to diagnosis while reflecting evolving understandings of mental health.   
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In these nosologies, schizophrenia is currently diagnosed based on key symptoms, 

where the specific profile, severity, and duration are crucial not only for accurate 

diagnosis but also for understanding the individual's experience and tailoring the 

management and prognosis of the condition. In the current versions, DSM-5 and ICD-

11, schizophrenia is diagnosed when at least two core symptoms are present. These 

include delusions, which are strongly held false beliefs that defy logical reasoning; 

hallucinations, where a person experiences sensory perceptions, such as hearing voices, 

that aren't present; and disorganized thinking (referred to as disorganized speech in DSM-

5), which reflects chaotic or incoherent thought patterns that often result in fragmented 

or tangential communication. Additionally, both manuals also contemplate grossly 

disorganized or catatonic behavior, characterized by unpredictable actions, abnormal 

motor behavior, or immobility, and negative symptoms, such as diminished emotional 

expression, reduced motivation, and social withdrawal, which complicate daily 

functioning. Still, the two main diagnostic classification systems differ in symptom 

duration and focus on functionality. The DSM-5 requires six months of symptoms, with 

one month of active symptoms, and emphasizes functional impairment in areas like work, 

relationships, and self-care. In contrast, the ICD-11 requires only one month of 

symptoms, with less focus on functional impairment. Besides, while both systems have 

eliminated traditional subtypes, the DSM-5 emphasizes illness severity and progression 

with detailed specifiers, whereas the ICD-11 takes a more streamlined approach, focusing 

on the current symptom profile (Valle, 2020).  

 

The heterogeneous course and phenotype 

Schizophrenia usually emerges in late adolescence or early adulthood, peaking around 

age 20-21 (Solmi et al., 2022), though premorbid and prodromal signs often appear 

earlier, and presents a progression highly variable (Figure 2). 

Premorbid developmental delays often appear much earlier, with neurological soft 

signs like motor skill delays (e.g., lifting the head, sitting, walking) and speech problems 

evident in the first year of life (Bachmann & Schröder, 2018; Petrescu et al., 2023). As 

individuals progress into childhood and adolescence, cognitive deficits and academic 

difficulties, including repeating grades, become more common (Fuller et al., 2002; 

Kendler et al., 2016; MacCabe et al., 2008; van Oel et al., 2002). Furthermore, a lower 

intelligence quotient by age 13 or a decline between ages 13 and 16 significantly increases 

the schizophrenia risk by 3.8% for each 1-point drop (Dickson et al., 2012; Khandaker et 

al., 2011; Woodberry et al., 2008). This is often accompanied by impairments in executive 

function, attention, memory, verbal episodic memory, and particularly processing speed, 

which plays a key role in mediating other cognitive abilities (Czepielewski et al., 2015; 

Meier et al., 2014; Reichenberg et al., 2010; Sheffield et al., 2018).  

Besides, in the prelude to the disease, around 70% of individuals with schizophrenia 

go through a prodromal phase lasting one to five years, marked by a wide range of 
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symptoms, including attention difficulties, fatigue, anxiety, and anhedonia, along with 

more specific signs like perplexity, unusual beliefs, guardedness, and hearing vague or 

indistinct noises (Hafner et al., 2003; Marshall et al., 2014). Responses during this period 

vary significantly, with some individuals becoming erratic, while others withdraw (George 

et al., 2017). Additionally, many experience comorbidities such as depression, anxiety, 

and substance use, and about half notably struggle with suicidal ideation or attempts 

(Andriopoulos et al., 2011). As a result, the prodrome is recognized as a period of 

heightened vulnerability to psychosis. Although only one-third of those in the prodromal 

phase progress to full psychosis, the remainder either continue to experience attenuated 

symptoms with functional impairment or achieve remission (Wiltink et al., 2015). 

Importantly, around 80% of those who transition develop schizophrenia-spectrum 

disorders, while the rest are diagnosed with mood-related or atypical psychosis (Yung et 

al., 2005). 

Evidence of developmental delays in both the premorbid and prodromal phases of 

schizophrenia suggests that genetic or environmental factors may disrupt essential 

neurodevelopmental processes, leading to altered brain development. Supporting this, 

research on ectodermal derivatives, such as facial features and skin, shows higher rates 

of minor physical anomalies and abnormal dermatoglyphic patterns in these individuals 

(Golembo-Smith et al., 2012; McGrath et al., 2002; Sut et al., 2024). 

Figure 2. A schematic representation of the course of schizophrenia. The figure shows the premorbid and 
prodromal phases, with and the gradual worsening of cognitive (blue) and negative symptoms (green), 
followed by the onset characterized by an exacerbation of psychotic symptoms (pink). Adapted figure 
(McCutcheon et al., 2020). 
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After schizophrenia diagnosis, the condition presents in heterogeneous phenotype 

with diverse symptom patterns that vary significantly among individuals, as well as in 

different course trajectories with symptoms fluctuating in time both within the same 

person and across patients (Picardi et al., 2012).  

Although the DSM-5 and ICD-11 describe schizophrenia through a range of main 

symptoms without formally dividing them into specific categories, these symptoms are 

often grouped into distinct types (Figure 3). These include, negative symptoms and 

disorganization, already mentioned and included per se in the manuals, plus positive 

symptoms, which encompass abnormal experiences such as delusions, hallucinations, 

suspiciousness, and grandiosity that distort a person’s perception of reality (Andreasen 

et al., 1995). As a result of this heterogeneous presentation, to assess the symptom profile 

and severity in schizophrenia patients, healthcare professionals use clinical scales such 

as the Positive and Negative Syndrome Scale (PANSS), which helps monitor clinical 

status and track progression over time (Kay et al., 1987). In addition, although psychosis 

has traditionally been seen as the hallmark of schizophrenia, recent perspectives 

increasingly recognize cognitive impairment as a central feature of the disorder (Kahn & 

Keefe, 2013). Schizophrenia patients consistently exhibit poorer cognitive performance, 

yet it remains unclear whether these deficits worsen after the diagnosis. However, 

patients typically perform about 2 standard deviations below healthy controls, a 

significant drop compared to the 0.5 standard deviation seen before psychosis onset 

(Keefe et al., 2011). Additionally, most of the patients underperform relative to their 

mothers' educational levels (Jundong et al., 2011). Cognitive deficits affect multiple 

domains, with processing speed being particularly impacted and serving as a key 

predictor of overall cognitive function (Ojeda et al., 2012). Notably, these cognitive 

impairments are distinct from positive and negative symptoms and, while linked to 

disorganization, account for only a small portion of the overall variance (Moura et al., 

2021). As these deficits are also presented in a highly heterogeneous way, to assess 

cognition clinicians and researchers use different scales, as for example the MATRICS 

Consensus Cognitive Battery (Kern et al., 2008; Nuechterlein et al., 2008). 

One key aspect that influences the phenotypic manifestation and course of the 

disorder is the age at onset. Schizophrenia patients with early age at onset showed lower 

probability of symptomatic remission (Juola et al., 2013), more negative symptoms (Díaz-

Caneja et al., 2015), and consequently more hospital admissions after over 10 years since 

onset (Rabinowitz et al., 2006).  
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Figure 3.  An illustration depicting the wide range of schizophrenia symptoms and its classification. The 
figure shows the classification of symptoms into four major dimensions: positive symptoms (pink), negative 
symptoms (green), disorganized behaviors (yellow) and cognitive impairments (blue). 

The highly heterogeneous nature of schizophrenia, reflecting its complex etiology and 

the intricate nature of the human brain, has made it difficult to identify definitive 

biomarkers (Ahmed et al., 2018). Additionally, evidence shows that psychotic symptoms 

exist on a spectrum, ranging from subclinical to clinically significant, and are shared by 

related conditions such as schizophreniform disorder, schizoaffective disorder, and other 

unspecified psychotic disorders (Barr et al., 2022; Plana-Ripoll et al., 2019). This 

challenges the traditional view of mental disorders as distinct categories, instead 

suggesting they exist on a continuum (DeRosse & Karlsgodt, 2015; Owen, 2015). As a 

result, psychotic disorders are now seen as different manifestations of the same 

underlying processes, collectively referred to as schizophrenia-spectrum disorders (Liu 

et al., 2024; Romero et al., 2022). 

To explore this perspective, the United States National Institute of Mental Health 

launched the Research Domain Criteria (RDoC) project (Kozak & Cuthbert, 2016), 

promoting research based on core functional domains rather than traditional diagnostic 

categories. Studies performed under the RDoC criteria examine behavior along a 

continuum from normal to pathological without rigid disorder boundaries, offering 

insights into the transition from typical to disordered behavior (Cuthbert & Morris, 2021). 

However, RDoC is a research tool, not a diagnostic system, intended to inform future 

classifications. Therefore, in the absence of a neurobiologically grounded classification 

system, the DSM-5 and ICD-11 remain essential, offering high utility by providing better 

diagnostic agreement and improving communication, including statistical reporting on 

psychiatric morbidity, services, treatments, and outcomes, which in turn has translated 

into valuable information about etiology (Clark et al., 2017; Kendell & Jablensky, 2003). 
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1.3. Epidemiology, social features and burden of schizophrenia 

According to these diagnostic criteria and data from the 2019 Global Burden of 

Disease (GBD) study, the global prevalence of schizophrenia, defined as the total number 

of cases within a population at a specific time, is estimated at 23.6 million (95% UI: 

20.20–27.10). Meanwhile, the incidence, which represents the number of new cases 

occurring within a given period, is estimated at 1.29 million worldwide (95% UI: 1.09–

1.53). These numbers reflect increases of 65.87% and 37.11% in prevalence and 

incidence, respectively, since 1990. While these increases in absolute numbers may 

appear striking, when adjusted for population age structure these estimates have 

remained relatively stable, with global age-standardized prevalence at 287.41 per 100,000 

(95% UI: 246.16–330.88) and global age-standardized incidence at 16.31 per 100,000 

(95% UI: 13.80–19.42), reflecting slight decreases of 0.87% and 3.30%, respectively, over 

the same period (GBD 2019 Mental Disorders Collaborators, 2022; Solmi et al., 2023). 

Although the diagnostic criteria shifted from DSM-4 to DSM-5 during this period, this 

change appears to have had minimal impact on overall prevalence (Tandon et al., 2013). 

These estimates show regional differences, which can be explained by two main 

factors. First, high-income countries have well-developed health systems that routinely 

collect and store mental health data, providing a clearer picture of prevalence (Saraceno 

et al., 2007). Second, variations arise from specific social determinants in each region, 

creating constellations of environmental risk factors (Lund et al., 2018).  

The question of whether schizophrenia is more common in men or women remains 

debated, with some studies indicating no major sex differences in prevalence, while 

others report a slightly higher incidence among men (Charlson et al., 2018; Jongsma et 

al., 2019). However, distinct patterns in onset are evident, as men generally experience a 

peak in their early twenties followed by a decline, whereas women show a less 

pronounced peak with a gradual decrease and see new cases surpassing those in men 

after age 45 (Selvendra et al., 2022). Additionally, research indicates that symptom 

profiles may vary by sex, with men tending to experience more prominent negative 

symptoms and women more likely to display affective symptoms, including depression, 

impulsivity, and emotional instability (Leger & Neill, 2016). 

People with schizophrenia have, on average, a shorter lifespan, with a life expectancy 

gap of 15–20 years, and a higher mortality rate than the general population, experiencing 

3 times higher all-cause mortality (Correll et al., 2022). Moreover, schizophrenia patients 

face the greatest mortality risk among all psychiatric disorders (Correll et al., 2022). Many 

factors contribute to sustaining this higher rate of mortality. First, the lifetime prevalence 

of suicide attempts and suicide death are 27% and 5% respectively, which represents 

more than 10 times higher suicide mortality rates than the general population (Hor & 

Taylor, 2010; Lu et al., 2019). Second, unhealthy lifestyle habits like smoking, alcohol 

consumption, poor diet, and lack of physical activity are more common among 

individuals with schizophrenia compared to the general population. These behaviors also 
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contribute to a higher incidence of cardiovascular disease and diabetes mellitus (Heald 

et al., 2017; Kalinowska et al., 2021; Ratliff et al., 2012). Moreover, antipsychotic 

medications are linked to an increased risk of diabetes, hypertension, high cholesterol, 

metabolic syndrome, and liver damage (Pillinger et al., 2020). Interestingly, despite these 

side effects, antipsychotic use has been associated with reduced mortality, indicating that 

their benefits may outweigh the risks (Jia et al., 2022). 

Moreover, schizophrenia is notable among mental health disorders for its tendency to 

evoke predominantly negative attitudes from the general population, contributing to a 

public stigma rooted in stereotypes and prejudices that lead to the perception that 

individuals affected by the disorder lack the capacity for social interaction. Extensively 

studied aspects of this stigma include perceptions regarding danger, inclination towards 

social distance, and avoidance tendencies (Fond et al., 2023; Mannarini et al., 2022; 

Zamorano et al., 2023). These societal beliefs can create barriers for individuals with 

schizophrenia, impeding their access to suitable housing and opportunities for 

employment and education, ultimately resulting in social exclusion and high suicidality 

among these individuals (Hipes et al., 2016; Lincoln et al., 2021; Sharaf et al., 2012).  

The impact of these clinical and social factors on the population is measured using 

Disability Adjusted Life Years (DALYs), which account for both Years Lived with Disability 

(YLDs) and Years of Life Lost (YLLs) due to premature death (Figure 4). In 2019, mental 

disorders were the seventh leading cause of DALYs globally, contributing 125.3 million 

(95% UI: 93.0–163.2), or 4.9% (3.9–6.1) of the global burden, with an age-standardized 

rate of 1,566.2 per 100,000 people (95% UI: 1,160.1–2,042.8). Schizophrenia alone 

accounted for 12.2% of these DALYs, ranking third among mental disorders. The raw 

DALY estimate for schizophrenia was 15.1 million (95% UI: 11.00–19.21), reflecting a 

65.44% increase since 1990. However, age-standardized DALYs have remained relatively 

stable at 184.15 per 100,000 people (95% UI: 134.32–234.54). It's noteworthy that DALYs 

for mental disorders are primarily driven by non-fatal burden, as they are mostly 

composed of YLDs. From 1990 to 2019, mental disorders were the second leading cause 

of YLDs globally, contributing 125.3 million (95% UI: 93.0–163.2), or 14.6% (12.2–16.8) 

of global YLDs in 2019. Although schizophrenia ranks twentieth globally for YLDs, its 

impact varies with age, being the ninth leading cause among those aged 25 to 49, 

coinciding with its typical onset in early adulthood (GBD 2019 Mental Disorders 

Collaborators, 2022).  
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Figure 4. A schematic representation of burden metrics and their relation to schizophrenia. The figure 

illustrates, at the top, the method used to calculate burden metrics, such as Disability Adjusted Life Years 

(DALYs), a measure that combines both years lived with disability (YLDs) and years of life lost due to 

premature death (YLLs). At the bottom, it shows the prevalence of schizophrenia and the distribution of 

DALYs across different age groups. Additionally, it presents the total DALYs estimated for all mental 

disorders and highlights the percentage attributable to schizophrenia.  

 

1.4. Pathophysiology of schizophrenia: focus on synaptic plasticity  

Schizophrenia symptoms can be understood as the difficulty of the brain in regulating 

goal-directed behavior and integrating complex sensory information. These diverse 

symptoms are likely connected to the processes that shape brain structure and function. 

In the human brain, neurons interact through synapses, which are composed of a 

presynaptic terminal, a postsynaptic structure, and the synaptic cleft between them 

(Holler et al., 2021). Throughout life, from birth to adulthood, brain development depends 

on synaptic plasticity, the process by which neurons modify their connections in response 

to external signals, refining synapses and creating neural circuits (Marzola et al., 2023). 

Plasticity depends on neuronal excitability, with neurons generating action potentials in 

response to stimuli, causing temporary changes in the electrical charge of the neuronal 

membrane via voltage-gated ion channels (Ma et al., 2023). The brain relies on two types 

of synaptic plasticity to support memory and behavior: short-term and long-term 

plasticity. Short-term plasticity, lasting milliseconds to minutes, plays a crucial role in 

short-term memory and immediate behavioral responses. It is driven by an increase in 

presynaptic calcium levels, which enhances neurotransmitter release. Long-term 

plasticity, which involves persistent changes lasting hours to days, includes long-term 

potentiation (LTP) and long-term depression (LTD), both mediated by activity-dependent 
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signaling pathways. On the one hand, LTP, a strengthening of synapses, is essential for 

long-term memory storage. It is initiated by calcium influx through NMDA (N-methyl-D-

aspartate) receptors, which increases calcium levels in dendritic spines. This activates 

signaling pathways that insert AMPA (alpha-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid) receptors into the postsynaptic membrane, enhancing synaptic 

efficacy and strengthening the connection (Magee & Grienberger, 2020). In contrast, LTD, 

a weakening of synapses, is critical for synaptic pruning, learning, and memory flexibility. 

It is triggered by prolonged low-frequency stimulation, which activates calcium signaling 

pathways that lead to the removal of AMPA receptors from the postsynaptic membrane, 

reducing synaptic efficacy (Cummings et al., 1996). Then, the spatiotemporal dynamics 

of the calcium signal, along with its overall amplitude determine the direction of the 

synaptic change, whether towards LTP or LTD. This ability of the brain to reorganize both 

structure and function allows neural networks to develop new skills while maintaining 

stability (Bassi et al., 2019). Synaptic plasticity is therefore essential for vital cognitive 

functions such as thinking, perception, learning, and memory, as it plays a key role in 

encoding and storing information. Moreover, it helps the brain adapt to challenges, 

highlighting its importance in maintaining cognitive health and resilience (Stuchlik, 2014). 

Consequently, among the various theories that seek to explain the core 

pathophysiological changes in schizophrenia, one suggests that the disorder stems from 

impaired regulation of synaptic plasticity (Howes & Onwordi, 2023). This hypothesis 

posits that a defect in the prefrontal cortex emerges during early development, potentially 

due to inadequate synaptogenesis, and worsens during adolescence when excessive 

pruning of excitatory synapses reduces synaptic density. Feinberg first proposed this idea 

in 1982, noting that in healthy brains EEG wave amplitudes, neuronal metabolism, and 

neuroanatomical plasticity mirror synaptic density trajectories, which peak in childhood, 

decline during adolescence, and stabilize in adulthood. He observed that schizophrenia 

often begins during adolescence, a period of intense synaptic pruning that aligns with the 

peak of cognitive performance (Feinberg, 1982). 

Since its early postulation, this theory has been supported by diverse evidence. On 

the one hand, histological studies have revealed significant synaptic abnormalities in 

schizophrenia patients compared to controls. For instances, pre-synaptic synaptophysin 

levels are lower in key brain regions, while post-synaptic elements, such as dendritic spine 

density and protein expression, are notably reduced, particularly in cortical areas 

(Berdenis van Berlekom et al., 2020; Osimo et al., 2019). Additionally, electron 

microscopy confirms fewer synapses, including axon-spinous and axon-dendritic 

synapses in the anterior cingulate cortex, reduced glutamatergic synapses in the striatum, 

and fewer inhibitory synapses in the substantia nigra (Aganova & Uranova, 1992; Kung 

et al., 1998; Mabry et al., 2020; McCullumsmith et al., 2014; Roberts et al., 2015). On the 

other hand, while the exact mechanism behind excessive pruning is still under 

investigation, animal models suggest that complement proteins like C3 and C4 tag 

redundant synapses for removal by microglia (Faust et al., 2021). Notably, human iPSC 
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(induced pluripotent stem cells) models also show increased complement-dependent 

synaptic elimination, indicating glial involvement (Sellgren et al., 2019). Besides, 

environmental factors such as maternal infections, obstetric complications, immune 

activation, trauma, and stress, all known schizophrenia risk factors, also activate microglia 

(Hanamsagar & Bilbo, 2017). 

Beyond histological and in vitro models examining synaptic density and pruning 

mechanisms, early neurochemical studies indicate that synaptic plasticity alterations are 

also reflected in neurotransmitter system dysfunctions. On the one side, multiple lines of 

evidence link psychotic symptoms to dopaminergic neurons in the mesolimbic pathway, 

which under normal conditions signal the relevance of stimuli (Kesby et al., 2018; Luo & 

Huang, 2016). Dopamine, a neurotransmitter with both inhibitory and excitatory roles, is 

released into the synaptic cleft and binds to post-synaptic receptors (D1, D2, D3, D4, and 

D5) (Martel & Gatti McArthur, 2020). Pharmacological studies have shown that 

dopamine-releasing drugs like amphetamines can induce psychosis in healthy individuals 

and worsen symptoms in those with schizophrenia (McKetin et al., 2019; Rognli & 

Bramness, 2015). Similarly, molecular imaging reveals increased striatal dopamine 

synthesis and release in patients, even during the prodromal phase, with activity 

intensifying as the disorder progresses (Egerton et al., 2013; van Hooijdonk et al., 2023; 

Watanabe et al., 2014). Post-mortem studies also report higher expression of 

dopaminergic receptors (Reynolds, 2022). This overactivation of dopaminergic neurons 

has been proposed to explain positive symptoms of schizophrenia, though it does not 

fully account for negative or cognitive symptoms (Laruelle & Abi-Dargham, 1999). On 

the other side, dysfunctions in the glutamatergic neurotransmitter system and its receptor, 

the NMDA, the most abundant excitatory neurotransmitter in the brain, have also been 

observed (Zhou & Danbolt, 2014). This theory arose from observations that NMDA 

receptor antagonists, like phencyclidine and ketamine, can induce positive symptoms in 

healthy individuals, alongside findings of antipsychotic neuroprotection against NMDA-

hypofunction-induced neurodegeneration in animal models (Beck et al., 2020; Villéga et 

al., 2024; Zorumski et al., 2016). Additionally, many other pieces of evidence from 

clinical, neuroimaging and post-mortem studies have provided evidence on NMDA 

hypofunction and glutamatergic neurotransmission abnormalities in the pathophysiology 

of schizophrenia (Kruse & Bustillo, 2022; Uno & Coyle, 2019). Even though these are the 

neurotransmitter systems with the strongest evidence in schizophrenia, other 

neurotransmitter types, including endocannabinoid and serotonin systems, have been 

associated with the disorder (Stahl 2018; Jauhar et al. 2022; Durieux et al. 2022). 

In addition, synaptic plasticity dysfunction in schizophrenia can be interpreted through 

the lens of neuroanatomical and neurofunctional changes, which are widely documented 

in the disorder. Structural Magnetic Resonance Imaging (MRI) techniques (Box 1) have 

provided valuable insights into grey and white matter abnormalities in schizophrenia, with 

meta-analyses and large consortium studies clarifying global and region-specific brain 

alterations in schizophrenia. Common structural findings include ventricular 
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enlargement, increased cerebrospinal fluid volume, and reduced total brain and 

intracranial volumes, indicating a generalized loss of brain tissue. This is primarily driven 

by significant decreases in total grey matter volume, particularly in cortical regions, with 

smaller but notable reductions in white matter volume (Haijma et al., 2013; Kuo & Pogue-

Geile, 2019). Subcortical changes include increased volumes in the globus pallidus and 

decreased volumes in the nucleus accumbens, hippocampus, amygdala, and thalamus 

(Haijma et al., 2013; Kuo & Pogue-Geile, 2019; van Erp et al., 2016). Cortical changes 

include significant grey matter volume reductions in the frontal, temporal, parietal, and 

occipital lobes, as well as in the cingulate gyrus and insula. The most pronounced volume 

reductions are seen in the frontal lobe, affecting prefrontal regions and specific areas such 

as the inferior, middle, and superior frontal gyri, and in the temporal lobe, including the 

superior temporal gyrus, fusiform gyrus, and planum temporal (Haijma et al., 2013; Kuo 

& Pogue-Geile, 2019). These structural alterations have been also described in drug-free 

and first-episode patients (Brugger & Howes, 2017; Glahn et al., 2008). Additionally, 

widespread cortical thinning and surface area reductions have been reported in patients, 

with the most significant effect sizes in frontal and temporal regions (Erp et al., 2018). 

Alterations in grey and white matter contribute to dysfunctions in neural 

communication and overall brain function. In line with this, disruptions in synaptic 

plasticity are supported by functional MRI findings that have highlighted the impact of 

abnormal neuronal excitability. Meta-analysis of functional MRI studies using resting-

state paradigms reported hypo-connectivity within the default-mode, affective, ventral 

attentional, thalamus and somatosensory networks (Dong et al., 2018). Additionally, 

functional brain abnormalities in schizophrenia have been identified across several 

cognitive domains, with a strong emphasis on working memory (Box 2). Meta-analyses 

of functional MRI studies investigating these tasks consistently reveal dysfunction in 

critical areas of the central executive and salience networks, such as the bilateral 

dorsolateral prefrontal cortex, posterior parietal cortex, anterior insula, anterior cingulate 

cortex, and supplementary motor area. Moreover, schizophrenia patients show 

deactivation abnormalities in core regions of the default mode network, including the 

ventromedial prefrontal cortex and posterior cingulate cortex (Wu & Jiang, 2020).  

Although structural and functional MRI evidence does not represent a direct measure 

of synaptic plasticity alterations, some remarkable studies have suggested that changes 

in grey matter volume and cortical thickness reflect synaptic loss in schizophrenia (Keifer 

Jr et al., 2015; Nagasaka et al., 2021).  
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Box 1. Structural Neuroimaging  

Principle 
In an MRI scanner, a strong magnetic field aligns hydrogen protons in the body, and after a 

radiofrequency pulse disrupts this alignment, the protons emit energy as they return to their original 
positions, which is captured as MR signals to generate images of brain activity. Two structural images are 
generated, T1 (longitudinal relaxation time), that measures how quickly the protons realign with the 
magnetic field, and T2 (transverse relaxation time), that tracks how quickly they lose phase coherence 
(Grover et al., 2015). 

Analysis 
To analyze cortical morphology using T1 weighted MRI, two key methods are voxel-based 

morphometry (VBM) and surface-based morphometry (SBM). Both techniques segment grey and white 
matter into anatomical regions, but VBM focuses on estimating grey matter volume, while SBM offers 
detailed measurements of features like cortical thickness, surface area, and gyrification (Goto et al., 2022). 

Software 
FreeSurfer is a widely used tool for SBM, automatizating the segmentation of brain tissues, including 

grey matter, white matter, and subcortical structures, for volumetric analysis. It also reconstructs detailed 
cortical surface models for precise measurement of cortical features. Furthermore, FreeSurfer performs 
cortical parcellation using anatomical atlases, like the Desikan-Killiany, enabling standardized analysis of 
cortical regions across studies (Fischl, 2012). 

Cortical parcellation using FreeSurfer 

 

Figure B1. Representation of the different regions of interest (ROI) parcellated by the FreeSurfer software 
according to the Desikan-Killiany atlas. The figure displays, at the top section, left and right lateral and 
medial views of the brain highlighting regions of interest in color, and at the bottom section, it includes a 
legend with each region of interest labeled in its corresponding color. Image generated using the R packages 
ggplot and ggseg. 
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Box 2. Functional Neuroimaging 

Principle 
Like structural MRI, functional MRI (fMRI) uses a strong magnetic field and radio-frequency pulse to 

align hydrogen protons, capturing the energy they emit as MR signals when they realign. In this case, the 
capture is based on the Blood Oxygen Level-Dependent (BOLD) signal that is an indirect measure of brain 
activity. When neurons become active, local blood flow increases to supply more oxygen, which reduces 
the amount of deoxyhemoglobin compared to oxyhemoglobin. Deoxyhemoglobin, being paramagnetic, 
alters the magnetic field and affects the precession speeds of nearby protons, unlike oxyhemoglobin, which 
is diamagnetic. This alteration in precession speeds is detected by the scanner as a weaker T2 signal, which 
measures how quickly the protons lose phase coherence, compared to when the blood is oxygenated 
(Hillman, 2014). 

Analysis 
Notably, fMRI is commonly used to examine brain regions activated during different tasks using 

software like FSL. The BOLD signal at each voxel is modeled based on the task the subject is performing, 
with brain activity compared across different conditions (Smith et al., 2004).  

N-back paradigm 
A popular example is the N-back task, a working memory fMRI paradigm that varies in difficulty to 

increase memory load and engage attention and working memory processes. At lower difficulty levels, 
frontally centered networks are crucial for attention-based performance, while higher memory loads 
activate both frontal and parietal networks involved in working memory (Kane et al., 2007). This task is 
particularly valuable as it specifically assesses working memory, the capacity to retain and manipulate 
information for goal-directed behavior, which is strongly influenced by genetic factors, with heritability 
estimates between 43% and 49% (Blokland et al., 2011). Both patients with schizophrenia and their affected 
siblings exhibit deficits in this area compared to healthy individuals, resulting in significant impairments in 
daily functioning (Park et al., 1995; Wu & Jiang, 2020). 

Representation of the N-back task 

 

Figure B2. Representation of the sequential-letter version of the N-back task used in the fMRI paradigm 
of this thesis. The figure represents the objective of the task, which is to indicate letter repetitions. There 
are two memory load levels: the 1-back (most accessible level, in blue) and the 2-back (most challenging 
level, in yellow), presented in a blocked design manner. The whole task consists of four blocks for each 
level presented interleaved and separated by a baseline stimulus (asterisk), each containing five letter 
repetitions randomly located. 
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1.5. Treatment strategies for schizophrenia 

Once diagnosed with schizophrenia, individuals may be treated with a combination of 

medication, psychological intervention, and community-based assistance.  

Pharmacological interventions for schizophrenia are largely informed by the 

pathophysiological hypotheses of the disorder, particularly the role of dopamine 

dysregulation. Most antipsychotic drugs developed to date act as dopamine D2 receptor 

antagonists (Ginovart & Kapur, 2012). These medications are categorized into first-

generation antipsychotics (FGAs), such as haloperidol and chlorpromazine, and second-

generation antipsychotics (SGAs), including clozapine, risperidone, olanzapine, and 

quetiapine. While both FGAs and SGAs block dopamine D2 receptors, they differ in their 

binding affinities and receptor profiles (Siafis et al., 2021). Additionally, some SGAs also 

bind to receptors in the adrenergic, cholinergic, and histaminic systems, which contributes 

to their lower risk of extrapyramidal side effects (de Greef et al., 2011). Depending on the 

specific receptor profile, these medications can lead to side effects such as sedation (from 

histamine blockade), orthostatic hypotension (from adrenergic blockade), and symptoms 

like dry mouth, constipation, hyperthermia, and cognitive impairment (from cholinergic 

blockade) (Kapur & Remington, 2001).  

Comparisons between SGAs and FGAs, as well as within each category, reveal no 

consistent differences in efficacy, except for clozapine, which has shown superiority in 

treatment-refractory schizophrenia, which affects about one-third of cases and 

significantly lowers their quality of life (Leucht et al., 2013). This drug acts as a dopamine 

receptor antagonist, showing low occupancy at D2 receptors and high affinity for D4, 

while also binding strongly to serotonin, adrenergic, histamine, and muscarinic receptors. 

Its rapid dissociation from D2 and antagonism of serotonin 5-HT2A (5-

hydroxytryptamine) receptors likely contribute to its effectiveness, while its broad 

receptor interactions account for many of its side effects (Kapur & Seeman, 2001). 

Although the exact molecular pathways critical to its effectiveness are unclear, animal 

studies suggest that clozapine improves behavioral outcomes by modulating genes 

related to cholesterol metabolism, GABAergic function, cell cycle control, neurotrophins, 

and synaptic plasticity through reducing methylation or producing histone modifications 

(Guidotti et al., 2017). Meanwhile, human studies are constrained by limited access to 

post-mortem brain samples and the infrequent use of this treatment among patients. One 

study using publicly available schizophrenia transcriptomic data found that three genes 

(GCLM, ZNF652, GYPC) and four pathways involved in protein trafficking, neuronal 

migration, brain development, and synaptic function were consistently differentially 

expressed in clozapine-treated patients compared to those on other medications (Lee et 

al., 2017). 

Although various factors influence the course and prognosis of the disorder, evidence 

highlights that adherence to pharmacological treatment is crucial during this period 

(Verdoux et al., 2000). The longer psychotic symptoms go untreated, the higher the risk 
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of relapses and significant clinical deterioration (Penttilä et al., 2014). Although the 

maximum effect, however, may not be achieved for several months, response over the 

first 2–4 weeks of antipsychotic therapy is highly predictive of long-term response (Kinon 

et al., 2010). Response to antipsychotics also depends on the illness stage, with first-

episode patients typically showing quicker and higher response rates than those in later 

stages (Emsley et al., 2006). 

Other non-pharmacological treatments have also shown promising results in 

enhancing symptoms and quality of life for patients. For instance, assertive community 

treatment, for example, have been linked to improvement of independent living and 

treatment retention, though it has been proved to have limited impact on core symptoms 

(Coldwell & Bender, 2007; Frederick & VanderWeele, 2019). Also, family interventions 

have been associated with reduce relapse rates, though they have been shown to have 

minimal effect on other outcomes (Kim & Park, 2023). Besides, illness self-management, 

psychoeducation, and social skills training have been related to decrease symptom 

severity and relapse rates, improving social and global function, each adding valuable 

support to patient care (Lean et al., 2019).  

Among behavioral interventions, cognitive therapies, including cognitive behavioral 

therapy and cognitive remediation, are the most recommended evidence-based 

approaches for schizophrenia, offering benefits in enhancing global function, quality of 

life, and core symptoms, through their long-term effects continue to be an area of active 

research (Berendsen et al., 2024). Specifically, cognitive remediation, which can be 

delivered via a therapist-supported web-based program like CIRCuiTS (Computerized 

Interactive Remediation of Cognition and Thinking Skills; Reeder & Wykes, 2010), has 

shown particular benefits for individuals with more severe clinical impairment (Wykes et 

al., 2002). Additionally, its efficacy has been supported by its capacity to modulate brain 

function and structure, neuroimaging studies consistently reveal increased bilateral 

activation in prefrontal and parietal areas as the most common finding associated with 

CRT (Mothersill & Donohoe, 2019; Penadés et al., 2017). Furthermore, changes in 

neuronal-connectivity (Penadés et al., 2020; Ramsay et al., 2017), along with structural 

modifications in white matter (Matsuoka et al., 2019; Penadés et al., 2013) and grey 

matter (Eack et al., 2010; Morimoto et al., 2018), have been observed. Interestingly, these 

functional and structural changes correlated with behavioral improvements in most of 

the mentioned studies. 

It is crucial to acknowledge that current treatments rarely result in a complete cure. 

As mentioned, a substantial proportion of patients may show limited responsiveness, with 

cycles of relapse and remission, and some may experience a progressive worsening of 

symptoms. While positive symptoms tend to receive considerable focus due to their 

visibility and often show improvement with antipsychotic medications and psychological 

interventions, it is the negative and cognitive symptoms that most substantially contribute 

to the overall morbidity and functional impairment associated with schizophrenia 
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(Carbon & Correll, 2014). Therefore, it has been suggested that the most effective 

treatment combines pharmacological approaches, such as antipsychotics, with cognitive 

or psychological interventions. 

 

1.6. Etiological factors of schizophrenia 

Although the underlying causes and mechanisms of schizophrenia remain largely 

unknown, substantial evidence suggests that it is a complex and multifactorial origin 

resulting from both genetic and environmental factors as well as their interaction through 

epigenetic mechanisms that, in a coordinated manner, orchestrate brain development 

and maturation (Figure 5).  

Figure 5.  An illustration depicting the complex and multifactorial etiology of schizophrenia. The top 

section of the figure highlights structural changes in the brain, while the bottom features an arrow 

representing the timeline of brain development, shaped by the interplay between genetic factors and 

environmental influences. Adapted figure (Silbereis et al., 2016) 

Environmental factors 

Epidemiological studies have identified many environmental factors associated with 

the increased risk of schizophrenia, suggesting a complex picture with a multitude of 

social, physical and chemical exposures occurring at different stages of life (Stilo & 

Murray, 2019). 

A controversial factor in schizophrenia risk is parental age. Increased paternal age, 

starting from over 34, has been linked to the disorder, possibly due to age-related 

mutations in male germ cells, although personality traits leading to delayed marriage and 

reproduction may also play a role (Janecka et al., 2017; Khachadourian et al., 2021). In 

contrast, maternal age, particularly younger than 19 or older than 40, has similarly been 

associated with an elevated risk of schizophrenia in offspring (Byrne et al., 2003; Ni et al., 

2018). 

One vulnerability window for schizophrenia occurs during the prenatal and perinatal 

periods (Schmitt et al., 2023). Common obstetric complications associated with an 
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increased risk of schizophrenia include bleeding, diabetes, rhesus incompatibility, pre-

eclampsia, and uterine atony. Additionally, emergency cesarean sections, placental 

abruption, and perinatal hypoxia further elevate the risk (Radua et al., 2018). All these 

events do not have a dismissible risk, as the pooled odds ratio is around 2 (Belbasis et 

al., 2018). Similarly, maternal stress and infections have also been linked to higher risk, 

such as people born in winter that are more exposed to maternal respiratory infections 

or to maternal malnutrition, including folic acid or vitamin D deficiency, occurring during 

these months (Pugliese et al., 2019). These complications can disrupt normal fetal growth 

and development, increasing the risk of schizophrenia and leading to outcomes such as 

prematurity, low birth weight (odds ratio ~3.2), small head circumference (odds ratio 

~1.6), and congenital malformations (odds ratio ~2–2.5) (Harper et al., 2015; Rubio-

Abadal et al., 2015). However, long-term consequences of prenatal and perinatal hazards 

include not only association with psychosis but also with a range of cognitive deficits and 

neurological abnormalities as well as other psychiatric and neurodevelopmental 

disorders (Amoretti et al., 2022). 

Childhood is another susceptibility period for schizophrenia, as adversities like sexual, 

physical, emotional, or psychological abuse, neglect, parental death, or bullying are linked 

to a significantly higher risk of developing psychosis in adulthood (odds ratio ~ 2.8) 

(Varese et al., 2012). These childhood adversities are especially associated with more 

severe positive symptoms in adulthood, such as hallucinations and affective symptoms 

(Trotta et al., 2015). 

Other factors are also associated with an increased risk for schizophrenia. 

Demographic factors, like migration status, are associated with an increased risk of 

psychosis, though this risk varies significantly depending on factors such as country of 

origin and destination, reasons for migration, and age at migration (Bourque et al., 2011; 

Leaune et al., 2019). Economic factors also play a role, with countries experiencing 

greater economic disparity showing higher incidence rates of schizophrenia (Burns et al., 

2014). Conversely, employment serves as a protective factor, linked to better social 

functioning, less severe symptoms, improved quality of life, and higher self-esteem for 

those living with schizophrenia (Luciano et al., 2014). Moreover, neighborhood 

environments, such as low socioeconomic status, community instability, and urban living, 

are associated with a higher prevalence of psychotic disorders and reduced cognitive 

function in older adults (Fett et al., 2019; O’Donoghue et al., 2016; Wu et al., 2015). 

Meanwhile, racial segregation has mixed effects, as it can exacerbate social disparities 

but, at the same time, high-density ethnic communities may provide increased social 

support, offering protective benefits (Bosqui et al., 2014). Finally, personal environments, 

including social capital and networks, are often diminished in individuals with psychotic 

disorders, not only because of social exclusion due to their condition but also as a 

contributing factor (Silva et al., 2005). 
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Genetic factors 

To investigate the influence of genetic and environmental factors in the development 

of schizophrenia, researchers have employed family, adoption, and twin studies, which 

have provided valuable insights into the relative contributions of each factor to the 

disorder. 

Family studies, which aim to investigate whether a condition clusters among family 

members across generations, have shown that schizophrenia is more prevalent among 

the relatives of diagnosed patients compared to the general population (Henriksen et al., 

2017) (Figure 6). More specifically, they have indicated that the risk of developing the 

disorder increases with the degree of familial relatedness to a proband, meaning that a 

higher degree of shared genetics corresponds to an increased likelihood of the condition 

(Gottesman, 1991). For instance, when the affected family member is a first-degree 

relative, such as a parent or sibling, the relative risk is between 9.0 and 9.9. In contrast, 

for second-degree relatives, such as half-siblings, the relative risk is between 2.7 and 3.6 

(Lichtenstein et al., 2009). A recent meta-analysis further supports these findings, 

estimating that the risk of developing schizophrenia increases eightfold for first-degree 

relatives compared to the general population (Le et al., 2020). Interestingly, this risk is not 

limited to schizophrenia, as having a psychotic disorder increases the likelihood that 

relatives will develop the same or another psychotic condition, thus supporting the idea 

of the psychotic continuum (Sandstrom et al., 2019).  

Figure 6. Rates of schizophrenia among relatives of patients with schizophrenia. The figure depicts the 
increasing risk of developing schizophrenia depending on the increasing number of shared genes between 
family members and their affected relatives. Adapted figure (Gottesman, 1991). 

However, while familial clustering strongly suggests a genetic contribution, family 

studies alone cannot distinguish whether this is due to genetic factors or shared familial 
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environmental influences. In this regard, adoption studies help to distinguish genetic and 

environmental influences on family resemblance by comparing rates of the disorder in 

biological family members, that are genetically related, to those in adoptive families, that 

are environmentally related. These studies have indicated that adoptees with biological 

progenitors affected by schizophrenia, which are supposed to carry a stronger genetic 

liability, not only present a higher risk towards schizophrenia-spectrum disorders but also 

are more sensitive to environmental problems in the adoptive family (Tienari et al., 2004). 

Despite this body of evidence highlighting the significant role of genetics, it does not 

allow for an exact estimation of their contribution. In this context, twin studies, conducted 

to estimate the genetic and environment contributions to the variance in liability to the 

disorder, have shown that schizophrenia is much more likely to occur in both members 

of monozygotic (MZ) twin pairs, with concordance rates between 41% and 65%, 

compared to 0% to 28% in dizygotic (DZ) twins (Cardno & Gottesman, 2000; Gottesman, 

1991). Since both types of twins are raised in the same environment but differ in the 

amount of genes they share, with MZ twins sharing 100% and DZ twins 50%, the higher 

concordance in MZ twins suggests that familial aggregation of schizophrenia is mainly 

due to genetic factors. Moreover, the observed similar risk of developing schizophrenia 

in the children of unaffected and affected MZ twins, compared to the higher risk in 

children of affected DZ twins, suggests that unaffected MZ twins may carry unexpressed 

susceptibility genes for the disorder (Gottesman & Bertelsen, 1989). However, more 

importantly, these approaches have enabled researchers to estimate the proportion of 

phenotypic variability due to genetic factors, known as heritability (h²), which is currently 

estimated to be between 60-80%, underscoring the significant role of genetics (Hilker et 

al., 2018; Sullivan et al., 2003). 

Given the prominent role of genetics in the etiology of schizophrenia, vast research 

has focused on unraveling its genetic architecture to better understand its 

pathophysiology and improve diagnosis and treatment strategies. Molecular studies have 

revealed that schizophrenia is highly polygenic, with genetic risk stemming from the 

cumulative effects of thousands of common alleles, such as single nucleotide 

polymorphisms (SNPs) and copy number polymorphisms (CNPs), and few rare mutations 

with greater impact, like single nucleotide variants (SNVs) and copy number variants 

(CNVs) (Foley et al., 2017; Legge, Santoro, et al., 2021; Owen et al., 2023) (Box 3). 

In the search for genes and specific variants linked to schizophrenia risk, hypothesis-

driven research has employed two main approaches focused on candidate gene studies. 

This include methodologies such as case-control comparisons, where genetic variant 

frequencies are contrasted between affected individuals and healthy controls, and family-

based approaches, which examine the transmission of specific alleles from heterozygous 

parents to affected offspring compared to the non-transmitted alleles (Ewens & Spielman, 

1995). Studies performed with families have the advantage of reducing population 

heterogeneity by focusing on genetically similar pedigrees with consistent environmental 
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exposures (Glahn et al., 2019). However, collecting sufficiently large and well-

characterized family samples can be challenging, making case-control studies more 

scalable. In these studies, genes are often selected based on positional evidence from 

linkage studies or structural variations (e.g., COMT, DAO, DISC1, DTNBP1, NOTCH4, 

NGR1), or based on hypotheses regarding the etiology of schizophrenia, such as the 

dopaminergic hypothesis (e.g., DRD1, DRD3, DRD4, COMT), or due to pharmacological 

relevance (e.g., HTR2A, SLC6A3, SLC6A4) (Collins et al., 2012). These studies have made 

significant contributions to our understanding of schizophrenia etiology, with over 1,700 

genetic association studies cataloged, covering 1,008 genes and 8,788 polymorphisms 

(Allen et al., 2008). Moreover, meta-analytic results have further reinforced the role of 

these candidate genes in schizophrenia (Glatt et al., 2003; González-Castro et al., 2016; 

Jagannath et al., 2018; Li et al., 2016; Mohamed et al., 2018; Watanabe et al., 2013). 

Complementing the approaches mentioned, genome-wide association studies 

(GWAS) employ a hypothesis-free method to analyze millions of common genetic 

variants across the genome, comparing their frequencies between individuals with 

schizophrenia and controls. This method has proven more effective than candidate gene 

studies in identifying genetic variants associated with schizophrenia. However, due to the 

vast number of variants analyzed, GWAS requires large sample sizes and stringent 

significance thresholds (typically p < 5 x 10⁻⁸) to minimize false positives. Larger samples 

increase statistical power, enabling the accurate identification of independent loci. For 

example, the four GWAS conducted by the Psychiatric Genomics Consortium have 

progressively expanded in size and thus in the identified variants, with the latest study 

identifying 287 loci across a sample of 76,755 patients and 243,649 controls (Pardiñas et 

al., 2018; Ripke et al., 2014; Trubetskoy et al., 2022).  

Importantly, GWAS objectives extend beyond identifying specific genes. Pathway and 

gene set enrichment analyses have shown that the identified genetic variants converge 

on biological mechanisms like those highlighted in earlier candidate gene studies. 

Specifically, the latest GWAS reports that schizophrenia-associated genes are primarily 

expressed in excitatory and inhibitory neurons of the central nervous system. These 

genes also converge into biological processes related to development, neuronal 

differentiation, neuronal function, and synaptic transmission and involve key cellular 

components like ion channels and synapses (Trubetskoy et al., 2022).  

Additionally, these studies have introduced a method to quantify the genetic burden 

each individual carries for a given trait, known as the polygenic risk score (PRS). This is 

a valuable tool for estimating the cumulative genomic risk of a person, calculated by 

summing the additive effects of each genotyped variant and weighting them according 

to effect sizes estimated in genome-wide association studies (Choi et al., 2020). While the 

PRS for schizophrenia is not intended as a diagnostic tool, it serves as a highly informative 

measure for assessing individual risk for the disorder in research contexts and has shown 

strong consistency across studies and sample groups (Raben et al., 2022). A higher 
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schizophrenia PRS has been observed not only in schizophrenia patients but also in high-

risk individuals and first-degree relatives (Perkins et al., 2020; van Os et al., 2020).  

To expand the search for genetic contributors to schizophrenia, researchers have also 

focused on identifying rare genetic variants. However, this effort has proven challenging 

due to the polygenic nature of schizophrenia, the scarcity of harmful variants subject to 

natural selection, and the vast presence of benign rare variations within the population. 

Early methodologies such as fluorescence in situ hybridization (FISH) or comparative 

genomic hybridization (CGH) identified the 1.5–3 MB deletion in 22q11.2, with 

individuals carrying this deletion have a lifetime risk of developing schizophrenia of 

approximately 25–30%, significantly higher than the general population risk of around 

1% (Van et al., 2017). With the advent of genome technologies, such arrays and whole-

exome or whole-genome sequencing, more rare variants have been identified. The latest 

and biggest whole-genome array study, involving over 40,000 cases and controls, has 

identified eight CNVs associated with schizophrenia risk, with NRXN1 exonic deletions 

being the only CNV linked to gene disruption. Although these deletions are rare in general 

population, they affect wide range of cases, spanning from 0.015%–0.64%, and confer a 

notably high risk for schizophrenia, with odds ratios ranging from 1.8 to 81.2 (Rees & 

Kirov, 2021). Additionally, individuals with schizophrenia show an enrichment of CNVs 

larger than 20 KB compared to controls, particularly those overlapping genes, which 

carry the strongest risk effects (Marshall et al., 2017). Meanwhile, exome-sequencing 

studies focusing on SNVs and indels, particularly in parent-offspring trios, have shown 

that de novo damaging coding variants in schizophrenia cluster in genes intolerant to 

protein-truncating variants (PTVs), genes implicated in early-onset neurodevelopmental 

disorders, and associated with glutamatergic postsynaptic proteins (Fromer et al., 2014; 

Howrigan et al., 2020). Also, case-control exome-sequencing studies have revealed an 

enrichment of ultra-rare damaging coding variants within these same gene sets in 

schizophrenia patients (Genovese et al., 2016; Singh et al., 2022). 

Importantly, recent GWAS estimates that SNP-based heritability accounts for around 

24% of the schizophrenia risk (Trubetskoy et al., 2022). In comparison, the heritability 

attributed to SNVs and indels is approximately 2%, which is also the estimated 

contribution of CNVs (Weiner et al., 2023). This still leaves the issue of missing heritability, 

the gap between the variance explained by common variants and the higher estimates 

from twin studies. This difference arises because the genetic architecture of schizophrenia 

involves both interactions between genes (epistasis) and gene-environment interactions 

(Zuk et al., 2012). However, deciphering the epistatic networks involved in schizophrenia 

presents a significant methodological challenge. While meta-analyses using pairwise 

testing of independent loci have not yielded success, a more recent study employing 

discrete discriminant analysis, which examines a broader range of interacting partners 

beyond SNP pairs, demonstrated that collective interaction analysis significantly 

enhanced the association with schizophrenia (Ripke et al., 2014; Woo et al., 2017). 

Pathway analysis of these SNP networks suggested a disease mechanism in which 
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maternal immune activation disrupts neurogenesis and causes deficits in cortical 

interneurons, ultimately leading to symptoms triggered by synaptic pruning (Woo et al., 

2017). 

Box 3. Human genome and genetic variants  

The diploid human nuclear genome, which contains the complete set of DNA instructions in each cell, 
is composed of approximately 3.2 billion nucleotides in males and 6.4 billion in females. These nucleotides, 
known as adenine, cytosine, guanine, and thymine, are arranged across 24 chromosomes, including 22 
autosomes and two sex chromosomes, X and Y. The specific sequence of these nucleotides forms the 
genetic blueprint that guides the body's development and function. The human genome includes around 
60,498 predicted genes. Of these, 19,881 are responsible for coding proteins, while 25,813 are non-coding, 
and the rest are considered pseudogenes. Interestingly, the information for protein-coding genes is found 
within only 1.5% of the entire genome (Brown, 2002).  

Approximately 0.4% of the nucleotides in the human genome vary between individuals, contributing to 
genetic diversity and differing disease susceptibility. These genomic variants include single-nucleotide 
variants (SNVs), where a single nucleotide is altered, and indels, involving the insertion or deletion of fewer 
than 50 nucleotides. Copy number polymorphisms (CNPs) are short, repeated sequences that vary among 
individuals. Larger genomic variations stem from structural changes, where regions of 50 to thousands of 
nucleotides are inserted, deleted, inverted, relocated, or repeated, known as copy-number variants (CNVs) 
(Bachtiar et al., 2019). The 1000 Genomes Project revealed a wide range of genetic diversity, including 84.7 
million SNVs, 3.6 million indels, and 60,000 structural variants. On average, an individual’s genome contains 
about 5 million SNVs, 600,000 indels affecting 2 million nucleotides, and 25,000 structural variants 
spanning over 20 million nucleotides compared to a reference genome (Auton et al., 2015).  

The genetic makeup of an individual is heavily influenced by their ancestry, with allele frequencies 
within a population varying according to ethnic background. Given the population rate of the less frequent 
variant (allele), also referred to as minor allele frequency (MAF), the genetic variants are classified as 
common (MAF >1%), uncommon (MAF 0.1-1%), rare (MAF <0.1%), and ultra-rare (MAF <0.001%). 
Different types of genomic variants with varying MAFs contribute distinctly to psychotic disorders, as 
illustrated in the figure below (Sullivan et al., 2024). 

 

Figure B3. Frequency of genetic variants in healthy population and their size effect in relation to 
schizophrenia risk. The figure shows that rare variants found through whole-exome sequencing (WES) and 
CNVs (on the left side) are rare but have strong effects, while those common variants discovered via GWAS 
(on the right) are common but have weaker effects. Adapted figure (Sullivan et al., 2024). 
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Epigenetics 

Adding further complexity to the etiology of schizophrenia epigenetic mechanisms are 

also involved, as well as transcriptional and post-transcriptional regulation. These 

processes contribute to cellular diversity in function and structure despite the uniformity 

of the genetic code (Franks et al., 2017). Key regulatory levels include control of gene 

expression via methylation and histone modifications, which influence chromatin 

accessibility, alongside processes that regulate RNA splicing, processing, and degradation 

(Bacon & Brinton, 2021; Föcking et al., 2019; Reichard & Zimmer-Bensch, 2021; Richetto 

& Meyer, 2021; Smigielski et al., 2020). 

Prominently studied among these mechanisms is DNA methylation (Moore et al., 

2013) (Box 4). However, the relationship between methylation and gene expression is 

believed to be complex, with the balance between methylation levels in the promoter 

and gene body regions being crucial for effective regulation (Wagner et al., 2014). In the 

brain, methylation plays a twofold role: during development, the balance between 

methylation of germ line-specific genes that suppress pluripotency and demethylation of 

neuron-specific genes is key to facilitate neuronal specialization; in the mature brain, 

methylation changes can be induced by neuronal activity, contributing to complex 

cognitive processes such as learning and memory (Halder et al., 2016; Murao et al., 2016; 

Sun et al., 2016). The crucial nature of these mechanisms is evident in mice lacking 

methylation machinery, which display abnormal synaptic plasticity and cognitive deficits 

(Feng et al., 2010). Additionally, it is well-described that methylation processes are 

influenced by environmental stimuli (Jirtle & Skinner, 2007), leading to changes, some of 

which may have lasting effects, thus directly impacting gene expression and shaping the 

phenotype (Jaenisch & Bird, 2003; Perera et al., 2020). 

Much of the methylation research has focused on peripheral tissues, though this 

comes with the limitation of not directly addressing brain-specific processes. 

Interestingly, methylation differences have been observed in monozygotic twins 

discordant for schizophrenia (Dempster et al., 2011; Fisher et al., 2015), and similar 

changes have been detected in individuals at ultra-high risk for the disorder (Ciuculete et 

al., 2017). Notably, specific methylomic alterations have also been reported to emerge 

during the transition to psychosis (Kebir et al., 2017). Additionally, several methylome-

wide association studies have identified significant differences between schizophrenia 

patients and healthy controls (Aberg et al., 2014; Hannon et al., 2016; Montano et al., 

2016). A meta-analysis has further highlighted that many of these studies converge on a 

significant cluster of genes linked to synaptic membrane function and structure, as well 

as genes involved in immune and stress responses (Chan et al., 2020). Although 

peripheral methylation may not capture all brain-related disease changes, some studies 

have shown promise by revealing significant correlations in methylation between blood 

and brain tissue (Davies et al., 2012; Walton et al., 2016). Notwithstanding, beyond these 

tissue correlations, investigating blood methylation remains valuable for biomarker 

identification, particularly given the accessibility of the tissue and its reversible nature, 
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which enables the examination of therapy-induced changes potentially leading to 

enhanced patient care (Goud Alladi et al., 2018). 

 

Box 4. DNA methylation mechanism 

The process of DNA methylation consists of the covalent addition of a methyl group to cytosines to form 
5-methylcytosine (5-mC) (Moore et al., 2013). This process is catalyzed by DNA methyltransferase proteins 
(DNMTs) that use S-adenosyl-methionine (SAM) as a primary methyl group donor and that is converted 
to S-adenosine homocysteine (SAH) during the process. Three conserved DNMT enzymes are responsible 
for the methyl mark: DNMT3A and DNMT3B catalyze de novo DNA methylation, whereas DNMT1 
represents the maintenance enzyme, which restores the fully methylated state of DNA after replication 
(Feng et al., 2010). The majority of 5-methylcytosine is frequently located in clusters of CpG dinucleotides, 
called CpG islands, which are frequently found in gene promoter regions. This mark is generally a repressive 
mark since it acts by blocking gene transcription, but this depends on the genomic context (Katirtzoglou et 
al., 2024). 

Schematic representation of the methylation process 

 

Figure B4. Schematic representation of DNA methylation process. The figure shows, at the top, the reaction 
through which DNA methyltransferase proteins (DNMTs) add methyl groups using S-adenosyl-methionine 
(SAM) as a primary methyl group donor and converted to S-adenosine homocysteine (SAH) during the 
process transforming cytosine nucleotides into 5-methylcytosine. Adapted figure (Health, 700). 

 

Methylation research has also been conducted using post-mortem brain tissue, as 

obtaining living brain tissue through biopsies in schizophrenia patients is exceedingly rare. 

Studies using human prefrontal cortex or hippocampus tissues have revealed important 

differences in several well-established schizophrenia risk genes, including RELN, DRD2, 

COMT, and HTR2A (Dempster et al., 2011; Ghadirivasfi et al., 2011; Guidotti et al., 2016; 

A. Zhang et al., 2007). Moreover, whole methylation studies have unveiled novel genes 

implicated in neuron development, synaptogenesis, synaptic transmission, and plasticity 

(Alelú-Paz et al., 2016; Chen et al., 2014; McKinney et al., 2017; Oord et al., 2015; Pidsley 

et al., 2014; Ruzicka et al., 2015, 2017; Viana et al., 2016; Wockner et al., 2014; Zhao et 

al., 2015).  
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Simultaneously, other studies have examined gene expression, initially focusing on 

candidate genes through PCR analysis, though primarily using microarrays and RNA 

sequencing, to understand how genetic and environmental factors interact in the 

modulation of schizophrenia (Wu et al., 2017). Much like methylation research, most gene 

expression studies have focused on peripheral tissues, with a recent review identifying 

dysregulated proline metabolism genes in blood. Additionally, this study suggests a 

limited but notable overlap among genetic, epigenetic, and gene expression changes, 

underscoring the interplay between genetic and environmental factors in schizophrenia 

(Wagh et al., 2021). But these type of studies have been also performed in post-mortem 

brain tissue, specially using prefrontal cortex or hippocampus, with a recent review 

emphasizing the importance of genes related to circadian rhythms, immune response and 

inflammation, alongside mitochondrial energy metabolism and oxidative 

phosphorylation, myeloid leukocyte activation, cytoskeletal proteins, ion transport 

regulation, neural development, neurite outgrowth, and synaptic plasticity (Merikangas 

et al., 2022).  

Moreover, considering the impact of methylation on gene expression, numerous 

studies have investigated their relationship in post-mortem brain samples from 

individuals with schizophrenia. These studies found that hypomethylation of the 

promoter regions of most candidate genes associated with dopaminergic (DRD2, DRD3, 

COMT), GABAergic (GAD1), serotonergic (HTR2A), oligodendrocyte (SOX10), and 

synaptic plasticity (RELN) functions correlate with increased expression of these genes 

in the brain in SZ (Huang & Akbarian, 2007; Iwamoto et al., 2005; Kordi-Tamandani et 

al., 2013; Kundakovic et al., 2007). In parallel, multi-omics studies integrating 

transcriptomics and genome-wide methylation have confirmed this relationship for the 

classical candidate genes and uncovered novel correlations in other genes involved in 

nervous system development, adaptive immune response, and neuronal metabolism 

(Chen et al., 2014). Interestingly, these studies examining both methylation and gene 

expression, suggest that these differences may be specific to particular brain regions and 

cell types, with distinct genes involved in each context (Collado-Torres et al., 2019). 

Notably, all the evidence derived from the research investigating etiological factors in 

schizophrenia align with the neurodevelopmental hypothesis, which proposes that 

genetic risk variants disrupt brain development and synaptic plasticity, ultimately 

impairing the refinement of synapses and formation of functional neural circuits, leading 

to a broad spectrum of clinical and subclinical symptoms later in life.  
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1.7. Neuritin-1 as a model for unraveling the path from genes to 

clinical outcomes 

Despite progress in psychiatric genetics, significant gaps remain in linking genetic 

variants to schizophrenia phenotypic diversity. Whole-genome studies, while successful, 

often overlook variability within cases due to their focus on large, homogeneously 

diagnosed samples. To better understand how genetic variants influence clinical 

outcomes, candidate gene studies typically follow up on these findings in more deeply 

phenotyped cohorts. Given the wide range of symptoms in psychotic disorders, likely due 

to genetic diversity, addressing clinical heterogeneity is crucial for improving the accuracy 

of genetic association analyses in schizophrenia. Nonetheless, as mentioned through the 

introduction section, the heterogeneity of schizophrenia manifests across multiple levels, 

ranging from genetic and expression differences to the involvement of distinct cell types, 

as well as variations in brain structure and function, all of which contribute to variability 

in cognition, symptoms, treatment responses, and ultimately diagnosis. 

Accordingly, this thesis employed a whole-genome-derived candidate gene approach, 

with a particular focus on NRN1, to elucidate the genotype-phenotype relationship in 

schizophrenia. Using a multilevel strategy, we aimed to demonstrate how plasticity genes 

influence key schizophrenia-related phenotypes, such as age at onset, clinical and 

functional traits, cognitive performance, and neuroimaging measures, specifically 

highlighting the role of NRN1. This approach aims to illustrate an effective method for 

identifying the specific mechanisms by which genes contribute to the biological processes 

underlying schizophrenia. 

 

The role of Neuritin-1 in brain health and disease 

Neuritin-1 (NRN1), also known as Candidate Plasticity Gene 15 (CPG15), was first 

identified in a screen for genes regulated by neuronal activity that are involved in synaptic 

plasticity (Nedivi et al., 1996). Located on chromosome 6p25.1, approximately 6 Mb from 

the telomere, NRN1 encodes a small protein of 142 amino acids with a molecular mass 

of 15.3 kDa. The protein features a hydrophobic N-terminal region (amino acids 1–27) 

that acts as a signal peptide for secretion, while its C-terminal tail, rich in hydrophobic 

residues, contains a consensus cleavage site characteristic of GPI-anchored proteins 

(amino acids 116–142). The orthologous NRN1 gene in rats (Nrn1) is highly conserved, 

sharing 98% sequence identity with the human gene, differing by only 14 base pairs 

(Naeve et al., 1997).  

From animal-based assays, it has been demonstrated that during early embryonic 

development, Nrn1 expression acts as a survival factor for neural progenitors (Putz et al., 

2005). As development progresses, Nrn1 plays a pivotal role in supporting neuronal 

migration (Zito et al., 2014), promoting dendritic and axonal outgrowth, and facilitating 

synaptic maturation during neuronal differentiation (Cantallops et al., 2000; Cappelletti 
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et al., 2007; Corriveau et al., 1999; Fujino et al., 2008, 2011; Javaherian & Cline, 2005; 

Lee et al., 2005; Naeve et al., 1997; Nedivi et al., 1998, 2001; Sato et al., 2012). After birth, 

Nnr1 expression continues to be elevated in the adult brain, especially in areas with high 

neural activity and synaptic plasticity, such as the visual cortex, the hippocampus, or the 

external granular layer of the cerebellum, being expressed in an activity-dependent 

manner (Chen et al., 2011; Fujino et al., 2003; Harwell et al., 2005; Lee & Nedivi, 2002; 

Naeve et al., 1997; Nedivi et al., 2001; Putz et al., 2005; Tiruchinapalli et al., 2008).  

At the cellular level, Nrn1 is trafficked to and from the axonal surface in response to 

membrane depolarization, localizing to vesicles and endosomes alongside other synaptic 

vesicle proteins (Cantallops et al., 2000; Nedivi et al., 2001).  

Particularly, the NRN1 gene is classified as an immediate early gene, meaning its 

expression is rapidly activated by specific pathways in response to regulatory signals. As 

a result, Nrn1 expression is not only influenced by synaptic activity and sensory 

experience but is also highly sensitive to a variety of stimuli in both physiological and 

pathological conditions, including hormones like testosterone, gonadal steroids, and 

androgens, as well as seizures and neurotrophic factors such as NGF, BDNF, and NT3 

(El-Sayed et al., 2011; Marron et al., 2005; Tetzlaff et al., 2006). 

Notably, the transcriptional activation of NRN1 is a crucial link between neuronal 

activity and long-term synaptic plasticity. As an immediate early gene, Nrn1 expression 

is stimulated by calcium (Ca2+), a key player in neuronal signaling. Calcium enters neurons 

through channels such as N-methyl-D-aspartate (NMDA) receptors and L-type voltage-

gated calcium channels (VGCCs). Once inside, the calcium influx activates critical 

signaling pathways, including the Ca2+/calmodulin-dependent protein kinase (CaMK) 

pathway and the mitogen-activated protein kinase (MAPK) pathway. These pathways 

regulate various cellular processes, particularly the expression of plasticity-related genes 

like NRN1, ultimately leading to AMPA recruitment and long-term changes in synaptic 

strength and plasticity, which are essential for learning and memory (Fujino et al., 2003). 

Then, it seems that NRN1 is playing a role in the dysfunction in glutamate signaling, that 

activates both AMPA and NMDA. 

Likewise, biochemical analyses reveal that NRN1, as a soluble molecule, can activate 

the insulin receptor (IR), though another study suggests it may also bind to the insulin-

like growth factor type 1 receptor (IGF-1R). Regardless, NRN1 activates critical pathways, 

including MEK-ERK, PI3K-Akt-mTOR, and Ca2+-CaN-NFATc4, leading to increased 

transient outward potassium currents and Kv4.2 expression, as well as the upregulation 

of CaV1.2 and CaV1.3 subunits of L-type voltage-gated calcium channels (VGCCs) in the 

cell membrane of cerebellar granule neurons (Yao et al., 2012; Zhao et al., 2018). 

Together, these effects support processes essential for learning and memory. However, 

NRN1 is still considered as an orphan ligand and its receptor remains unknown. 
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Interestingly, there is compelling evidence linking NRN1 to psychiatric disorders. 

Increased Nrn1 expression is linked to enhanced cognitive performance in mice, 

including improved spatial learning, memory recovery after ischemia-reperfusion injury, 

better neurological scores after traumatic brain injury, and reduced cognitive 

impairments in Alzheimer's models, while its decrease expression is associated with 

depression (An et al., 2014; Liu et al., 2018; Reshetnikov et al., 2020; Son et al., 2012; Wan 

et al., 2020). Also, Nrn1 responds to neurotherapeutic agents, such as electroconvulsive 

therapy and fluoxetine, which alter its expression through epigenetic pathways involving 

histone deacetylations (Alme et al., 2007; Dyrvig et al., 2014; Newton et al., 2003; H. G. 

Park et al., 2014). Moreover, human-based studies have implicated the NRN1 gene in the 

risk for mental disorders, as well as in early onset and cognitive deficits in patients, 

highlighting its clinical relevance (Chandler et al., 2010; Fatjó-Vilas et al., 2016). 

In summary, the temporal expression of the NRN1 gene plays a key role in regulating 

neuronal numbers by promoting progenitor expansion, preventing apoptosis in specific 

neuroblast subpopulations, and ensuring proper circuit maturation, ultimately influencing 

brain structure and function. Furthermore, NRN1 continues to be expressed in the adult 

brain, where it contributes to synaptic plasticity, enabling the brain to adapt to internal 

and external stimuli. Importantly, animal studies have shown that Nrn1 expression can 

be modulated, with significant effects on behavioral phenotypes. Additionally, its 

polymorphic variability has been linked to an increased risk of schizophrenia spectrum 

disorders and related clinical phenotypes. In this context, developing strategies to target 

NRN1 or its associated signaling pathways could offer a promising approach for 

improving schizophrenia treatment, particularly in addressing cognitive symptoms that 

do not respond to traditional antipsychotic therapies. 

 

Reducing schizophrenia clinical heterogeneity 

Using specific phenotypes with clear etiological significance, such as age at onset, is 

an effective strategy for reducing heterogeneity and identifying genetic factors associated 

with schizophrenia. Family studies reveal strong correlations in age at onset between 

probands and their relatives, with proband-sibling correlations ranging from 0.6 to 0.9 

(Crow & Done, 1986). Twin studies further highlight the genetic contribution, showing a 

4.7-fold higher familial risk in early-onset schizophrenia twin pairs (before age 22) 

compared to late-onset cases, along with closer age at onset in monozygotic twins 

compared to dizygotic twins (Hilker et al., 2017). These approaches have also 

underscored the important role of genetic factors in determining age at onset, with 

heritability estimates around 33% (Hare et al., 2010). Unraveling the genetic basis of age 

at onset is of significant clinical importance, as early-onset schizophrenia is linked to 

stronger familial aggregation of schizophrenia and other psychiatric disorders, poorer 

premorbid adjustment and neurocognitive functioning, more severe symptoms, and 

worse outcomes with a poorer prognosis (Baykal et al., 2024; Payá et al., 2013). These 
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findings indicate that early-onset cases are associated with more pronounced 

neurodevelopmental disruptions compared to adult-onset forms. This approach has 

identified several candidate genes, such as DRD2, DRD3, COMT, BDNF, and NRG1, as 

potential modulators of age at onset in schizophrenia, through correlations with 

quantitative measures or by distinguishing early from adult-onset cases (Alfimova et al., 

2023; Mané et al., 2017; Voisey et al., 2012; Yoshimi et al., 2016). In the context of GWAS 

analysis, while there has been a significant increase in research across various domains, 

few studies have focused on age at onset (Bergen et al., 2014; Guo et al., 2021; Wang et 

al., 2011; Woolston et al., 2017). Interestingly, the variants linked to an earlier age at onset 

in these studies converge within molecular networks associated with nervous system 

development, axon extension regulation, glial proliferation, molecular transport, and cell-

to-cell signaling. However, replication at the individual SNP level remains limited across 

studies, likely due to differences in defining age at onset. Additionally, early-onset patients 

exhibit higher schizophrenia PRS compared to their siblings, with these scores effectively 

predicting an earlier onset of symptoms (Ahn et al., 2016). 

Another approach to reducing heterogeneity is to examine the impact of genetic 

variability on symptom severity. Symptoms in schizophrenia are well-defined and 

operationalized, with validated and reliable tools available for their assessment. Research 

has shown that symptom dimensions are not only familial but also heritable (Malaspina 

et al., 2000). Several candidate gene studies have successfully linked genetic variants to 

specific symptom dimensions (Fanous et al., 2005; Nieto et al., 2021; Yang et al., 2021; 

Zahari et al., 2011). However, whole-genome studies suggest that schizophrenia is not a 

single disorder but rather a group of heritable conditions caused by distinct genotypic 

networks, each associated with particular symptom profiles (Arnedo et al., 2015). 

Additionally, studies using PRS or genetic risk scores (GRS) for schizophrenia have 

demonstrated correlations with measures of functioning (e.g., GAF) and general 

psychopathology (e.g., PANSS), indicating that each dimension is partly influenced by 

separate genetic factors (Edwards et al., 2016; Santoro et al., 2018; Sengupta et al., 2017). 

Additionally, neuroimaging data offers valuable insights into the contribution of 

genetic factors to the neurobiology of the disorder. Heritability estimates for traits such 

as brain functional response range from 40 to 65%, while for cortical thickness and 

surface area estimates are between 52 and 78%, underscoring a substantial genetic 

influence on their variability (Jansen et al., 2015). Additionally, numerous neuroimaging 

genetic studies have demonstrated the specific impact of schizophrenia risk genes, such 

as BDNF, CACNA1C, COMT, ZNF804A and DRD2, on brain structure and function (Jiang 

et al., 2019). Moreover, several studies have linked a higher schizophrenia PRS to reduce 

cortical thickness alterations in high-risk individuals, patients with schizophrenia, and 

even healthy individuals, and also to cognitive abilities, such as working memory and 

processing speed, and consequently to altered brain activity during these tasks  (Benca 

et al., 2016; Cattarinussi et al., 2022; He et al., 2021; Lencz et al., 2013; Miller et al., 2018; 

Ohi et al., 2021).  
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Hypothesis 

Given the significant genetic component of schizophrenia, understanding the role of 

genetic factors could provide valuable insights into the biology of the disease. This 

understanding may ultimately support the development of novel therapies and better 

treatment strategies that will improve patients' quality of life. 

Evidence increasingly shows that synaptic plasticity, regulated by neuronal activity, 

plays a crucial role in brain function throughout development and adulthood. In 

schizophrenia, this process is disrupted, with many associated genes converging on 

related pathways. Despite these advances, there are still considerable gaps in connecting 

genetic variants to the phenotypic diversity observed in schizophrenia. Much of this 

difficulty arises from the extensive biological heterogeneity that characterizes the 

disorder. 

This heterogeneity is evident not only in clinical presentations but also across various 

levels, from genetic variation to diagnostic classifications. Building on this rationale, we 

hypothesized that a multilevel approach incorporating various aspects of NRN1 

molecular diversity, including the association of its genetic variants with age at onset, 

clinical and neuroimaging traits, its interaction with related genes, its expression and 

methylation patterns in postmortem brain samples from schizophrenia patients, and its 

methylation changes in response to cognitive therapy, could provide a comprehensive 

understanding of how genes influence the biological processes underlying schizophrenia. 

 

The hypotheses of the present thesis are:  

HYPOTHESIS I: NRN1 genetic variability will be associated with an increased 

risk of schizophrenia, particularly in early-onset forms of the disorder. The 

neurobiological basis of this association will be evidenced by the role of NRN1 

gene in the functional and structural brain differences observed in patients 

compared to healthy subjects and also by its modulation of clinical 

manifestations. In addition, these effects will be further shaped by epistatic effects 

between NRN1 and other molecularly related genes, such as BDNF and 

CACNA1C. 

HYPOTHESIS II: NRN1 methylation and expression levels in the brain will be 

correlated and will differ between individuals with schizophrenia and control 

subjects. These differences will be modulated by antipsychotic treatment and 

influenced by genetic variability within the locus. 

HYPOTHESIS III: NRN1 peripheral epigenetic changes following Cognitive 

Remediation Therapy (CRT) will be associated with cognitive improvements, with 

this effect further influenced by genetic variability within the locus. 
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Objectives 

The hypotheses were explored through aligned objectives, organized into sections: 

Section I: The role of NRN1 genetic variability in schizophrenia risk, clinical expression, 

intermediate phenotypes, and its interactions with related genes 

I.I. To investigate the association of NRN1 gene with the age at onset of 

schizophrenia, through the analysis of 11 single nucleotide polymorphisms (SNPs) 

and using two complementary approaches: family-based and case–control, 

including in both, and early-onset (EO) versus adult-onset (AO) cases of the 

disorder. Additionally, to investigate whether the genetic variants associated with 

EO differentially impact working memory-related brain activity, as assessed 

through the N-back neuroimaging protocol. 

I.II. To assess the epistatic effect of polymorphisms in the NRN1 gene, measured 

by 11 SNPs, along with BDNF (rs6265) and CACNA1C (rs1006737), on 

schizophrenia risk, age at onset, clinical severity and functionality. Next, to explore 

the joint influence of these polymorphisms on neuroanatomical cortical measures, 

such as thickness, surface area, and volume. Finally, to investigate whether brain 

regions under significant epistatic effects mediate the clinical outcomes in patients. 

Section II: Brain NRN1 genetic, epigenetic, and expression correlates and the modulatory effect 

of antipsychotic treatment 

II. To investigate whether NRN1 mRNA expression and methylation profiles 

across three CpG islands in brain post-mortem samples of the prefrontal cortex 

and hippocampus differ between control subjects and schizophrenia patients; 

with particular focus on the influence of the antipsychotic treatment by 

comparing clozapine use to no antipsychotic medication at the time of death. 

Additionally, to explore whether genetic variability, measured by 11 SNPs, 

influences this correlation. 

Section III: The impact of NRN1 genetic variability and peripheral epigenetic changes on 

cognitive improvements following Cognitive Remediation Therapy (CRT) 

III. To assess whether NRN1 methylation changes across three CpG islands in 

blood peripheral samples differ between patients undergoing Cognitive 

Remediation Therapy (CRT) and those receiving treatment as usual (TAU). 

Additionally, to explore whether these methylation changes are linked to cognitive 

improvement, considering the influence of genetic variability, measured by 11 

SNPs, on this relationship. 
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The doctoral thesis “The role of the synaptic plasticity gene NRN1 in schizophrenia: 

integrating molecular and neuroimaging approaches” presented by Carmen Almodóvar 

Payá is based on the original results obtained by the doctoral candidate.  

These results are centred on the assessment of the genetic influence of NRN1 gene, 

a synaptic plasticity gene, on the risk for schizophrenia and different clinical and 

neurobiological phenotypes related to the disorder. This has been conducted through 

different research designs and methodological approaches that have allowed to add new 

data on the impact of genetic, epigenetic and expression variability of NRN1 in the origin 

and manifestation of the disorder, as well as in treatment response.   

Four original research articles are presented: two have been published, one is 

accepted, and one submitted, all in international peer-reviewed journals. 

Study I.I. NRN1 Gene as a Potential Marker of Early-Onset Schizophrenia: 

Evidence from Genetic and Neuroimaging Approaches 

Almodóvar-Payá C, Guardiola-Ripoll M, Giralt-López M, Gallego C, Salgado-

Pineda P, Miret S, Salvador R, Muñoz MJ, Lázaro L, Guerrero-Pedraza A, 

Parellada M, Carrión MI, Cuesta MJ, Maristany T, Sarró S, Fañanás L, Callado 

LF, Arias B, Pomarol-Clotet E, Fatjó-Vilas M. International Journal of Molecular 

Sciences. 2022 Jul 5;23(13):7456. doi: 10.3390/ijms23137456.  PMID: 35806464 

The International Journal of Molecular Sciences is an international peer-

reviewed journal providing an advanced forum for molecular and cell biology, 

molecular medicine, and all aspects of the molecular research.  

According to the Journal Citation Reports (Science Edition, 2023), the impact 

factor of the journal is 4.9 and it is ranked in the 79.1% percentile of the area of 

Biochemistry & Molecular Biology (66/313), which corresponds to the first 

quartile (Q1). 

The doctoral candidate has participated in the study conception, data curation, 

the statistical analysis, interpretation of the results and the visual presentation of 

the findings. As well, the doctoral student wrote the first version of the manuscript 

and conducted the revision and edition of the subsequent draft versions.  

Study I. II. NRN1 epistasis with BDNF and CACNA1C: mediation effects on 

symptom severity through neuroanatomical changes in schizophrenia 

Almodóvar-Payá C, Guardiola-Ripoll M, Giralt-López M, Oscoz-Irurozqui M, 

Canales-Rodríguez EJ, Madre M, Soler-Vidal J, Ramiro N, Callado LF, Arias B, 

Gallego C, Pomarol-Clotet E, Fatjó-Vilas M. Brain Structure and Function. 2024 

Jun;229(5):1299-1315. doi: 10.1007/s00429-024-02793-5.  PMID: 38720004 

The Brain Structure and Function is an international peer-reviewed journal that 

publishes research that provides insight into brain structure−function 



3. Supervisor’s Report 

38 

relationships by integrating data spanning from molecular, cellular, 

developmental, and systems architecture to the neuroanatomy of behavior and 

cognitive functions.  

According to the Journal Citation Reports (Science Edition, 2023), the impact 

factor of the journal is 2.7 and it is ranked in the percentile 93.1% of the area of 

Anatomy & Morphology (2/22), which corresponds to the first decile (D1). 

The doctoral candidate participated in the study conception, DNA extraction, and 

genotyping. Also, the candidate had a prominent role in the data curation, the 

statistical analysis, the interpretation and the visual presentation of the findings. 

As well, the doctoral student wrote the first version of the manuscript and 

conducted the revision and edition of the subsequent versions.  

Study II. Clozapine-related brain NRN1 expression patterns are associated with 

methylation and genetic variants in schizophrenia.  

Almodóvar-Payá C, Moreno M, Guardiola-Ripoll M, Latorre-Guardia M, Morentin 

B, Garcia-Ruíz B, Pomarol-Clotet E, Callado LF, Gallego C, Fatjó-Vilas M. 

Submitted for peer review in an indexed journal. 

The doctoral candidate participated in the study conception, sample 

management, DNA extraction, genotyping-methylation-expression data 

processing and curation, methodology and statistical analysis, the interpretation 

and the visual presentation of the findings. Also, the doctoral student wrote the 

first version of the draft and conducted the revision and edition of the subsequent 

versions.  

Study III. NRN1 genetic variability and methylation changes as biomarkers for 

cognitive remediation therapy response in schizophrenia 

Almodóvar-Payá C, París-Gómez I, Latorre-Guardia M, Guardiola-Ripoll M, 

Catalán R, Arias B, Gallego C, Penadés R, Fatjó-Vilas M. Progress in 

Neuropsychopharmacololy & Biological Psychiatry. 2024 Oct 18;136:111175. doi: 

10.1016/j.pnpbp.2024.111175. Epub ahead of print. PMID: 39426559. 

The Progress in Neuro-Psychopharmacology & Biological Psychiatry is an 

international and multidisciplinary journal which aims to disseminate research 

papers dealing with experimental and clinical aspects of neuro-

psychopharmacology and biological psychiatry.   

According to the Journal Citation Reports (Science Edition, 2023), the impact 

factor of the journal is 5.3 and it is ranked in the 90.5% percentile of the area of 

Pharmacology & Pharmacy, which corresponds to the first decile (D1). 

The doctoral candidate has participated in the study conception, DNA extraction, 

and sample processing for genotyping and methylation analyses. Also, the 
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candidate has led the data curation, the statistical analysis, the interpretation and 

the visual presentation of the findings. Also, the doctoral student wrote the first 

version of the draft and conducted the revision and edition of the subsequent 

versions.  

As the director and co-director of this thesis, we confirm the quality and originality 

of the articles published and that no co-author of the studies here presented has 

implicitly or explicitly used the results to elaborate another doctoral thesis. 
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The three proposed hypotheses were explored through aligned objectives, organized 

into sections, which resulted in the four articles presented, with their results summarized 

below. 

In relation to HYPOTHESIS 1 “NRN1 genetic variability will be associated with an 

increased risk of schizophrenia, particularly in early-onset forms of the disorder. The 

neurobiological basis of this association will be evidenced by the role of NRN1 gene in the 

functional and structural brain differences observed in patients compared to healthy subjects 

and also by its modulation of clinical manifestations. In addition, these effects will be further 

shaped by epistatic effects between NRN1 and other molecularly related genes, such as BDNF 

and CACNA1C”, the objectives and results were organized into section I.  

Section 1: The role of NRN1 genetic variability in schizophrenia risk, intermediate phenotypes, 

clinical expression, and its interactions with related genes 

The two specific objectives delineated resulted in two scientific articles: 

I.I. Almodóvar-Payá C, et al. NRN1 gene as a potential marker of early-onset 

schizophrenia: evidence from genetic and neuroimaging approaches. Int J Mol Sci. 

2022 Jul 5;23(13):7456. doi: 10.3390/ijms23137456. 

I.II. Almodóvar-Payá C, et al. NRN1 epistasis with BDNF and CACNA1C: 

mediation effects on symptom severity through neuroanatomical changes in 

schizophrenia. Brain Struct Funct. 2024 Jun;229(5):1299-1315. doi: 

10.1007/s00429-024-02793-5. 

In these two scientific articles, the following results have been obtained:  

I.I. We identified a NRN1 three-SNP haplotype, including rs3763180, rs10484320, 

and rs4960155, that was associated with the risk for early-onset schizophrenia 

spectrum disorders (EO SSD) in two independent samples (case-control and 

family-based). In EO families, the GCT haplotype was significantly under-

transmitted from parents to affected offspring. In the case-control sample, the G 

allele of rs3763180, the T allele of rs10484320, and the T allele of rs4960155 were 

significantly associated with EO SSD under an additive model. Similarly, the GTT 

haplotype was more frequent in individuals with EO SSD, while the TCC 

haplotype was more prevalent in controls, supporting the SNP-based findings. No 

associations were found between NRN1 variability and adult-onset SSD risk in 

any allelic, genotypic, or haplotypic analyses. Additionally, in the neuroimaging 

genetics approach, a significant interaction between diagnosis and the GTT 

haplotype was observed in the 2-back vs. 1-back contrast in a cluster located in 

the superior and middle frontal gyrus, regions of the dorsolateral prefrontal cortex 

(DLPFC). EO patients without the risk haplotype showed increased activity in this 

cluster from 1-back to 2-back contrasts, whereas those carrying the risk haplotype 

exhibited a decrease in cluster activity. 
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I.II. We did not find any epistatic effects between NRN1 and BDNF-rs6265 or 

NRN1 and CACNA1C-rs1006737 on schizophrenia risk. However, we identified a 

significant gene-gene combined effect of NRN1-rs10484320 and BDNF-rs6265 on 

PANSS general psychopathology scores, and a notable NRN1-rs4960155 x 

CACNA1C-rs1006737 interaction on GAF scores. Additionally, we observed 

several significant NRN1 x BDNF-rs6265 interactions affecting the cortical surface 

area in frontal, parietal, and temporal regions, as well as cortical volume in frontal 

regions. Similarly, NRN1 x CACNA1C-rs1006737 interactions significantly 

influenced the cortical surface area of temporal regions and cortical volume in 

frontal regions. Finally, we observed that the NRN1-rs10484320 x BDNF-rs6265 

epistasis in the left lateral orbitofrontal cortex fully mediated the effect on PANSS 

general psychopathology. 

Regarding the HYPOTHESIS II “NRN1 methylation and expression levels in the brain will 

be correlated and will differ between individuals with schizophrenia and control subjects. These 

differences will be modulated by antipsychotic treatment and influenced by genetic variability 

within the locus”, the objectives and results were organized into section II. 

Section II: Brain NRN1 genetic, epigenetic, and expression correlates and the modulatory effect 

of antipsychotic treatment 

The specific objective delineated resulted in one scientific article: 

II. Almodóvar-Payá et al., 2024. Clozapine-related brain NRN1 expression 

patterns are associated with methylation and genetic variants in schizophrenia. 

Submitted for peer review in an indexed journal. 

In this scientific article, the following results have been obtained:  

II. We found that clozapine-treated schizophrenia patients had lower NRN1 

mRNA levels in the prefrontal cortex compared to both anti-psychotic free 

schizophrenia patients and controls. Additionally, clozapine-treated schizophrenia 

patients presented distinct methylation patterns across multiple CpG units in both 

regions compared to controls, while untreated patients exhibited a pattern closer 

to controls. Using sparse Partial Least Squares-Discriminant Analysis (sPLS-DA), 

which combines dimensionality reduction, feature selection, and classification, 

we identified three latent components in the prefrontal cortex and two in the 

hippocampus differentiating between clozapine-treated patients and controls, 

with both regions achieving a classification error rate of 0.28, validated through 

Leave-One-Out Cross-Validation (LOOCV). The most discriminative component 

in both models, LC1, included CpG units with both increased and decreased 

methylation levels, suggesting that changes in both directions contributed to 

group differences. However, the CpG units differentiating the groups varied 

between the two brain regions, indicating distinct NRN1 epigenetic patterns. In 

the prefrontal cortex, the CpG units differentiating clozapine-treated 
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schizophrenia patients from controls, particularly those in LC1 and the subset 

showing decreased methylation, were correlated to NRN1 expression in that 

region. Lastly, we found that genetic variability within the NRN1 locus influenced 

these effects, as the impact of LC1 and the subset showing decreased methylation 

in clozapine-treated patients on expression was enhanced by considering the 

NRN1-rs12333117 and NRN1-rs2208870 polymorphisms.  

Concerning the HYPOTHESIS III “NRN1 peripheral epigenetic changes following 

Cognitive Remediation Therapy (CRT) will be associated with cognitive improvements, with this 

effect further influenced by genetic variability within the locus”, the objectives and results were 

organized into section III. 

Section III: The impact of NRN1 genetic variability and peripheral epigenetic changes on 

cognitive improvements following Cognitive Remediation Therapy (CRT) 

The specific objective resulted in one scientific article: 

III. Almodóvar-Payá et al. NRN1 genetic variability and methylation changes as 

biomarkers for cognitive remediation therapy response in schizophrenia. Prog 

Neuropsychopharmacol Biol Psychiatry. 2024 Oct 17:111175. doi: 

10.1016/j.pnpbp.2024.111175. Epub ahead of print. 

In this scientific article, the following results have been obtained:  

III. We initially evaluated the efficacy of CRT in our sample and found significant 

cognitive improvements in patients undergoing CRT compared to those receiving 

TAU. Furthermore, we identified significant differences in NRN1 methylation 

across multiple CpG units between the two treatment arms, suggesting that NRN1 

peripheral methylation is dynamic and responsive to CRT. Using sparse Partial 

Least Squares-Discriminant Analysis (sPLS-DA), which combines dimensionality 

reduction, feature selection, and classification, we identified two latent 

components that differentiated CRT from TAU, achieving a classification error 

rate of 0.28, validated through Leave-One-Out Cross-Validation (LOOCV). Within 

the most discriminative component, LC1, we identified CpG units with both 

increased and decreased methylation levels post-CRT, highlighting that 

methylation changes in both directions play a role in the therapy's effects. 

Additionally, CpG units associated with therapy were linked to cognitive 

improvements, with LC1 and the subset of CpG units showing increased post-

therapy methylation distinguishing CRT responders from the rest of the patients 

across multiple cognitive domains, suggesting that hypermethylation may play a 

more prominent role in the therapy's effects. Lastly, we demonstrated that genetic 

variability within the NRN1 locus influenced these effects, as the impact of LC1 

on speed processing improvement after CRT was enhanced when accounting for 

the NRN1-rs9405890 polymorphism. 
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Framework of the present thesis 

This thesis is grounded in the field of psychiatric genetics and aims to advance our 

understanding of the complex etiological factors contributing to schizophrenia. As a 

multifaceted disorder, schizophrenia imposes substantial personal, economic, and social 

burdens. Despite significant advancements in research, the precise causes and 

pathophysiological mechanisms remain largely elusive, and, importantly, no reliable 

biological markers have been identified to guide diagnosis or treatment. Consequently, 

current therapeutic approaches are often accompanied by considerable side effects and 

demonstrate variable efficacy across patients.  

While it is true that the past decade has seen considerable progress in unraveling the 

genetics of schizophrenia, primarily due to large-scale consortia and whole-genome 

studies, these efforts face a significant challenge in addressing the clinical heterogeneity 

of the disorder. Additionally, while these studies are not hypothesis-driven and allow for 

the identification of genes and molecular pathways with high statistical power, they are 

not directed to explain how these genes modulate the phenotype. To address this, it is 

essential to work with more homogeneous patient samples and to explore how these 

genetic variants contribute to the disorder beyond their statistical association with 

disease risk.  

We have approached this challenge by using intermediate phenotypes in the study of 

the NRN1 gene, which serves as a key example of genes implicated in schizophrenia due 

to its dual role in brain development and synaptic plasticity in the mature brain. Our 

approach involved an integrative study combining molecular and neuroimaging 

techniques, offering a comprehensive perspective on how NRN1 may contribute to the 

disorder.  

The state of the art before the thesis 

Prior to this thesis, substantial knowledge about the role of NRN1 in the brain was 

established, primarily through animal and cell-based studies, as detailed in the 

introduction. In summary, NRN1 is known to regulate apoptosis in proliferative neurons, 

promote neuronal migration and synaptic maturation, modulate neurite outgrowth during 

differentiation, stimulate dendritic arbor growth, stabilize active synapses, and regulate 

synaptic plasticity (Zhou & Zhou, 2014). Furthermore, its neuroprotective properties 

were demonstrated in several studies. For example, overexpression of NRN1 rescues 

muscular atrophy in zebrafish by protecting neuromuscular axons, promotes axonal 

regeneration after facial nerve injury in hamsters, and enhances axonal regeneration and 

restores hindlimb function following spinal cord injury in rats through exogenous 

application (Shimada et al., 2013). 

More importantly, there was also compelling evidence supporting the role of NRN1 in 

psychiatric disorders. In animal models, increased Nrn1 expression has been linked to 

reduced cognitive impairments in Alzheimer’s models, while decreased expression has 
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been associated with depression (An et al., 2014; Son et al., 2012). Additionally, Nrn1 

responds to neurotherapeutic interventions, such as electroconvulsive therapy and 

fluoxetine, which modulate its expression through epigenetic mechanisms, including 

histone deacetylation (Alme et al., 2007; Dyrvig et al., 2014; Newton et al., 2003; Park et 

al., 2014). Even more significantly, human studies have implicated the NRN1 gene in 

mental disorder risk, early onset of symptoms, and cognitive deficits in patients (Chandler 

et al., 2010; Fatjó-Vilas et al., 2016). Additionally, it emerged as one of the most 

differentially methylated genes in the prefrontal cortex of schizophrenia patients 

compared to controls (Pidsley et al., 2014).  

Moreover, during the course of the present thesis, further studies appeared 

emphasizing the role of NRN1 in cognition. For example, increased Nrn1 expression has 

been linked to improved cognitive performance in mice, including enhanced spatial 

learning, memory recovery after ischemia-reperfusion injury, and better neurological 

outcomes following traumatic brain injury (Liu et al., 2018; Reshetnikov et al., 2020; Wan 

et al., 2020). Simultaneously, evidence from human post-mortem prefrontal cortex 

samples supports these findings, showing that NRN1 is among the most highly expressed 

proteins in elderly individuals with cognitive resilience, further suggesting a 

neuroprotective role for NRN1 (Hurst et al., 2023; Yu et al., 2020). 

Despite progress, significant gaps remained in our understanding of the role of NRN1 

in schizophrenia, and the precise mechanisms through which it contributed to the onset 

and progression of the disorder had yet to be fully clarified. Among other questions, we 

lacked detailed information on whether NRN1 exhibited altered expression in 

schizophrenia, which regulatory mechanisms might be involved, and whether NRN1 or 

its pathways were associated with alterations in brain structure or function, or in clinical 

presentation. Additionally, it was still unclear whether NRN1 could influence the response 

to specific treatments. Our work has contributed to addressing these gaps, which is 

crucial for improving our understanding of the role of NRN1 in the disorder and for 

translating genetic findings into effective diagnostic and therapeutic strategies. 

 

Contributions of the thesis to the field of psychiatric genetics 

With a focus on NRN1 

To investigate the role of NRN1 in schizophrenia, in this thesis we adopted a multilevel 

approach, which resulted in four articles reflecting the progression of our efforts clarifying 

this complex issue. First, we assessed whether genetic variants of NRN1 were associated 

with schizophrenia risk and related phenotypes, including neuroimaging and clinical 

traits. We then explored whether these effects were modulated by other genes potentially 

involved in NRN1 molecular networks. Next, building on these promising findings, we 

expanded our analysis to post-mortem brain samples to determine whether the observed 

effects on neuroimaging and symptoms profile were driven by differences in brain 
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expression, methylation, and genetic variability. Finally, we explored whether changes in 

peripheral NRN1 methylation, along with individual genetic variability, could account for 

differences in response to cognitive remediation therapy. 

Then, our first objective was to investigate the extent to which common DNA 

sequence variants in the NRN1 gene influence the modulation of schizophrenia 

phenotypes. To achieve this, we utilized genetic association approaches, including both 

family-based and case-control designs. In addition, we examined genotypic effects using 

multiple strategies, ranging from single-SNP analyses to more complex models, such as 

additive genetic effects through haplotype structures involving multiple SNPs within 

NRN1, as well as gene-gene interactions by assessing epistasis between NRN1 variants 

and those of its putative molecular interactors. Additionally, we explore their impact, not 

only in relation to clinical outcomes, but also to neuroimaging phenotypes.  

Thus, our initial two publications show that the NRN1 polymorphic variability, 

independently and in combination with BDNF-rs6265 or CACN1C-rs1006737, is closely 

linked to the clinical heterogeneity observed in schizophrenia-spectrum disorder patients.  

On the one hand, by integrating family-based and case-control analyses, we identified 

that three SNPs, rs3763180, rs10484320, and rs4960155, either individually or as part of 

distinct haplotypes, that were associated with early-onset schizophrenia, displaying both 

protective and risk-enhancing effects. The GCT and TCC haplotypes appeared 

protective, being under-transmitted to early-onset cases and more common in controls, 

while the G, T, and T alleles, as well as the GTT haplotype, were associated with higher 

risk, being more frequent in early-onset cases. Our results added to a preceding work 

exploring the association of NRN1 with schizophrenia-spectrum disorders that also 

detected different haplotypes involving these SNPs with age at onset (Fatjó-Vilas et al., 

2016). Although the specific alleles involved differed between this study and ours, this 

discrepancy likely stems from variations in sample populations and methodologies. Our 

research compared early-onset cases to controls, whereas the previous study used an 

intra-patient approach, treating age at onset as a quantitative trait. Despite this, both 

studies importantly highlight the significance of this genomic region in influencing the 

age of onset in schizophrenia, underscoring it as a key area for understanding the more 

severe forms of the disorder with poorer prognosis. Notably, different studies have linked 

another gene in this region, Dysbindin-1, either independently or in interaction with 

NRN1, to both schizophrenia risk and early-onset forms of the disorder (Fatjó-Vilas et al., 

2011; Prats et al., 2017). 

On the other hand, following an intra-patient analysis, we identified a significant 

interaction between NRN1-rs10484320 and BDNF-rs6265 that influenced PANSS general 

psychopathology, which includes symptoms like anxiety, guilt, tension, depression, and 

disorientation (Kay et al., 1987). Additionally, we found a significant interaction between 

NRN1-rs4960155 and CACNA1C-rs1006737 that affected GAF scores, which assess 

personal, social, and psychological functioning (Endicott et al., 1976). These findings 
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extend prior research on the interaction between NRN1 and BDNF in schizophrenia-

spectrum disorders risk and age at onset, while also offering new insights by examining 

epistasis in symptomatology, making this the first study to explore the interaction with 

CACNA1C (Fatjó-Vilas et al., 2016). Although our data does not align with previous 

findings of an epistatic association between NRN1 and BDNF with increased risk for 

schizophrenia-spectrum disorders, this discrepancy may stem from differences in 

diagnostic criteria, as the earlier study used a broader diagnostic framework. 

Nonetheless, our results still emphasize the clinical relevance of the well-established 

molecular interaction between NRN1 and BDNF. As regards to such interaction, BDNF 

binds to the TrkB receptor in the synaptic cleft, activating the transcription factor CREB, 

which then attaches to the NRN1 promoter in vivo (Fujino et al., 2003). This process 

drives functional and structural neuronal changes, ultimately consolidating long-term 

synaptic plasticity (Kaldun & Sprecher, 2019). Moreover, animal studies further support 

this connection, showing that injecting Bdnf into neonatal rat pups increases Nrn1 

expression in vivo (Wibrand et al., 2006). In addition, our study supports the molecular 

link between NRN1 and CACNA1C and provides new evidence suggesting its potential 

significance to functional impairments in schizophrenia. In this case, the expression of 

the NRN1 in the prefrontal cortex through its signaling pathway mediated through the 

insulin receptor and ERK signaling pathways enhances synaptic transmission by 

increasing the surface expression of CaV1.2, CaV1.3, and CaV3.3 channels, which are 

essential for long-term potentiation in the processes of learning and memory (Lu et al., 

2017; Yao et al., 2012; Zhao et al., 2018). 

Nevertheless, given the complex etiology, pathophysiology and clinical heterogeneity 

of schizophrenia, it is unlikely that the genetic background directly influences the clinical 

presentation of the disorder. Instead, genetic networks may modulate fundamental traits 

that subsequently drive the manifestation of symptoms (Glahn et al., 2010; Meijer et al., 

2021). Therefore, building on previous research, we suggest that breaking down 

schizophrenia into biologically validated and stable trait markers, such as brain structural 

measures, and investigating their role in mediating symptoms could lead to a clearer 

understanding of the disorder (Kirschner et al., 2020; Miranda et al., 2019; Sudre et al., 

2020). This approach may help connect genetic variability related to synaptic plasticity 

with the diverse and intricate clinical manifestations of the disorder.  

From one perspective, to investigate the neurobiological implications of genetic 

variants linked to increased risk for early-onset schizophrenia, given the clinical 

characteristics of these patients, we used functional MRI with the n-back task in a 

matched case-control subset to assess the role of NRN1 variability on a cognitive 

dimension particularly affected in schizophrenia, the working memory (Wu & Jiang, 

2020). Our findings showed that the GTT risk haplotype (NRN1 rs3763180-rs10484320-

rs4960155), associated with earlier onset, is linked to altered performance and brain 

activity during the N-back task. On the one side, early-onset patients exhibited different 

dorsolateral prefrontal cortex activity compared to controls, particularly when 
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transitioning from low to high memory-load conditions. Concretely, while controls 

showed stable activity in this region regardless of task difficulty and haplotype, early-

onset patients with the risk haplotype exhibited reduced activity under increased load. 

On the other side, performance data also revealed that controls performed consistently 

well, while early-onset patients with the risk haplotype performed worse than those 

without it at low memory loads. Interpreting these results requires understanding that 

sustained frontoparietal activation supports high memory loads, while dorsolateral 

prefrontal activation is linked to the cognitive effort needed to execute the task correctly 

(Riley & Constantinidis, 2016; Thomas et al., 2021). Therefore, the combination of 

reduced activation under rising task demands and lower performance at low memory 

loads in early-onset patients with the risk haplotype suggests that their peak activation 

and performance may be reached at a lower cognitive load compared to early-onset 

patients without the haplotype, who appear able to recruit additional prefrontal resources 

as task demands increase. These findings are consistent with two previous studies 

demonstrating the modulatory effect of NRN1 polymorphisms, both within our identified 

haplotype and others, on premorbid and current intelligence quotient in schizophrenia 

(Chandler et al., 2010; Fatjó-Vilas et al., 2016). Consequently, our results contribute new 

evidence by indicating that this cognitive impact of NRN1 polymorphisms may be driven 

by their influence on brain activity. 

From the other part, due to the observed epistatic interactions between NRN1 and 

BDNF or CACNA1C on symptomatology, we decided to investigate the impact of these 

gene combinations on brain structure within patients, with the goal of demonstrating the 

mediation effect of the brain on these symptoms. Our findings suggest that interactions 

between NRN1 SNPs and BDNF-rs6265 affect cortical volume and surface area in 

multiple brain regions, including the bilateral orbitofrontal cortex, left caudal middle 

frontal cortex, right lateral occipital cortex, left pars opercularis, and right postcentral 

gyrus. Our findings showed that the interaction between NRN1-rs10484320 and BDNF-

rs6265 modulated the volume of the left lateral orbitofrontal cortex, while the rs4960155 

and BDNF-rs6265 interaction influenced the cortical surface area and volume of the left 

caudal middle frontal cortex. Additionally, other NRN1 SNPs, such as rs2208870, in 

combination with BDNF-rs6265, modulated the surface area of the right lateral occipital 

cortex, and rs9379002 interacted with BDNF-rs6265 to affect both the cortical surface 

area of the left pars opercularis and right postcentral gyrus, as well as the surface area 

and volume of the right lateral orbitofrontal cortex. However, from all those epistatic 

interactions affecting the brain, the one involving NRN1-rs10484320 and BDNF-rs6265 

emerged as the most interesting, as it fully mediates the effect observed in PANSS general 

psychopathology. Specifically, patients with the lowest PANSS general psychopathology 

scores, specifically those with NRN1-rs10484320 CC and BDNF-rs6265 ValVal 

genotypes, also had the smallest left lateral orbitofrontal volume. We chose to explore 

the epistatic effects on brain structure due to its influence on symptomatology, rather 

than cognition, and the limitations of functional MRI, which primarily captures brain 
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activity in response to specific tasks (Riley & Constantinidis, 2016; Thomas et al., 2021). 

Understanding structural findings, however, requires recognizing the close relationship 

between structure and function. While structural organization governs neurotransmitter 

release and functional networks, brain activity, in turn, reshapes structure over time 

through neuroplasticity. For instance, research consistently shows that the resting-state 

network, a dynamic system, largely reflects underlying structural connectivity, indicating 

that structural changes can profoundly impact brain function, influencing mood, 

cognition, and symptom expression (Wang et al., 2020). Therefore, given the roles of the 

studied genes in neurodevelopment, our findings suggest that specific epistatic 

interactions may influence early brain formation, resulting in structural changes that 

subsequently modulate symptom manifestation. Interestingly, proteomic studies of the 

prefrontal cortex have linked NMDA receptor hypofunction and disruptions in Ca2+ 

homeostasis to orbitofrontal volume changes in schizophrenia (Nascimento & Martins-

de-Souza, 2015; Velásquez et al., 2019). This is particularly relevant to NRN1, as NMDA 

receptor-mediated neurotransmission and plasticity are influenced by the BDNF-rs6265 

genotype, especially in the hippocampus and infralimbic medial prefrontal cortex, and 

simultaneously regulate NRN1 expression in the cortex through Ca2+ signaling. At the 

clinical level, reducing glutamatergic neurotransmission with NMDA receptor antagonists 

induces or exacerbates psychotic symptoms, highlighting the critical role of this pathway 

in the development of schizophrenia symptoms (Krystal et al., 1994). As a result, both 

neurotrophic factors, NRN1 and BDNF, could influence the molecular pathways 

responsible for the volumetric changes in the left lateral orbitofrontal cortex, with these 

changes being behaviorally manifested in general psychopathology. 

At this stage, we questioned whether our findings might be driven by differences in 

NRN1 brain expression and methylation influenced by individual genetic variability. To 

explore this, we extended our analysis to post-mortem brain samples. Given the known 

impact of antipsychotics on the brain and previous animal studies suggesting that various 

drugs can modulate NRN1 expression, we conducted the analysis by dividing patients 

based on the presence of clozapine in their bloodstream at the time of death, as well as 

those without any medications. 

Hence, our third article showed unique NRN1 epigenetic-expression correlations in 

the prefrontal cortex of clozapine-treated patients compared to controls, further 

influenced by NRN1 polymorphisms, highlighting brain region-specific NRN1 alterations 

in schizophrenia.  

Clozapine-treated patients exhibited reduced expression of NRN1 in the prefrontal 

cortex compared to both controls and antipsychotic-free schizophrenia patients. This 

finding is particularly noteworthy, as NRN1 plays a direct role in regulating synaptic 

plasticity in the prefrontal cortex (Lu et al., 2017; Yao et al., 2012; Zhao et al., 2018). 

Interpreting these results in the context of prior studies is challenging, as ours is the first 

to investigate the NRN1 expression specifically in post-mortem brain samples from 
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schizophrenia patients. Nonetheless, a previous study on transcriptomic profiles of the 

prefrontal cortex in schizophrenia patients may offer some context, as it identified two 

distinct molecular subgroups: one resembling the controls and another markedly 

different, with NRN1 downregulated in the latter group. Yet, comparing our findings to 

that study is complicated because the authors did not account for the medication status 

of the patients (Bowen et al., 2019). Notwithstanding, in our study we also examined the 

expression levels of UMHK1, another synapse-related gene sensitive to clozapine, that 

similarly to NRN1 showed reduced expression in the prefrontal cortex of clozapine-

treated patients compared to controls, with no such reduction observed in the 

hippocampus (Rizig et al., 2012). Thus, our results provide new evidence suggesting that 

the reduced NRN1 expression in the prefrontal cortex of schizophrenia patients may be 

specifically associated with, or at least more pronounced under, clozapine treatment. 

Next, building on previous evidence identifying NRN1 as one of the top differentially 

methylated genes in the prefrontal cortex of patients with schizophrenia, we explored 

NRN1 methylation using a strategy that examined both global patterns and specific CpG 

sites. To address the intercorrelations and multicollinearity among CpG units, we applied 

a sparse Partial Least Squares method, allowing for dimensionality reduction, feature 

selection, and classification to identify methylation differences between groups, thereby 

enhancing the clinical relevance of the results compared to other dimensionality 

reduction techniques that do not account for sample labels. We found that patients with 

schizophrenia not treated with antipsychotics showed a methylation pattern similar to 

controls in both brain regions, while clozapine-treated patients exhibited a distinctly 

different profile. In the clozapine group, the most discriminant component included both 

hyper- and hypomethylated CpG units compared to controls. However, when grouped 

by the direction of methylation changes, only the hypomethylated CpG units showed a 

significant difference between patients and controls in both brain regions, suggesting that 

lower methylation may play a more prominent role in clozapine-treated patients in these 

brain areas. Interestingly, our findings from the prefrontal cortex globally align with the 

previously identified hypomethylated region (chr6:59992669-6006917) in the NRN1 gene 

body, as reported in the mentioned whole-methylome study and further suggest that this 

hypomethylation may be specific to clozapine-treated patients (Pidsley et al., 2014).  

But more importantly, our study provides novel insights by identifying the correlation 

between NRN1 expression and methylation, encompassing both the component and 

average of the hypomethylated CpG units, in the prefrontal cortex but not in the 

hippocampus. These findings converge with previous research in animal models, which 

used a hypothesis-driven approach focused on early-immediate genes or genes related 

to plasticity, suggesting that NRN1 is responsive to neurotherapeutic agents. For 

instance, both acute and chronic electroconvulsive therapy have been shown to enhance 

Nrn1 expression in the hippocampus, while chronic fluoxetine treatment similarly 

increases its levels, following a brain region-specific pattern, particularly in the prefrontal 

cortex and hippocampus (Alme et al., 2007; Dyrvig et al., 2014; Newton et al., 2003). 
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However, contrasting evidence from another study suggests that repeated 

electroconvulsive seizures can upregulate histone deacetylases in the rat frontal cortex, 

which target the downregulation of genes related to NMDA receptor signaling, including 

Nrn1 (Park et al., 2014). Thus, our findings add new evidence from human post-mortem 

brain samples, showing that patients with schizophrenia treated with clozapine, likely 

reflecting chronic treatment, exhibit changes in methylation and a reduction in NRN1 

expression.  

However, clozapine treatment is generally reserved for patients with persistent 

positive symptoms despite two adequate trials of other antipsychotics, categorizing them 

as treatment-resistant and possibly representing an etiological subgroup with unique 

biological characteristics (Howes et al., 2016). This perspective is supported by theories 

suggesting dopamine regulation abnormalities, such as hypersensitivity, baseline 

dopamine differences, and increased striatal dopamine synthesis and release probably 

due to disrupted GABA and glutamate balance, which overstimulates dopamine activity 

resulting in the positive symptoms of schizophrenia (Potkin et al., 2020). In addition, 

genome-wide studies associate NMDA receptor-related genes with this subgroup 

(Ruderfer et al., 2016). In parallel, animal studies have shown that clozapine treatment 

enhances NMDA receptor activation and, through its antagonist effect at dopamine D4 

receptors, leads to upregulation of AMPA receptors (Tanahashi et al., 2012; Veerman et 

al., 2014). These genetic and molecular links are especially relevant to NRN1, as its 

expression is influenced by NMDA pathways, and it has been shown to facilitate the 

recruitment of AMPA receptors to synapses (Cantallops et al., 2000; Fujino et al., 2003). 

Consequently, our research may also contribute to understanding the etiological basis of 

this subgroup, providing insights that could refine treatment approaches and guide the 

development of novel therapeutic options. 

Having come this far and based on promising evidence linking NRN1 to cognitive 

resilience, we then decided to explore the potential clinical applicability of our findings 

by investigating whether peripheral NRN1 methylation could be modulated by cognitive 

therapy, potentially serving as a biomarker for response to cognitive remediation therapy.  

As a result, our fourth article highlights NRN1 methylation changes in patients 

undergoing cognitive remediation therapy compared to those receiving standard 

treatment. More importantly, our findings showed that these methylation changes were 

also linked to therapy response, with the association strengthened when incorporating 

the rs9405890 polymorphism into the model. 

In this case, to explore methylation changes, calculated by subtracting pre-treatment 

values from post-treatment values, we followed the same statistical approach used in the 

third article. Our results, derived from sparse partial least square discriminant analysis, 

identified methylation changes in a set of CpG units that effectively distinguished 

between patients undergoing cognitive remediation and those receiving standard 

treatment. These findings suggest that NRN1 peripheral methylation is dynamic and 
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responsive to cognitive remediation therapy. Additionally, we found that CpG units 

associated with the therapy could also differentiate between CRT participants who 

experienced cognitive improvement from the rest of the patients, specifically global 

methylation changes and the average of CpG units experiencing an increase methylation 

level after the therapy, suggesting that methylation variability relates not only to treatment 

but also to its cognitive benefit. These results are difficult to interpret in the light of 

previous literature, as research into DNA methylation and prognosis following 

psychological therapy is nascent, with limited findings to date, and but none have 

explored NRN1 methylation until now (Gooding, 2022). However, previous studies, 

including one from our group, have identified peripheral methylation changes linked to 

cognitive improvement in synaptic plasticity genes, such as BDNF and RELN (Ho et al., 

2020; Penadés et al., 2024).  

The inclusion of only treatment-resistant patients in this study, all of whom were 

treated with clozapine, further supports the potential of NRN1 as a biomarker for this 

distinct etiological subgroup with specific biological characteristics. 

Although our results are challenging to interpret due to being derived from peripheral 

blood samples, expanding our findings to data from the central nervous system reveals 

increasing interest in NRN1 as a candidate for cognitive therapies. In animal models, Nrn1 

has shown a protective role in various neurological conditions. In traumatic brain injury, 

Nrn1 injections into the injured rat cortex improved neurological scores, repaired 

neurons, and protected cortical cells from apoptosis (Liu et al., 2018). Similarly, in mice 

model of Alzheimer’s disorder, brain infusion of recombinant Nrn1 rescued deficits in 

hippocampal long-term potentiation (An et al., 2014). Furthermore, transgenic mice 

overexpressing Nrn1 exhibited reduced hippocampal apoptosis, increased neuron 

survival, and enhanced recovery of spatial learning and memory after transient global 

ischemia (Wan et al., 2020). Supporting its role in cognitive function, RNA-seq analysis of 

high-performing mice in the Morris water maze revealed elevated expression of genes 

involved in glutamatergic transmission and long-term potentiation, including Nrn1 and 

its associated AMPA receptor signaling, which is crucial for memory (Reshetnikov et al., 

2020). In neurons cultured with Aβ42, NRN1 blocks Aβ42-induced dendritic spine 

degeneration and protects against neuronal hyperexcitability. Furthermore, NRN1 

treatment induces changes in the neuronal proteome linked to a broad range of synaptic 

functions and interacts with proteins associated with cognitive resilience in the human 

brain (Hurst et al., 2023). On the other hand, proteomic studies conducted on human 

post-mortem brain samples from elderly individuals with cognitive resilience or those 

asymptomatic for Alzheimer's disease have identified NRN1 as one of the top proteins 

associated with resilience, using hypothesis-free correlation networks (Hurst et al., 2023; 

Yu et al., 2020).  

Overall, these results contribute significantly to the understanding of schizophrenia by 

providing a deeper insight into the molecular mechanisms underlying the disorder's 
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clinical heterogeneity. The identification of NRN1 variability, both independently and in 

combination with key polymorphisms such as BDNF-rs6265 and CACNA1C-rs1006737, 

highlights the genetic complexity that influences schizophrenia-spectrum disorders. 

Furthermore, the discovery of unique NRN1 epigenetic-expression correlations in the 

prefrontal cortex of clozapine-treated patients underscores the importance of region-

specific molecular changes in the brain. This research also shows how NRN1 methylation 

changes, particularly in response to cognitive remediation therapy, could serve as 

biomarkers for therapy response, offering a potential pathway for personalized treatment 

strategies. 

With a general focus on schizophrenia specifically centered on synaptic plasticity 

In line with existing literature about schizophrenia, both genomic and non-genomic 

findings strongly indicate that alterations in synaptic function and plasticity play a crucial 

role in schizophrenia. These findings highlight synaptic plasticity as a promising 

therapeutic target, especially considering that some of these mechanisms may be 

modifiable in the adult brain.  

The current promise of psychiatric genomics is to offer an unbiased view into the 

biological basis of mental illness. However, the precise molecular mechanisms by which 

disorder-associated genes increase risk remain unclear, as translating genomic findings 

into actionable insights is inherently a complex and labor-intensive process. Therefore, 

the challenge now is to leverage genomic data to shed light on these critical processes 

and identify viable therapeutic targets. For that, we believe that a multidisciplinary and 

integrative approach, which assesses candidate genes across all levels of heterogeneity, 

is essential (Figure 7).  

 

Figure 7. Illustration of multilevel heterogeneity in schizophrenia and an integrated approach to gene 
identification and translation. This figure presents a structured overview of schizophrenia heterogeneity, 
and the comprehensive approach needed for effective gene identification. The top section highlights the 
selection criteria proposed for gene research. The middle section illustrates various levels of molecular 
heterogeneity, showcasing the spectrum of effects across pathways and mechanisms. The bottom section 
displays examples of different research methodologies or variables to explore, each offering unique insights 
and contributing distinct types of information to the broader understanding. 
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In the path from genetic vulnerability to the complex presentation of the disorder, 

several questions regarding the involved genes must be answered to unravel the different 

levels of heterogeneity and to pinpoint potential targets. In this thesis, we have aimed to 

address some of the gaps in this pathway with a particular focus on NRN1 as a model. 

I. The first question to address would be whether this gene has been highlighted in 

previous genetic studies associated with the disorder. In the case of NRN1, the gene was 

selected based on both positional evidence and case-control genetic association studies. 

Several genetic linkage studies mapping schizophrenia to specific genomic locations have 

identified an association with the chromosome region 6p22-25 (Lindholm et al., 2001; 

Moises et al., 1995; Straub et al., 1995; S. Wang et al., 1995). One such study, which 

focused on a subtype of schizophrenia characterized by pervasive neurocognitive deficits, 

also pointed to the 6p24 region (Hallmayer et al., 2005). Collectively, these studies 

suggested NRN1 as a positional candidate gene. Furthermore, studies on rare variants 

have also implicated this chromosomic region with schizophrenia, directly implicating 

NRN1 (Caluseriu et al., 2006). Additionally, although NRN1 did not appear in the most 

recent genome-wide association study for schizophrenia, earlier research from our group, 

using a case-control association study, demonstrated that NRN1 variants are linked to an 

increased risk of schizophrenia spectrum disorders. This same study also linked NRN1 

genetic variability to other neuropsychiatric disorders, including bipolar disorder (Fatjó-

Vilas et al., 2016). Beyond psychiatric disorders, studies on copy number variants have 

also documented complex alterations at chromosome 6p, which encompass candidate 

genes including NRN1, in several live-born infants presenting a range of abnormalities 

such as intellectual disability, growth deficiency, developmental delay, and distinct facial 

dysmorphisms (Linhares et al., 2015; Martinet et al., 2008; L. Zhang et al., 2023).  

These varied genetic associations, spanning both rare and common variants and 

linking NRN1 not only to schizophrenia and related psychiatric conditions but also to 

other neurodevelopmental disorders, strengthen the confidence that modulating the 

function of the gene could yield a clinically meaningful phenotype. 

Another important consideration in identifying candidate genes as potential 

therapeutic targets is whether we understand the function of the gene product. Pertaining 

to NRN1, it encodes a protein that can be either GPI-anchored or secreted and it is found 

in both axons and dendrites of neurons (Naeve et al., 1997). Although NRN1, as a small 

GPI-anchored protein, lacks channel activity, it has been identified as part of the AMPA 

receptor complex, which is crucial for fast excitatory synaptic transmission in the central 

nervous system (Fujino et al., 2003). This complex plays a key role in synaptic plasticity 

processes, such as long-term potentiation and long-term depression.  

Despite these insights, much remains unknown about the specific mechanisms and 

functions of NRN1 within neurons. Our group is currently investigating the potential 

receptors for NRN1 when it is in its soluble form. Previous studies, primarily conducted 

in animal models, have suggested that the insulin receptor might be a candidate, while 
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other research has proposed fibroblast growth factor receptor (Shimada et al., 2013; Yao 

et al., 2012). While these animal-based findings are important, they need to be validated 

in human samples. In this context, our own research, though not detailed in the present 

thesis, has explored post-mortem brain samples and suggests that NRN1 may interact 

with NPTN, a type I transmembrane protein belonging to the Ig superfamily, offering new 

perspectives on its role in neuronal function. 

An additional key issue to consider is whether the function of the gene product is 

relevant to the disorder. Regarding NRN1, as previously mentioned, animal studies have 

demonstrated its critical roles in brain development, including balancing neural 

progenitor proliferation and apoptosis, promoting neuronal migration and differentiation, 

supporting neurite outgrowth, and stabilizing synapses. In the adult brain, NRN1 is 

essential for synaptic plasticity, a function highly relevant to treating schizophrenia, given 

its well-characterized expression patterns across different developmental stages and 

brain regions. Even more relevant for understanding the unique aspects of human brain 

development and disease mechanisms, research using human-derived organoids from 

schizophrenia patients has shown increased cell death and disrupted neuronal 

differentiation in ventricular zone progenitors, with NRN1 identified as a downregulated 

factor in axon development, contributing to the impaired neurogenic potential of SOX2+ 

progenitors (Notaras et al., 2022). This downregulation highlights the critical role of NRN1 

in the pathology of schizophrenia, underscoring its importance in both brain 

development and disease. 

II. Once a gene is identified and its function understood, the next essential step is to 

investigate whether regulatory mechanisms, including post-transcriptional or epigenetic 

modifications, alter the gene or its pathway-related products in the disorder. This involves 

identifying disrupted regulatory mechanisms to determine the most appropriate gene 

product for therapeutic intervention and assess its potential as a drug target. In terms of 

NRN1, we were not starting from scratch, as methylome-wide analyses have already 

linked its expression in the prefrontal cortex to schizophrenia (Pidsley et al., 2014). 

However, a major challenge in studying gene expression regulation in psychotic disorders 

is the widespread use of antipsychotics, which makes it nearly impossible to obtain post-

mortem brain samples from untreated patients. Consequently, exploring how genes 

related to synaptic plasticity are expressed in the brain requires first determining whether 

they are influenced by pharmacological treatments. This limitation often compels 

researchers to rely on animal or cell-based studies for insight. In this sense, as previously 

noted, NRN1 is sensitive to neurotherapeutic agents like electroconvulsive therapy and 

fluoxetine (Alme et al., 2007; Dyrvig et al., 2014; Newton et al., 2003). Therefore, 

understanding how such treatments impact gene expression, not only in NRN1 but in all 

the associated genes, is essential for accurately interpreting its role in schizophrenia and 

other psychiatric disorders, highlighting the importance of complementary clinical 

studies to bridge these gaps. 
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Consequently, our post-mortem study, although focused on NRN1, contributes to a 

deeper understanding of region-specific transcriptome and methylome alterations in 

schizophrenia by demonstrating reduced expression of this gene in the prefrontal cortex, 

but not in the hippocampus, along with distinct methylation patterns that differentiate 

patients from controls in both regions (Alelú-Paz et al., 2016; Farsi et al., 2023; Huckins 

et al., 2019). Additionally, by identifying NRN1 expression and methylation changes 

specifically in the prefrontal cortex of clozapine-treated patients, our study reinforces the 

role of epigenetic mechanisms in the effects of atypical antipsychotic treatments 

(Guidotti & Grayson, 2014). This is particularly significant given previous animal-based 

research showing that clozapine can influence chromatin remodeling and induce the 

demethylation of synaptic plasticity promoters, such as Reln and Bdnf (Dong et al., 2008; 

Guidotti et al., 2017).  

Furthermore, our study, though centered on NRN1, presents an innovative approach 

for detecting methylation changes across a locus by using the sPLS-DA method. The 

primary advantage of sPLS-DA over traditional univariate analyses lies in its ability to 

manage the high correlations among adjacent CpG sites, reducing dimensionality while 

preserving essential information and uncovering complex multivariate relationships 

between methylation patterns and treatment outcomes that might otherwise remain 

hidden (Ruiz-Perez et al., 2020). Previous studies have used methodologies like PCA to 

consolidate locus methylation into latent components, as seen in research on BDNF 

methylation and brain activity (Redlich et al., 2020). However, our sPLS-DA approach 

uniquely enhances group separation, which increases the clinical relevance of findings. 

Thus, building on sPLS-DA, we adopted an integrated approach that combines a global 

perspective through components, a biologically meaningful direction-based analysis of 

CpG units within these components, and a site-specific assessment to evaluate 

transcriptional effects. Therefore, our results suggest that this comprehensive method 

offers deeper insights into the biological mechanisms underlying complex phenotypes, 

contributing to a more nuanced understanding of schizophrenia etiology. 

By integrating these levels of analysis, we identified that global methylation changes 

and specific hyper- and hypomethylated positions along NRN1 effectively distinguish 

clozapine-treated patients from controls. This approach enables a more detailed 

examination of these methylation changes in relation to other molecular variables, such 

as gene expression. Particularly for NRN1, we found that only global methylation patterns 

and the average of hypomethylated positions correlated with expression, suggesting a 

biologically specific impact. Furthermore, this method allows gene-centered analyses to 

be contextualized within broader methylome-wide findings, which often evaluate the 

combined effect of adjacent CpGs. For example, in the previously mentioned prefrontal 

cortex methylome-wide study of patients with schizophrenia and controls, NRN1 

methylation differences emerged only when examining the collective effect of adjacent 

hypomethylated CpGs (Pidsley et al., 2014). 
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But methylation changes at each CpG site may play distinct roles depending on its 

genomic context. Therefore, to understand how these methylation changes impact gene 

expression, it is essential to explore regulatory elements overlapping with CpG units. 

Using the UCSC Genome Browser (http://genome.ucsc.edu) to access ENCODE 

(Dunham et al., 2012) and ORegAnno data (Griffith et al., 2008), we found enhancer 

regions, DNase I hypersensitive sites, and histone marks such as H3K27me3, H3K4me1, 

and H3K36me3 within these CpG units. These findings indicate that integrating 

methylation data with regulatory elements offers critical insights into how epigenetic 

modifications may influence gene expression in schizophrenia. 

Additionally, our post-mortem findings have also highlighted the importance of 

considering genotypic variability when investigating gene expression mechanisms, as the 

methylation-expression correlation of NRN1 improved when taking genetic differences 

into account. To understand how genetic polymorphisms affect expression it is essential 

to examine their functional consequences. Using RegulomeDB (Dong & Boyle, 2019) and 

Haploreg (Ward & Kellis, 2016), we identified that certain NRN1 variants linked to early-

onset schizophrenia can modify histone marks and affect transcription factors binding, 

with some alleles notably increasing affinity for specific transcription factors involved in 

stress resilience through epigenetic pathways. Additionally, other variants impacting 

methylation-expression correlations in the prefrontal cortex also influence transcription 

factor binding affinities and affect enhancer and promoter functions in the brain, 

potentially modulating gene expression in a context-dependent manner. 

Our findings highlight the altered expression of synaptic plasticity genes in 

schizophrenia, particularly in the prefrontal cortex, a region critical for higher-order 

cognitive functions and heavily implicated in the disorder. These results support the idea 

that targeting such genes could lead to clinically meaningful outcomes. At the same time, 

they underscore the complex regulation of these genes and the need for further research 

to better understand how genetic and epigenetic factors influence their expression, 

especially in the context of antipsychotic treatment. 

III. Consequently, the next important question is considering how modifying the target 

impacts cellular function. Research, primarily from animal models, has shown that 

conditional knockout of the NRN1 gene in mice delays the development and maturation 

of axons and dendritic arbors, as well as hinders synaptic maturation (Fujino et al., 2003). 

Additionally, as previously mentioned, evidence from various disease models shows that 

modifying NRN1 has significant effects on neurons. For instance, silencing Nrn1 blocks 

neurite outgrowth in diabetic neuropathy, while Nrn1 injections repair neurons and 

protect cortical cells from apoptosis in traumatic brain injury, brain infusion of 

recombinant Nrn1 rescued deficits in hippocampal long-term potentiation in a mice 

model of Alzheimer’s disorder, and prevent dendritic spine degeneration and neuronal 

hyperexcitability in Aβ42-cultured neurons (An et al., 2014; Hurst et al., 2023; 

Karamoysoyli et al., 2008; Liu et al., 2018; Wan et al., 2020). Therefore, this evidence 
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suggests that potential drugs targeting NRN1 would have a beneficial impact on neuron 

homeostasis.  

IV. The subsequent upper step would be considering how this gene or its pathways 

modify brain networks. However, prior to this thesis, the specific impact of modifying 

NRN1 on brain networks had not been explored in either animal or human studies. 

In this context, our neuroimaging study of early-onset individuals, a population that is 

challenging to study due to the low prevalence of such cases (less than 8% have an onset 

before age 18), provides particularly valuable insights into brain regions that may be more 

vulnerable to early developmental challenges (Solmi et al., 2022). Our findings suggest 

that early-onset schizophrenia may disrupt neural pathways involved in working memory 

development, leading to more significant impairments compared to adult-onset cases 

(Hartshorne & Germine, 2015). This is consistent with previous functional neuroimaging 

studies on early-onset individuals, which have repeatedly shown abnormal activation 

patterns in key prefrontal regions such as the ventral lateral and dorsolateral prefrontal 

cortex, and anterior cingulate cortex, as well as in limbic and temporal areas 

(Kyriakopoulos et al., 2012; Loeb et al., 2018; Pauly et al., 2008; Thormodsen et al., 2011; 

White et al., 2011). Additionally, our results align with a longitudinal working memory 

study that reported reduced recruitment in executive brain regions in early-onset 

adolescents, contrasting with typical developmental patterns in healthy controls 

(Ioakeimidis et al., 2022). These findings reinforce the idea that adolescence is a critical 

period for prefrontal cortex maturation and the reorganization of the working memory 

network (Fair et al., 2007; Finn et al., 2010; Lenroot & Giedd, 2006). As such, these 

insights may inform the development of targeted interventions or training programs 

designed specifically for early-onset individuals, focusing on the neural networks most 

affected by the disorder. Additionally, our specific findings on NRN1 haplotypic variability 

modulating brain function and performance help bridge the gap between synaptic 

plasticity processes and the pathophysiological mechanisms underlying schizophrenia. 

On the other hand, our findings on the epistatic interactions between NRN1, BDNF, 

and CACNA1C in relation to cortical surface area and volume highlight how these 91% 

heritable phenotypes, largely shaped by regulatory elements active during prenatal 

development, are then particularly vulnerable to the combined alterations of such genes, 

leading to lasting effects on the adult brain, as evidenced by structural changes (Eyler et 

al., 2012; Grasby et al., 2020). Additionally, although our work was conducted within a 

patient cohort, the brain regions modulated by epistatic effects, primarily frontal, along 

with some parietal and temporal regions, have previously been reported to exhibit altered 

cortical surface area and volume in schizophrenia patients, suggesting that epistatic 

networks involving synaptic plasticity genes may be among the molecular mechanisms 

contributing to these structural differences (Erp et al., 2018).  

Although these results are associative rather than causative, they demonstrate that 

NRN1 genotypic variability is linked to the modulation of brain structure and function. 
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From both imaging and genetic perspectives, our findings consistently highlight the 

prefrontal cortex as a key region implicated in schizophrenia, particularly influenced by 

synaptic plasticity genes. These insights underscore the crucial role of this brain region 

in the disorder and its susceptibility to genetic factors that regulate synaptic plasticity. 

V. The following crucial stage is to explore how this gene, its pathways, and the brain 

networks it influences, impact clinical phenotypes. The results from studies exploring 

genetic associations with clinical phenotypes in schizophrenia can be framed within the 

concept that genetic variability can influence the phenotypic characteristics of 

schizophrenia in two primary ways: through susceptibility genes, which directly increase 

the risk of developing the disorder, and modifier genes, which impact clinical features 

without necessarily affecting susceptibility (Fanous & Kendler, 2005). This framework 

may explain the limited evidence linking NRN1 to schizophrenia risk, as its association 

has primarily emerged from linkage studies consistently pointing to the chromosome 

6p24-25 region, while it has not been identified in genome wide association studies 

(Lindholm et al., 2001). In this regard, genetic association studies suggested that NRN1 

genetic variability could be linked to specific forms of the disorder by describing its 

modifying effects on age at onset (Fatjó-Vilas et al., 2016). Given that early-onset forms 

of the disorder are particularly disabling, understanding the contribution of NRN1 to these 

impairments is crucial for gaining insights into the molecular mechanisms underlying the 

disorder.  

In this context, the work presented in this thesis helps establish NRN1 as a key gene 

associated with early-onset forms of schizophrenia. Identifying the genetic factors linked 

to early-onset schizophrenia is clinically significant, as these cases are often associated 

with poorer premorbid adjustment, reduced neurocognitive performance, more severe 

symptoms, and a less favorable prognosis (Clemmensen et al., 2012; Larsen et al., 2004; 

Rajji et al., 2009; Rapoport & Gogtay, 2011). Understanding this phenotype is, therefore, 

essential for developing effective early intervention and prevention strategies. 

Additionally, early-onset schizophrenia holds theoretical significance, representing an 

extreme phenotype with a higher genetic load, which may provide deeper insights into 

the biology of the disorder and offer a stronger framework for identifying relevant genetic 

variants (Zhan et al., 2023). Despite the advantages of studying early onset, there have 

only been three genome-wide association studies focused on age at onset, and they have 

shown limited overlap with those targeting general schizophrenia risk, underscoring the 

need for further research (Bergen et al., 2014; Guo et al., 2021; Wang et al., 2011; 

Woolston et al., 2017). Thus, our work addresses this gap in research on age at onset and 

holds potential clinical implications for improving disease prediction and advancing early 

interventions. 

Additionally, many of the aforementioned animal studies have demonstrated that the 

neuronal changes induce by modifying Nrn1 expression are linked to behavioral 

improvements, including improved neurological scores after traumatic brain injury, 
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recovery of spatial learning and memory after ischemia-reperfusion injury, and reduced 

cognitive impairments in Alzheimer's models (An et al., 2014; Liu et al., 2018; Wan et al., 

2020). Therefore, beyond age at onset, NRN1 could be modulating other phenotypes, 

such as symptomatology.  However, exploring specific symptoms, such as positive and 

negative symptoms or functional impairments, is challenging with animal models, making 

human studies essential.  

In this context, the work presented in this thesis suggests that NRN1 acts as a modifier 

gene, influencing general psychopathology and functioning in combination with other 

pathway-related genes, such as BDNF and CACNA1C. More importantly, this research 

provides a valuable framework for prioritizing brain regions implicated in schizophrenia 

by examining the mediation effects of significant brain clusters on symptomatology. 

Specifically, the finding that NRN1 x BDNF epistasis affects brain volume, which fully 

mediates its impact on symptomatology, reinforces the idea that genetic effects on 

clinical phenotypes are mediated by specific brain regions and that there is genetic 

overlap between brain structure and clinical symptoms (Sudre et al., 2020). This aligns 

with previous studies suggesting that genes highly expressed in brain regions with 

structural differences in schizophrenia are also linked to symptomatology (Ji et al., 2021; 

Legge, Cardno, et al., 2021; Sengupta et al., 2017). 

Overall, our results demonstrate that examining the effects of candidate synaptic 

plasticity genes essential to schizophrenia, even when not directly associated with the 

disorder in large genome-wide studies but broadly linked to neurodevelopmental 

processes, is an effective approach for identifying genetic factors relevant to different 

patient groups, thereby helping to reduce variability within the disorder. 

VI. Finally, having described that a gene modifies all these molecular levels, the next 

point is how this gene or its pathways modulate response to treatment. In this regard, 

prior to this thesis, although several animal-based studies suggested that Nrn1 brain 

expression could be modulated by neurotherapeutic agents, the putative role of NRN1 as 

biomarker for different treatments had not been explored in human studies. 

In this context, our exploration of NRN1 peripheral methylation suggests that this 

mechanism is dynamic and responsive to cognitive remediation therapy, consistent with 

previous research on the responsiveness of methylation to behavioral stimuli (Levenson 

et al., 2006; Miller & Sweatt, 2007). Additionally, our findings also indicate that while 

plastic changes in methylation serve as promising biomarkers for cognitive therapies, the 

genetic variability of the individual also plays a significant role in determining their 

response. However, it is important to note that peripheral methylation levels may not 

directly reflect central nervous system methylation or the mechanisms through which the 

therapy exerts its effects, although some studies have shown promise by revealing 

significant correlations in DNA methylation between blood and brain tissue (Davies et 

al., 2012; Walton et al., 2016). In this regard, previous research investigating the peripheral 

methylation of another synaptic plasticity gene, RELN, found changes in response to the 
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same therapy. These methylation levels were significantly associated with improvements 

in global brain network efficiency and cognitive performance, suggesting that the 

peripheral changes observed may have a corresponding correlate in the brain (Ho et al., 

2020). These results, along with our findings, underscore the value of investigating blood 

methylation for biomarker identification, beyond its tissue correlations, particularly given 

the accessibility of the tissue and its reversible nature, which enables the examination of 

therapy-induced changes potentially leading to enhanced patient care (Goud Alladi et al., 

2018). 

Furthermore, this article highlights the clinical relevance and robustness of the sPLS-

DA method for integrating complex biological data with clinical information, enabling the 

identification of specific biological markers that strongly correlate with certain clinical 

subtypes. Through the example of NRN1, this article offers a valuable methodological 

perspective that could enhance diagnostic accuracy and support the development of 

personalized treatment strategies, encouraging further research in this area. 

But the remaining point is how we can translate this into pharmacological 

intervention. In this sense, there remains a significant gap in the literature regarding drug 

development targeting NRN1. In contrast to other candidate genes, such as CACNA1C, 

where calcium channel blockers targeting CaV1.2 are already widely prescribed for 

cardiovascular conditions and have demonstrated brain penetration and safety, we 

currently lack comparable information on potential drugs targeting NRN1. This presents 

an important area for future research and development.  

However, both the existing evidence and the findings presented in this thesis highlight 

the potential of NRN1 as a promising therapeutic target, encouraging further research 

into the development of potential drugs targeting this gene. 

 

Future perspectives 

Although the specific methodological details of the studies included in this thesis have 

been thoroughly outlined in each publication, there are several important caveats that 

warrant further discussion and may guide future research.  

The main limitation across all the presented studies is the sample size and lack of 

replication samples. However, it is worth noting that, aside from large-scale studies led 

by international consortia, most research on modifier genes in clinical or neuroimaging 

phenotypes, as well as studies examining gene expression in post-mortem brain samples, 

typically use sample sizes comparable to ours. This limitation prevents us from examining 

sex-specific effects of NRN1 at any of the studied levels, which is significant given 

emerging evidence that genetic risk may differ by sex (Mas-Bermejo et al., 2025). 

All the variants in this study are polymorphic, so while our findings are biologically 

plausible, they should be interpreted with caution due to the small effect sizes of the 
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genetic variants on the phenotypes analyzed. In this sense, although our research 

highlights the role of NRN1 in schizophrenia-related traits, it must be understood within 

the larger context of the complex polygenic nature of the disorder. Additionally, since rare 

variants also contribute to the genetic risk of schizophrenia, future studies examining the 

combined influence of both common and low-frequency variants in the NRN1 gene could 

offer valuable insights (Singh et al., 2022). 

Furthermore, also linked to the polygenic nature of the disorder, variations in a single 

gene are unlikely to fully explain the physiological basis of schizophrenia-related 

phenotypes. Thus, while our study emphasizes the role of NRN1 in modulating these 

traits, the findings should be considered within the broader context of the complex 

genetic architecture of schizophrenia. Research consistently demonstrates that genes 

associated with complex traits function within networks of interacting genes and 

molecular pathways. To address this, we have explored the epistatic interactions between 

NRN1 and its potential molecular interactors, but statistical epistasis does not necessarily 

imply a direct impact on gene expression. To overcome this issue, an alternative 

approach involves, for example, analyzing gene co-expression patterns derived from 

post-mortem brain samples and translating these into a polygenic co-expression index in 

independent samples to explore their association with other phenotypes. Using this 

strategy, the polygenic co-expression index for the DRD2 gene, which predicts brain-

specific expression of a network of DRD2 co-expressed genes, has been linked to 

antipsychotic response, brain function during working memory in schizophrenia, and 

modulation of prefrontal cortex activity following D2 receptor stimulation (D’Ambrosio 

et al., 2022). Therefore, further studies are necessary to validate the statistical and 

biological impact of NRN1 interactions on brain structure and symptoms. 

A significant limitation in studying NRN1 methylation and expression patterns is the 

cross-sectional nature of our research, which focuses exclusively on chronic patients. 

Employing a longitudinal approach or comparing first-episode, chronic, and high-risk 

individuals could help differentiate whether these methylation patterns are state markers, 

tied to the disorder phase, or trait markers, indicative of persistent features. However, 

since longitudinal studies cannot be conducted on post-mortem tissue, these analyses 

would require blood samples, which may not accurately capture brain-specific 

methylation changes. Additionally, interpreting the brain methylation-expression patterns 

in clozapine-treated patients presents complexities due to the bidirectional influence of 

antipsychotic treatment: antipsychotics can alter both methylation and gene expression, 

yet an individual’s pre-treatment methylation profile can also affect how the drug 

functions. Without access to samples from never-treated patients, it remains difficult to 

separate the effects of the disorder from those of the medication, but obtaining such post-

mortem samples is quite challenging. Adding to these limitations, our study concentrated 

only on methylation and did not investigate other epigenetic factors, such as histone 

deacetylation and its impact on chromatin accessibility, both of which could play crucial 

roles in regulating NRN1 expression. Moreover, we did not examine NRN1 protein levels, 
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even though previous research suggests that changes in the synaptic proteome are not 

always reflected in transcriptome data (Aryal et al., 2023). Together, these factors 

highlight areas for future research to provide a more comprehensive view of the role of 

NRN1 in schizophrenia. 

While the effects of NRN1 are widely studied using animal and cell-based studies, the 

difficulty in accessing human brain tissue that sustains all these alterations has largely 

hampered the advances. Notably, new methodologies are opening new venues in the 

field. For instance, induced neural pluripotent stem cells and brain organoids represent a 

step forward in generating models that are closer to the biological reality and can be used 

to recapitulate the neurodevelopmental process offering an unprecedented vision on 

human-specific neurodevelopmental signatures. In this sense, the effects of NRN1 are 

poorly explored, and just one study has reported NRN1 as a downregulated factor in axon 

development, contributing to the impaired neurogenic potential of SOX2+ progenitors 

(Notaras et al., 2022). 

Additionally, all of our research is performed on bulk tissues, but the application of 

single-cell techniques in iPSCs, brain organoids, or even post-mortem tissue, to study risk 

factors impacting synaptic plasticity and neurodevelopment, such as NRN1, could yield 

valuable insights into their contributions to neuropsychiatric disorders. These methods 

enable analysis of transcriptional changes and epigenetic modifications at a single-cell 

level, uncovering how genes related to brain disorders are regulated across diverse cell 

types and developmental stages. This is crucial in neurodevelopmental disorders, as it 

allows for a detailed understanding of the cellular complexity of the bran and helps 

pinpoint critical periods of vulnerability  (Khodosevich & Sellgren, 2023; Nani et al., 2024; 

Wang et al., 2023). By bridging in vitro findings with in vivo relevance, single-cell 

techniques enhance our understanding of disease mechanisms and can inform targeted 

therapies. Moreover, there is growing interest in extending these techniques to peripheral 

tissues to explore the role of risk factors, like NRN1, that have significant functions in the 

immune system beyond the central nervous system, and to identify biomarkers across 

different physiological systems. (Böttcher et al., 2019; Gonzalez-Figueroa et al., 2021). In 

this context, we are currently using single-cell mass cytometry (CyTOF) on blood 

samples from individuals experiencing a first episode of psychosis, in a collaborative 

project originating from my PhD research stay. This technique labels immune cells with 

metal-tagged antibodies to detect multiple markers simultaneously, making it especially 

effective for profiling immune cell populations (Fernández-Zapata et al., 2020). Given the 

complex biological changes in early psychosis, including immune system alterations, 

CyTOF can identify rare immune cell subsets, cytokine profiles, and unique activation 

states that may be linked to the onset of psychosis. 

Finally, we did not explore the diagnostic specificity of our findings, as our research 

focused exclusively on NRN1 in schizophrenia. Investigating these effects in other 

psychotic disorders, such as bipolar disorder or autism, would be valuable not only 
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because of the considerable genetic overlap among these conditions but also due to the 

link between rare NRN1 variants and a broad range of neurodevelopmental disorders 

(Linhares et al., 2015; Martinet et al., 2008; L. Zhang et al., 2023). Therefore, examining 

the role of NRN1 across different diagnostic categories would improve our understanding 

of neurodevelopment and psychopathology.  

Similarly, we did not investigate the effect of NRN1 across different treatments, as both 

the study on methylation and expression correlations in the brains of schizophrenia 

patients and the study on peripheral methylation changes in response to cognitive 

remediation therapy were conducted specifically in patients treated with clozapine. Since 

these individuals represent a distinct subtype of the disorder with unique biological 

characteristics, the role of NRN1 in response to other treatments remains an open 

question. 
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Final remarks 

As a final remark, I would like to retrieve the importance of multilevel research as a 

potential framework to understand the role of specific candidate genes in schizophrenia.  

As outlined in the dissertation, human adaptive neurobiological function requires a 

precise neurodevelopmental plan with unique characteristics. This process depends on 

carefully orchestrated, spatiotemporal regulation of the transcriptome, which varies 

widely across individuals and shapes cognitive abilities, behavior, and personality traits. 

Synaptic plasticity, a defining feature essential both for brain development during 

maturation and for functional adaptability in adulthood, enables neurons to adjust their 

connections in response to external cues, refining synapses and forming neural circuits. 

Thus, disruptions in this mechanism, along with other regulatory processes, can lead to 

neuronal dysfunction and impaired neurotransmission, ultimately laying the groundwork 

for neurodevelopmental psychiatric disorders such as schizophrenia. Therefore, 

understanding how synaptic plasticity genes contribute to schizophrenia is crucial not 

only for deepening our knowledge of its etiological factors but also for developing more 

effective therapeutic strategies.  

The results presented in this thesis illustrate how tracing the pathway from genetic risk 

to clinical presentation, specifically through a focus on NRN1 and human association 

studies, can provide meaningful insights into the disorder. Using a multilevel strategy, we 

linked NRN1 molecular diversity with age at onset, clinical and neuroimaging traits, 

examined its interactions with related genes and their impact on these traits, analyzed its 

expression and methylation patterns in postmortem brain samples from schizophrenia 

patients, and highlighted the clinical relevance of our findings by studying methylation 

changes in response to cognitive therapy. Furthermore, this thesis highlights, through the 

example of NRN1, that following this approach can identify existing knowledge gaps and 

suggest directions for future studies using advanced techniques and diverse 

methodologies, including animal models, preclinical research, and expanded analyses of 

human samples. 

Overall, this thesis not only highlights the value of NRN1 as a candidate gene for 

further research but also offers a methodological blueprint for investigating other synaptic 

plasticity genes in psychiatric disorders, thus contributing to the broader effort to unravel 

the complex pathways from genetic risk to clinical presentation. 
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The specific conclusions derived from the present thesis are: 

I. Our data sheds light on the role of NRN1 as a key gene in modulating aspects of 

schizophrenia presentation, including clinical manifestations, brain function during 

tasks involving attention and working memory, and structural brain phenotypes. 

I.I. We describe specific genetic variability in the NRN1 gene associated with the 

risk for early-onset schizophrenia-spectrum disorders. Additionally, early-onset 

cases carrying such genetic variants exhibited altered activity in the dorsolateral 

prefrontal cortex activity during a working memory task. 

I.II. We showed that various epistatic interactions involving different SNPs of 

NRN1 and BDNF-rs6265 or CACNA1C-rs1006737 significantly modulate clinical 

severity and neuroanatomical features in schizophrenia patients. Furthermore, we 

showed that the interaction between NRN1 and BDNF in the left lateral 

orbitofrontal cortex volume fully mediates the impact on general 

psychopathology. 

II. Our findings offer a more profound understanding of the clinical heterogeneity seen 

among patients, revealing through NRN1 that expression differences between patients 

and controls are not uniformly distributed across the brain but exhibit region-specific 

patterns, which are influenced by both genetic and epigenetic factors. 

II. We detected lower NRN1 expression and methylation differences in the 

prefrontal cortex of clozapine-treated schizophrenia patients compared to both 

antipsychotic-free patients and controls, with these methylation differences 

correlating with NRN1 expression and influenced by specific genetic variants 

along the locus. 

III. Our results emphasize the importance of both epigenetic and genetic variability at 

NRN1 as key factors that may serve as potential biomarkers for predicting the diverse 

responses to cognitive therapies.  

III. We observed NRN1 peripheral methylation changes in response to cognitive 

remediation therapy, indicating its responsiveness to the treatment. Additionally, 

these changes were linked to cognitive improvement, with global and increased 

methylation differences distinguishing responders from non-responders across 

various cognitive domains, an effect further influenced by specific genetic variants 

along the locus in the case of speed processing. 

Our evidence, while focused on NRN1, reveals that synaptic plasticity genes play a 

crucial and multifaceted role in shaping both the cognitive and anatomical characteristics 

of schizophrenia, providing valuable insights into the disorder's underlying mechanisms. 

Moreover, they demonstrate that the complex interaction between genetic variability and 

epigenetic mechanisms likely drives region-specific brain expression alterations, which 

may explain the diverse clinical presentations observed among patients. In addition, our 

results highlight the link between individual genetic differences and peripheral epigenetic 
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profiles and their influence on therapeutic outcomes, underscoring the potential for more 

personalized treatment approaches. Collectively, this emphasizes the need for integrative 

methods to understand the role of synaptic plasticity genes, particularly NRN1, as pivotal 

factors in advancing our understanding of schizophrenia and enhancing patient care. 
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effect between NRN1 and BDNF on brain structure mediates symptom 

severity in schizophrenia. Poster communication. 36th European College 

of Neuropsychopharmacology Congress (ECNP) Congress. October 7th-

10th 2023, Barcelona, Spain. ++ 

7. Guardiola-Ripoll M, Almodóvar-Payá C, Arias-Magnasco A, Latorre-

Guardia M, Papiol S, Canales-Rodríguez EJ, García-León MA, Salvador 

R, Pomarol-Clotet E, Fatjó-Vilas M. The cortical architecture in 

schizophrenia is influenced by genetic variability in human-specific 

evolutionary markers guiding the early neurodevelopmental 

transcriptional machinery. Poster communication. 36th European 

College of Neuropsychopharmacology Congress (ECNP) Congress. October 

7th-10th 2023, Barcelona, Spain. 

8. Gómez I, Almodóvar-Payá C, Latorre-Guardia M, Arias B, Penadès R, 

Fatjó-Vilas M. Association of methylation changes in NRN1 gene and 

cognitive performance after cognitive remediation therapy in 

schizophrenia. Poster communication. 36th European College of 

Neuropsychopharmacology Congress (ECNP) Congress. October 7th-10th 

2023, Barcelona, Spain. ++ 

9. Guardiola-Ripoll M, Almodóvar-Payá C, Arias A, Latorre-Guardia M, 

Canales-Rodríguez EJ, García-León MA, Fuentes-Claramonte P, 

Salvador R, Pomarol-Clotet E, Papiol S, Fatjó-Vilas M. Genetic markers 

of evolution and brain cortical surface area in schizophrenia: are they 

related? Poster communication. Organization for Human Brain Mapping 

(OHBM) 2023 Congress. July 22nd-26th 2023, Montréal, Canada. 

2022 10. Almodóvar-Payá C, Guardiola-Ripoll M, Gallego C, Callado LF, Giralt-

Lopez M, Latorre-Guardia M, Salgado-Pineda P, Canales-Rodríguez E, 
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Miret S, Fañanás L, Penadés R, Fuentes-Claramonte P, Salvador R, 

Arias B, Pomarol-Clotet E, Fatjó-Vilas M. The effect of NRN1 on 

schizophrenia: an intersectional study integrating molecular and 

neuroimaging approaches. Poster communication. 35th European 

College of Neuropsychopharmacology Congress (ECNP) Congress. October 

15th-18th 2022, Vienna, Austria. ++ 

11. Martínez M, Guardiola-Ripoll M, Oscoz-Irurozqui M, Almodóvar-Payá 

C, Guerrero-Pedraza A, Hostalet N, Salvador R, Carrión MI, Maristany 

T, Pomarol-Clotet E, Fatjó-Vilas M. DRD2 and DRD3 genes, cannabis 

use and brain activity in first-episode psychosis. Poster Jam. 35th 

European College of Neuropsychopharmacology Congress (ECNP) 

Congress. October 15th-18th 2022, Vienna, Austria. 

12. Martínez M, Guardiola-Ripoll M, Oscoz-Irurozqui M, Almodóvar-Payá 

C, Guerrero-Pedraza A, Hostalet N, Salvador R, Carrión MI, Maristany 

T, Pomarol-Clotet E, Fatjó-Vilas M. Polymorphic variants at dopamine 

receptor genes (DRD2 and DRD3) and cannabis use: effects on brain 

activity in first-episode psychosis (FEP). Poster Communication. 22nd 

World Congress of Psychiatry (WCP). August 3rd-6th 2022, Bangkok, 

Thailand. 

13. Sotero-Moreno, A; Guardiola-Ripoll, M; Moreira, M; Giralt-López, M; 

Almodóvar-Payá, C; Hostalet, N; Miret, S; Campanera, S; Muñoz, MJ; 

Salvador, R; Fañanás, L; Pomarol-Clotet, E; Fatjó-Vilas, M. 

Biomarcadores del neurodesarrollo en esquizofrenia: genética, 

neuroimagen y dermatoglifos. Oral communication. I Congreso 

Multidisciplinario Internacional del Hospital Psiquiátrico Santa Rosita. 

Salud Mental a través del Tiempo, por un Hospital Psiquiátrico ¡SIN 

ESTIGMAS!. May 18th-20th 2022, virtual. 

14. Almodóvar-Payá C, Guardiola-Ripoll M, Gallego C, Callado LF, 

Moreno M, Latorre-Guardia M, Garcia-Torrents E, Canales-Rodriguez 

E, Giralt M, Miret S, Arias B, Penadés R, Salvador R, Pomarol-Clotet E, 

Fatjó-Vilas M. Assessing the impact of NRN1 on clinical hallmarks of 

schizophrenia by combining molecular and neuroimaging analyses. 

Poster Communication. 2022 Congress of the Schizophrenia International 

Research Society (SIRS). April 6th-10th 2022, Florence, Italy. ++ 

15. Latorre-Guardia M, Almodóvar-Payá C, Arias B, Penadés B, Guardiola-

Ripoll M, García-León MA, Fuentes-Claramonte P, Pomarol-Clotet E, 

Fatjó-Vilas M. FKBP5 methylation patterns and brain structural 

correlates in schizophrenia. Oral communication. 2022 Congress of the 

Schizophrenia International Research Society (SIRS). April 6th-10th 2022, 

Florence, Italy. 
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16. Guardiola-Ripoll M, Sotero-Moreno A, Kebir O, Chaumette B, 

Almodóvar-Payá C, Hostalet N, Moreira M, Giralt M, Salvador R, Odile-

Krebs M, Fatjó-Vilas M. Markers in Schizophrenia-Spectrum disorders: 

Analysis of the Combined Role of the Cannabinoid Receptor 1 Gene 

(CNR1) and Dermatoglyphics. Poster Communication. 2022 Congress of 

the Schizophrenia International Research Society (SIRS). April 6th-10th 

2022, Florence, Italy. 

2021 17. Almodóvar-Payá C, Latorre-Guardia M, Arias B, Penadés R, Guardiola-

Ripoll M, Fuentes-Claramonte P, García-León MA, Pomarol-Clotet E, 

Fatjó-Vilas M. Methylation and brain structure in schizophrenia: 

analysis of the role of COMT and BDNF genes. Poster communication. 

World Congress of Psychiatric Genetics (WCPG). October 11th-15th 2021, 

virtual. ++ 

18. Almodóvar-Payá C, Guardiola-Ripoll M, Gallego C, Hostalet N, Sotero 

A, Guerreo-Pedraza A, Ramiro N, Torres L, Salvador R, Pomarol-Clotet 

E, Fatjó-Vilas M. Analysis of epistatic effects between schizophrenia-

related genes and their role in clinical outcomes and brain activity. 

Poster communication. World Congress of Psychiatric Genetics (WCPG). 

October 11th-15th 2021, virtual. ++ 

19. Oscoz-Irurozqui M, Almodóvar-Payá C, Guardiola-Ripoll M, Guerreo-

Pedraza, Hostalet N, Pomarol-Clotet E, Fatjó-Vilas M. Cannabis Use 

and CNR1 Gene: Effects on Psychotic Symptoms and Cognition in 

First-episode Psychosis. Poster communication. World Congress of 

Psychiatric Genetics (WCPG). October 11th-15th 2021, virtual. 

20. Moreno M, Ortiz R, Almodóvar-Payá C, Guardiola-Ripoll M, Callado 

LF, Fatjó-Vilas M, Gallego C. Study of NRN1 expression in brain: 

analysis in individuals diagnosed with schizophrenia and healthy 

subjects. Poster communication. World Congress of Psychiatric Genetics 

(WCPG). October 11th-15th 2021, virtual. 

21. Almodóvar-Payá C, Latorre-Guardia M, Arias B, Penadés R, Guardiola-

Ripoll M, Fuentes-Claramonte P, García-León M, Pomarol-Clotet E, 

Fatjó-VilasM. Candidate genes of schizophrenia methylation patterns 

and brain structural correlates. Poster Communication. 34th European 

College of Neuropsychopharmacology Congress (ECNP). October 2nd-5th 

2021, Lisbon, Portugal. ++ 

22. Oscoz Irurozqui M, Almodóvar-Payá C, Guardiola-Ripoll M, Guerrero-

Pedraza A, Aquino A, Salgado-Pineda P, Sarró S, Pomarol-Clotet E, 

Fatjó-Vilas M. Cannabinoid receptor genes, cannabis use and brain 

activity in first-episode psychosis. Poster Communication. 34th 
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European College of Neuropsychopharmacology Congress (ECNP). 

October 2nd-5th 2021, Lisbon, Portugal. 

23. Almodóvar-Payá C, Guardiola-Ripoll M, Gallego C, Hostalet N, Sotero 

A, Guerrero-Pedraza A, Ramiro N, Torres Ll, Salvador R, Pomarol-

Clotet E, Fatjó-Vilas M. Evidence of epistatic effect involving the NRN1, 

KCNH2 and CACNA1C genes on the risk for schizophrenia-spectrum 

disorders and its impact on psychopathology. Poster communication. 

2021 Congress of the Schizophrenia International Research Society (SIRS). 

April 17th-21st 2021, virtual. ++ 

24. Almodóvar-Payá C, García-Torrents E, Guardiola-Ripoll M, Canales-

Rodríguez E, Hostalet N, Gallego C, Martín-Subero M, Madre M, 

Pomarol-Clotet E, Fatjó-Vilas M. The effect of NRN1 gene on cortical 

thickness in healthy subjects and subjects with schizophrenia. Poster 

communication. 2021 Congress of the Schizophrenia International 

Research Society (SIRS). April 17th-21st 2021, virtual. ++ 

25. Oscoz-Irurozqui M, Almodóvar-Payá C, Guardiola-Ripoll M, Guerrero-

Pedraza A, Salgado-Pineda P, Sarró S, Pomarol-Clotet E, Fatjó-Vilas M. 

The interplay between cannabinoid receptor genes and cannabis use: 

effects on brain activity in first-episode psychosis. Poster 

communication. 2021 Congress of the Schizophrenia International 

Research Society (SIRS). April 17th-21st 2021, virtual. 

26. Guardiola-Ripoll M, Almodóvar-Payá C, Lubeiro A, Sotero A, Salgado-

Pineda P, Salvador R, Papiol S, Ortiz-Gil J, Sarró S, McKenna PJ, 

Maristany T, Molina V, Pomarol-Clotet E, Fatjó-Vilas M. The interplay 

between two schizophrenia GWAS genes on fMRI working memory 

response: Evidence of CACNA1C x ZNF804A epistatic effect on brain 

function. Poster communication. 2021 Congress of the Schizophrenia 

International Research Society (SIRS). April 17th-21st 2021, virtual. 

27. Guardiola-Ripoll M, Sotero A, Almodóvar-Payá C, Hostalet N, Salgado-

Pineda P, Salvador R, Ortiz-Gil J, Sarró S, McKenna PJ, Madre M, 

Pomarol-Clotet E, Fatjó-Vilas M. DISC1 gene and brain activity: a 

genetic neuroimaging association study. Oral communication. 2021 

Congress of the Schizophrenia International Research Society (SIRS). April 

17th-21st 2021, virtual. 

28. Almodóvar-Payá C, Garcia-Torrents E, Guardiola-Ripoll M, Canales-

Rodríguez EJ, Hostalet N, Gallego C, Martín-Subero M, Madre M, 

Pomarol-Clotet E, Fatjó-Vilas M. The role of NRN1 gene in 

schizophrenia: analysis of its genetic variability in cortical thickness. 
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Oral communication. XX World Psychiatry Association (WPA) World 

Congress of Psychiatry. May 10th-13th 2021, virtual. ++ 

29. Almodóvar-Payá C, Guardiola-Ripoll M, Hostalet N, Giralt-López M, 

Arias B, Prats C, Gallego C, Millet S, Fañanás L, Pomarol-Clotet E, 

Fatjó-Vilas M. Common variants at plasticity gene NRN1 and its 

interaction with BDNF gene are associated with early-onset 

schizophrenia. Poster communication. XX World Psychiatry Association 

(WPA) World Congress of Psychiatry. May 10th-13th 2021, virtual. ++ 

30. Oscoz-Irurozqui M, Almodóvar-Payá C, Guardiola-Ripoll M, Guerrero-

Pedraza A, Salgado-Pineda P, Sarró S, Pomarol-Clotet E, Fatjó-Vilas M. 

Cannabis use and cannabinoid receptor genes interaction modulates 

brain activity in first-episode psychosis. Poster communication. XX 

World Psychiatry Association (WPA) World Congress of Psychiatry. May 

10th-13th 2021, virtual. 

31. Guardiola-Ripoll M, Almodóvar-Payá C, Lubeiro A, Sotero A, Salgado-

Pineda P, Salvador R, Papiol S, Ortiz-Gil J, Sarró S, McKenna PJ, 

Maristany T, Molina V, Pomarol-Clotet E, Fatjó-Vilas M. Epistatic effect 

of two schizophrenia genome-wide associated candidate genes 

(CACNA1C and ZNF804A) on working memory functional and 

behavioural response. Oral communication. XX World Psychiatry 

Association (WPA) World Congress of Psychiatry. May 10th-13th 2021, 

virtual. 

32. Guardiola-Ripoll M, Sotero A, Almodóvar-Payá C, Hostalet N, Salgado-

Pineda P, Salvador R, Ortiz-Gil J, Sarró S, McKenna PJ, Madre M, 

Pomarol-Clotet E, Fatjó-Vilas M. Effect of schizophrenia risk 

haplotypes of DISC1 gene on working memory: a case-control 

neuroimaging association study response. Oral communication. XX 

World Psychiatry Association (WPA) World Congress of Psychiatry. May 

10th-13th 2021, virtual. 

2019 33. Fatjó-Vilas M, Guardiola-Ripoll M, Almodóvar- Payá C, Salgado-

Pineda P, Lubeiro A, Alonso-Lana S, Ortiz-Gil J, Guerrero-Pedraza A, 

Sarro S, Pomarol-Clotet E. The role of KCNH2 gene on cognitive 

deficits in schizophrenia: a functional MRI study. Poster 

communication. ResDem 2019: II International Conference on Cognitive 

Reserve in Dementia and other Disorders. November 15th-16th 2019, 

Munich, Germany. 

34. Oscoz-Irurozqui M, Guardiola-Ripoll M, Almodóvar-Payá C, Sarró S, 

Guerrero-Pedraza A, Pomarol-Clotet E, Fatjó-Vilas M. Cannabis use 

and genes of Dopaminergic and Endocannabinoid systems: their role 

in psychotic symptoms and cognition in First-episode Psychosis. Poster 
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communication. XIX World Psychiatric Association (WPA) World 

Congress. August 21st-24th 2019, Lisbon, Portugal. 

35. Oscoz-Irurozqui M, Almodóvar-Payá C, Guardiola-Ripoll M, Guerrero-

Pedraza A, Salgado-Pineda P, Sarró S, Pomarol-Clotet E, Fatjó-Vilas M. 

Cannabis use and CNR2 gene interaction modulates brain activity in 

first episode psychosis. Poster communication. III World Congress and 

VI International Congress on Dual Disorders from the Spanish Society of 

Dual Pathology (SEPD). June 19th-22nd 2019, Madrid, Spain. *Award 

to the best poster communication. 

36. Fuentes-Claramonte P, Santo-Angles A, Salvador R, Argila I, Albacete 

A, Guardiola-Ripoll M, Almodóvar-Payá C, Ramiro N, Boix E, Salgado-

Pineda P, Bosque C, Torres ML, Panicalli F, Sarri C, Portillo F, McKenna 

PJ, Pomarol-Clotet E. Negative symptoms in schizophrenia as a deficit 

in goal management: an fMRI study. Poster communication. 2019 

OHBM Annual Meeting of the Organization for Human Brain Mapping. 

June 9th-13th 2019, Rome, Italy. 

37. Santo-Angles A, Fuentes-Claramonte P, Argila I, Guardiola-Ripoll M, 

Almodóvar-Payá C, McKenna PJ, Pomarol-Clotet E, Radua J. Reward 

and Fictive Prediction Error signals in the Ventral Striatum. Poster 

communication. 2019 OHBM Annual Meeting of the Organization for 

Human Brain Mapping. June 9th-13th 2019, Rome, Italy. 

2018 38. Almodóvar-Payá C, Guardiola-Ripoll M, Salgado-Pineda P, Gallego C, 

Prats C, Arias B, Pomarol-Clotet E, McKenna PJ, Fatjó-Vilas M. 

Evidence of NRN1 Gene Effect on Schizophrenia Age at Onset and 

Brain Activity. Poster communication. XXVI World Congress of 

Psychiatric Genetics. October 11th-15th 2018, Glasgow, United 

Kingdom. ++ 

39. Guardiola-Ripoll M, Almodóvar-Payá C, Salgado-Pineda P, Lubeiro A, 

Alonso-Lana S, Ortiz-Gil J, Guerrer-Pedraza A, Sarró S, Pomarol-Clotet 

E Fatjó-Vilas M. Effect of KCNH2 and CACNA1C on Cognitive 

Performance and Brain Activity: Genetic Association Study in 

Schizophrenia Patients and Healthy Subjects. Poster communication. 

XXVI World Congress of Psychiatric Genetics. October 11th-15th 2018, 

Glasgow, United Kingdom. 

40. Almodóvar-Payá C, Guardiola-Ripoll M, Salgado-Pineda P, Moreno M, 

Gallego C, Prats C, Arias B, Pomarol-Clotet E, McKenna PJ, Fatjó-Vilas 

M. NRN1 and functional MRI: association analysis in Schizophrenia 

Patients and Healthy Subjects. Poster communication. 6th Biennial 



9. Curriculum Vitae 

187 

Schizophrenia International Research Society Conference 2018. April 4th-

8th 2018, Florence, Italy. ++ 

41. Guardiola-Ripoll M, Almodóvar-Payá C, Lubeiro A, Alonso-Lana S, 

Ortiz-Gil J, Guerrero-Pedraza A, Sarró S, Pomarol-Clotet E, Fatjó-Vilas 

M. Calcium and potassium voltage-gated channels genes association 

analysis: evidence on their role in cognitive performance of 

schizophrenia patients and healthy subjects. Poster communication. 6th 

Biennial Schizophrenia International Research Society Conference 2018. 

April 4th-8th 2018, Florence, Italy.  

 
National: 

2024 1. Almodóvar-Payá C. Identificación y búsqueda de potenciales 

biomarcadores para una nueva tipificación y abordaje terapéutico de las 

psicosis. Oral communication. XXVII Congreso Nacional de Psiquiatría. 

October 17th-19th 2024, San Sebastián, Spain.   

2020 2. Oscoz-Irurozqui M, Guardiola-Ripoll M, Almodóvar-Payá C, Sarró S, 

Guerrero-Pedraza A, Pomarol-Clotet E, Fatjó-Vilas M. Cannabis use 

and genes of the endocannabinoid system: their role in psychotic 

symptoms and cognition in first-episode psychosis (Oral 

communication). XXII Congreso de Patología Dual. November 16th-

19th 2020, virtual. **Award to the best poster communication. 

2017 3. Almodóvar-Payá C, Salgado-Pineda P, Gallego C, Arias B, Pomarol-

Clotet E, McKenna PJ, Fatjó-Vilas M. NRN1 gene and brain structure: 

an association study in patients with schizophrenia and healthy 

subjects. Oral communication. XX Congreso de la Sociedad Española de 

Antropología Física. July 12th-14th 2017, Barcelona, Spain. **Award to 

the best oral communication. 

NATIONAL WORKSHOPS & SEMINARS COMMUNICATIONS  

I have participated as co-author of 13 scientific communications at national seminars 

and workshops, 4 of which as the first presenting author (1 poster and 3 oral 

communications). Four of these communications are directly related to my doctoral 

thesis project (marked with ++). Moreover, I have received as the first presenting author 

an award for the best oral communication (marked with **). 

2023 1. Guardiola-Ripoll M, Almodóvar-Payá C, Arias A, Latorre-Guardia M, 

Canales-Rodríguez EJ, García-León MA, Fuentes-Claramonte P, 

Salvador R, Pomarol-Clotet E, Papiol S, Fatjó-Vilas M. The 

evolutionary traces behind schizophrenia: Human Accelerated Regions 
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(HARs) linked to foetal neurodevelopment modulate cortical surface 

area in patients with the disorder. Oral communication. X Laboratorio 

de Ideas CIBERSAM 2023. April 20th-21st 2023, Reus, Spain. 

2022 2. Sotero-Moreno A, Guardiola-Ripoll M, Moreira M, Giralt-López M, 

Almodóvar-Payá C, Hostalet N, Miret S, Campanera S, Muñoz MJ, 

Salvador R, Fañanás L, Pomarol-Clotet E, Fatjó-Vilas M. Disrupted in 

Schizophrenia 1 gene (DISC1) as a potential mediator of 

dermatoglyphic neurodevelopmental markers in schizophrenia. Oral 

communication. XII Simposi de Neurobiologia: Cap a la Medicina 

Traslacional. Societat Catalana de Biologia. May 13th 2022, Barcelona, 

Spain. 

3. Latorre-Guardia M, Almodóvar-Payá C, Arias B, Penadés R, Guardiola-

Ripoll M, García-León MA, Fuentes-Claramonte P, Pomarol-Clotet E, 

Fatjó-Vilas M. FKBP5 methylation patterns: cortical thickness and 

clinical correlates in schizophrenia. Oral communication. XII Jornada 

de Cromatina i Epigenètica de la Societat Catalana de Biologia. May 13th 

2022, Barcelona, Spain. 

4. Guardiola-Ripoll M, Sotero-Moreno A, Kebir O, Chaumette B, 

Almodóvar-Payá C, Hostalet N, Moreira M, Giralt M, Salvador R, Odile-

Krebs M, Fatjó-Vilas M. Endocannabinoid system genetic variability 

role on dermatoglyphic patterns and schizophrenia-spectrum 

disorders. Oral Communication. 5th Biomed PhD Day. February 10th 

2022, Barcelona, Spain. 

2021 5. Almodóvar-Payá C, Latorre-Guardia M, Arias B, Penadés R, Guardiola-

Ripoll M, Fuentes-Claramonte P, García-León MA, Pomarol-Clotet E, 

Fatjó-Vilas M. BDNF and COMT methylation patterns and brain 

structural correlates in schizophrenia. Poster communication. VIII 

Laboratorio de Ideas CIBERSAM 2021. May 25th-27th 2021, virtual. ++ 

6. Guardiola-Ripoll M, Sotero A, Almodóvar-Payá C, Hostalet N, Salvador 

R, Pomarol-Clotet E, Fatjó-Vilas M. Novel findings on the 

pathophysiological mechanisms in schizophrenia: studies on the brain 

functional effects of haplotypic variability and genetic epistasis. Oral 

communication. VIII Laboratorio de Ideas CIBERSAM 2021. May 25th-

27th 2021, virtual. 

7. Latorre-Guardia M, Almodóvar-Payá C, Penadés R, AriasB, Guardiola-

Ripoll M, Fuentes-Claramonte P, García-León MA, Pomarol-Clotet E, 

Fatjó-Vilas M. Impact of COMT and BDNF epigenetic profiles on brain 

cortex in schizophrenia. Oral communication. XI Jornada de Cromatina 
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i Epigenética de la Societat Catalana de Biologia. May 14th 2021, 

Barcelona, Spain. 

2018 8. Almodóvar-Payá C, Guardiola-Ripoll M, Salgado-Pineda P, Gallego C, 

Prats C, Arias B, Pomarol-Clotet E, McKenna PJ, Fatjó-Vilas M. The 

role of Neuritin gene in modulating schizophrenia age at onset and 

brain activity during a working memory task. Oral communication. XI 

Simposi de Neurobiologia de la Societat Catalana de Biologia. November 

12th-13th 2018, Barcelona, Spain. ++ 

9. Guardiola-Ripoll M, Almodóvar-Payá C, Salgado-Pineda P, Lubeiro A, 

Alonso-Lana S, Ortiz-Gil J, Guerrer-Pedraza A, Sarró S, Pomarol-Clotet 

E Fatjó-Vilas M. Genetic variability in neural excitability genes 

modulates cognitive performance and brain activity a case-control 

study in schizophrenia. Oral communication. XI Simposi de 

Neurobiologia de la Societat Catalana de Biologia. November 12th-13th 

2018, Barcelona, Spain. 

10. Oscoz-Irurozqui M, Guardiola-Ripoll M, Almodóvar-Payá C, Sarró S, 

Guerrero-Pedraza A, Pomarol-Clotet E Fatjó-Vilas M. Variabilidad en 

genes del sistema dopaminérgico y cannabinoide y su asociación con 

el consumo de cannabis en pacientes con un primer episodio psicótico: 

evidencias preliminaries. Poster communication. Jornada Cloenda 

2017-2018 de la Societat Catalana de Psiquiatria i Salut Mental. June 1st 

2018, Sitges, Spain. 

11. Guardiola-Ripoll M, Almodóvar-Payá C, Salgado-Pineda P, Lubeiro A, 

Alonso-Lana S, Ortiz-Gil J, Guerrero-Pedraza A, Sarró S, Pomarol-

Clotet E, Fatjó-Vilas M. CACNA1C and KCNH2 effect on Cognitive 

Performance and Brain Activity in Schizophrenia patients and healthy 

subjects: Preliminary results. Oral communication. VI Laboratorio de 

Ideas CIBERSAM 2018. May 31st - June 1st 2018, San Fernando, Spain. 

2017 12. Almodóvar-Payá C, Salgado-Pineda P, Callado LF, Gallego C, Arias B, 

Pomarol-Clotet E, McKenna PJ, Fatjó-Vilas M. Analysis of 

neuroimaging and brain expression correlates of NRN1 gene in 

schizophrenia. Oral communication. V Edición Laboratorio de Ideas 

CIBERSAM 2017. June 1st-2nd 2017, Santander, Spain. **Award to the 

best oral communication. ++ 

SPECIALIZED TRAINING 

I have attended 23 specialized courses, most of them related with neuroscience, 

psychiatry, genetics, neuroimaging, and statistics. 
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2024 1. XXI Curso Intensivo CIBERSAM de Introducción a la Investigación en 

Neurociencias. Entity: Consorcio CIBER para el área temática de Salud 

Mental (CIBERSAM). September 20th 2024, Barcelona, Spain. 

2023 2. XX Curso Intensivo CIBERSAM: “Redefiniendo la enfermedad mental: 

La Esquizofrenia” (6h). Entity: Consorcio CIBER para el área temática 

de Salud Mental (CIBERSAM). September 9th 2023, Barcelona, Spain. 

3. WORKSHOP: Data-Science para biociencias (R, Python, 

Bioinformática) (9h). Entity: Institut de Recerca de la Biodiversitat 

(IRBio), grup de recerca en Estadística, Ciència de les Dades i 

Bioinformàtica, Departament de Genètica, Microbiologia i Estadística, 

Facultat de biología, Universitat de Barcelona (UB). July 5th 2023, 

Barcelona, Spain. 

 4. XI FORO CIBERSAM DE INVESTIGACIÓN EN PSIQUIATRÍA (11h). 

Entity: Consorcio CIBER para el área temática de Salud Mental 

(CIBERSAM). June 8th 2023, Barcelona, Spain. 

2022 5. XIX curso intensivo de introducción a la investigación en 

neurociencias: The prenatal, perinatal and infant environmental risk 

factors in mental disorders (7h). Entity: Consorcio CIBER para el área 

temática de Salud Mental (CIBERSAM). September 9th 2022, 

Barcelona, Spain. 

6. Curso REDCap (20h). Entity: x7 Perseventh. January 10th-21th 2022, 

Online. 

2021 7. X Foro Internacional Cibersam de Investigación en Psiquiatría (11h). 

Entity: Consorcio CIBER para el área temática de Salud Mental 

(CIBERSAM). November 23th-25th 2021, Online. 

8. Jornada científica: Utilización de muestras cerebrales humanas en el 

estudio de enfermedades psiquiátricas (5h). Entity: Consorcio CIBER 

para el área temática de Salud Mental (CIBERSAM). November 11th 

2021, Online. 

9. XXIV Congreso Nacional de Psiquiatria (13h). Entitiy: Sociedad 

Española de Psiquiatria. October 28th-30th 2021, Valencia, Spain. 

10. XVIII curso intensivo de introducción a la investigación en 

neurociencias: actualización en la evaluación, intervención e 

investigación del maltrato infantil al principio de la vida (9h). Entity: 

Consorcio CIBER para el área temática de Salud Mental (CIBERSAM). 

June 28th-29th 2021, Barcelona, Spain. 
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11. Jornada Científica: Descodificant el DNA, avenços i nous reptes per al 

futur (2,5h). Entity: Societat Catalana de Biología. January 11th 2021, 

Online. 

2020 12. IX foro internacional CIBERSAM de investigación en psiquiatría (11h). 

Entity: Consorcio CIBER para el área temática de Salud Mental 

(CIBERSAM). November 17th-19th 2020, Online. 

2019 13. Introduction to GWAS (Genome-Wide Association Studies (36h). 

Entity: Transmitting Science. November 25th-29th 2019, Barcelona, 

Spain. 

14. III Curso de Actualización en Psicosis de inicio en la Infancia y la 

Adolescencia (6h). Entity: Servicio de Psiquiatría y Psicología (Hospital 

Sant Joan de Déu) y Consorcio CIBER para el área temática de Salud 

Mental (CIBERSAM). May 17th 2019, Barcelona, Spain. 

15. XVII Curso Intensivo de Introducción a la Investigación en 

Neurociencias: “Neuroendocrinologia del Trastorno Mental Infanto-

Juvenil (6h). Entity: Consorcio CIBER para el área temática de Salud 

Mental (CIBERSAM). May 10th 2019, Barcelona, Spain. 

2018 16. V Curso de Técnicas de Neuroimagen Avanzada (80h). Entity: 

FIDMAG Germanes Hospitalàries Research Foundation. November 

2nd 2018 – April 12th 2019, Sant Boi de Llobregat, Spain. 

17. V Curso de Estadística Básica para Ciencias de la Salud con Excel 

(16h). Entity: FIDMAG Germanes Hospitalaries Research Foundation. 

May 26th – Setember 2nd 2018, Barcelona, Spain. 

18. XVI Curso Intensivo de Introducción a la Investigación en 

Neurociencias: Estrés Oxidativo e Inflamación en Enfermedad Mental: 

¿Causa o Consecuencia? (7h). Entity: Consorcio CIBER para el área 

temática de Salud Mental (CIBERSAM). April 27th 2018, Barcelona, 

Spain. 

19. VIII Jornadas Unidad de Crisis de Adolescentes: Maltrato en la 

Infancia y Adolescencia (6,5h). Entity: FIDMAG Germanes 

Hospitalaries Research Foundation. February 28th 2018, Sant Boi de 

Llobregat, Spain. 

2017 20. B·DEBATE. Natural Selection in Humans: Understanding our 

adaptations (15h). Entity: Biocat, “la Caixa” Foundation y Insititute of 

Evolutionary Biology (IBE). July 17th-18th 2017, Barcelona, Spain. 

21. XV Curso Intensivo de Introducción a la Investigación en 

Neurociencias: The Early Origin of Mental Health. Hours: 6h. 

Responsable: L. Fañanás. Awarding entity: Consorcio CIBER para el 
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área temática de Salud Mental (CIBERSAM). June 28th 2017, 

Barcelona, Spain.  

22. II Curso de Actualización en Psicosis de inicio en la Infancia y la 

Adolescencia (8h). Entity: Consorcio CIBER para el área temática de 

Salud Mental (CIBERSAM). April 21th 2017, Barcelona, Spain. 

23. XIV Curso Intensivo de Introducción a la Investigación en 

Neurociencias: Cannabis y Enfermedad Mental (8h). Entity: Consorcio 

CIBER para el área temática de Salud Mental (CIBERSAM). January 

27th 2017, Barcelona, Spain. 

TEACHING EXPERIENCE 

I have taught a total of 249h (in bachelor’s and master’s degrees), I have co-directed 4 

master’s theses and 2 research stays. Moreover, I have been part of the panel of 

bachelor’s (6 students) and master’s degree final projects (4 students). 

Additionally, I also coordinate the rotation of the internal resident nurses from Benito 

Menni Hospital through the FIDMAG research unit. 

Supervision of final projects: 

2023 – 2024  1. Master’s thesis co-direction. Master’s degree in Biological 

Anthropology. University of Barcelona (UB) and Autonomous 

University of Barcelona (UAB). Title: Neuroimaging-genetic study on 

the interplay between two schizophrenia-related genes: NRN1 and its 

novel described receptor NPTN. Student: Yejin Mori. 

2023 – 2022 2. Master’s thesis co-direction. Master’s degree in Introduction to 

Research in Mental Health. University of Barcelona (UB), 

Autonomous University of Barcelona (UAB), Universidad 

Complutense de Madrid (UCM), Universidad de Cádiz (UCA), 

Centro de Investigación Biomédica en Red en Salud Mental 

(CIBERSAM). Title: Cognitive remediation in schizophrenia: effects on 

patterns of methylation in the NRN1 gene. Student: Irene Gómez 

Alonso. Qualification: Graded with Honors. July 14th 2023.  

2021 – 2020 3. Master’s thesis co-direction. Master’s Degree in Neuroscience. 

University of Barcelona (UB). Title: The role of BDNF and COMT 

genes in schizophrenia: analysis of genetic and methylation variability 

and their neuroanatomical correlates. Student: Mariona Latorre 

Guardia. Qualification: Graded with Honors. September 7th 2021. 

2020 – 2019 4. Master’s thesis co-direction. Master’s degree in Biological 

Anthropology. University of Barcelona (UB) and Autonomous 
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University of Barcelona (UAB). Title: The role of NRN1 gene in 

schizophrenia: analysis of its genetic variability in cortical thickness. 

Student: Enric Garcia Torrents. Qualification: Graded with Honors. 

September 14th 2020.  

 

Bachelor’s & master’s degree teaching activities: 

2024 - 2025 First semester 

1. Master’s degree in human anthropology. Course: Laboratory II. 

Course format: Lectures. Course type: Elective (1st semester). 

Location: Faculty of Biology, University of Barcelona (UB). Total 

hours: 10h. 

2. Bachelor’s degree in biomedical science. Course: Biology: 

Introduction to Biomedicine. Course format: Tutoring and problem-

solving session. Course type: Required (1st semester). Location: 

Faculty of Biology, University of Barcelona (UB). Total hours: 12h. 

Total hours academic course 2023 - 2024: 22h 

2023 - 2024 First semester 

 3. Bachelor’s degree in biomedical science. Course: Genetic Basis of 

Diseases. Course format: Tutoring and problem-solving session. 

Course type: Required (1st semester). Location: Faculty of Biology, 

University of Barcelona (UB). Total hours: 4h. 

4. Bachelor’s degree in biomedical science. Course: Biology: 

Introduction to Biomedicine. Course format: Tutoring and problem-

solving session. Course type: Required (1st semester). Location: 

Faculty of Biology, University of Barcelona (UB). Total hours: 12h. 

5. Bachelor’s degree in biomedical science. Course: Genetic Basis of 

Diseases. Course format: Laboratory practice. Course type: 

Required (1st semester). Location: Faculty of Biology, University of 

Barcelona (UB). Total hours: 10h. 

6. Master’s degree in human anthropology. Course: Basic Knowledge 

in Biological Anthropology: Key Concepts. Course format: Lectures. 

Course type: Elective (1st semester). Location: Faculty of Biology, 

University of Barcelona (UB). Total hours: 5h. 

7. Master’s degree in human anthropology. Course: Laboratory II. 

Course format: Lectures. Course type: Elective (1st semester). 

Location: Faculty of Biology, University of Barcelona (UB). Total 

hours: 10h. 
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8. Master’s degree in human anthropology. Course: Laboratory II. 

Course format: Laboratory practice. Course type: Elective (1st 

semester). Location: Faculty of Biology, University of Barcelona 

(UB). Total hours: 20h. 

Second semester 

9. Bachelor’s degree in biology. Course: Biological Anthropology. 

Course format: Laboratory practice. Course type: Required (2nd 

semester). Location: Faculty of Biology, University of Barcelona 

(UB). Total hours: 33h. 

10. Master’s degree in human anthropology. Course: Molecular 

Techniques Applied to Anthropology. Course format: Laboratory 

practice. Course type: Elective (2nd semester). Location: Faculty of 

Biology, University of Barcelona (UB). Total hours: 20h. 

11. Master’s degree in human anthropology. Course: Genetic 

Epidemiology I. Course format: Laboratory practice. Course type: 

Elective (2nd semester). Location: Faculty of Biology, University of 

Barcelona (UB). Total hours: 20h. 

12. Master’s degree in human anthropology. Course: Genetic 

Epidemiology II. Course format: Laboratory practice. Course type: 

Elective (2nd semester). Location: Faculty of Biology, University of 

Barcelona (UB). Total hours: 20h. 

Total hours academic course 2023 - 2024: 94h 

2022 – 2023 Second semester 

13. Bachelor’s degree in biology. Course: Biological Anthropology. 

Course format: Laboratory practice. Course type: Required (2nd 

semester). Location: Faculty of Biology, University of Barcelona 

(UB). Total hours: 44h. 

14. Master’s degree in human anthropology. Course: Genetic 

Epidemiology I. Course format: Lectures. Course type: Elective 

(2nd semester). Location: Faculty of Biology, University of 

Barcelona (UB). Total hours: 10h. 

15. Master’s degree in human anthropology. Course: Genetic 

Epidemiology II. Course format: Lectures. Course type: Elective 

(2nd semester). Location: Faculty of Biology, University of 

Barcelona (UB). Total hours: 14h. 

16. Master’s degree in human anthropology. Course: Molecular 

Techniques Applied to Anthropology. Course format: Lectures. 
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Course type: Elective (2nd semester). Location: Faculty of Biology, 

University of Barcelona (UB). Total hours: 17h. 

Total hours academic course 2022 - 2023: 85h 

Panel member of the bachelor’s degree final projects: 6 students 

Panel member of the master’s degree final projects: 4 students 

2021 - 2022 Second semester 

17. Master’s degree in human anthropology. Course: Genetic 

Epidemiology II. Course format: Lectures. Course type: Elective 

(2nd semester). Location: Faculty of Biology, University of 

Barcelona (UB). Total hours: 2h. 

Total hours academic course 2021 - 2022: 2h 

2020 – 2021 Second semester 

18. Bachelor’s degree in biology. Course: Biological Anthropology.  

Course format: Lectures. Course type: Required (2nd semester). 

Location: Faculty of Biology, University of Barcelona (UB). Total 

hours: 20h. 

19. Master’s degree in human anthropology. Course: Genetic 

Epidemiology I. Course format: Lectures. Course type: Elective 

(2nd semester). Location: Faculty of Biology, University of 

Barcelona (UB). Total hours: 7h. 

20. Master’s degree in human anthropology. Course: Genetic 

Epidemiology II. Course format: Lectures. Course type: Elective 

(2nd semester). Location: Faculty of Biology, University of 

Barcelona (UB). Total hours: 9h. 

Total hours academic course 2020 - 2021: 36h 

 

Experience supervising research stays: 

2021 1. Stay supervision. Master’s degree in Introduction to Research in 

Mental Health. University of Barcelona (UB), Autonomous 

University of Barcelona (UAB), Universidad Complutense de 

Madrid (UCM), Universidad de Cádiz (UCA), Centro de 

Investigación Biomédica en Red en Salud Mental (CIBERSAM). 

Student: Blanca Ruiz de La Torre Reyes. March 29th – April 2nd 

2021. 

2020 2. Stay supervision. Master’s degree in Introduction to Research in 

Mental Health. University of Barcelona (UB), Autonomous 
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University of Barcelona (UAB), Universidad Complutense de 

Madrid (UCM), Universidad de Cádiz (UCA), Centro de 

Investigación Biomédica en Red en Salud Mental (CIBERSAM). 

Student: Susana Lira Rueda. April 20th-24th 2020.  

 

Tutoring Internal Nursing Resident rotation from Benito Menni CASM at FIDMAG 

2023 – 2024 1. Student: Eva Heredero Salán. Dates: January 16th – April 2nd 2024     

2. Student: Marco Hernández Muriel. Dates: January 16th – April 2nd 

2024 

3. Student: María Vaz Tejido. Dates: September 6th – 6th December 

2023 

2022 – 2023 4. Student: Raquel Valdovinos Garrido. Dates:  May 3thr – July 26th 

2023 

 

High school teaching activities: 

- Almodóvar-Payá C and Guardiola M. Cannabis, genética y trastornos mentales. 

¿Tienen algo que ver?. Conference integrated in the Aprenentatge i Serveis (ApS) 

Educative Programme. IES Francisco Goya. May 15th 2018, Barcelona, Spain. 

- Almodóvar-Payá C and Esperanza E. Com som, qui som, què serem: està tot 

escrit als nostres gens?. Conference integrated in the Aprenentatge i Serveis (ApS) 

Educative Programme. IES l’Alzina, May 5th 2016, Barcelona, Spain.  

ORGANIZATION OF RESEARCH & DEVELOPMENT ACTIVITIES 

- Trobada entre científiques de la UB i noies estudiants d'instituts.  

- Member of the Organizer Committee of the IV Biomed PhD Day. Congress 

organized by students of the Biomedicine Doctoral Program. January 14th 2020, 

Barcelona, Spain. 
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