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ABSTRACT

GENETIC AND ENVIRONMENTAL
CONTRIBUTIONS TO PSYCHOTIC-LIKE
EXPERIENCES AND WORKING MEMORY
CONNECTIVITY IN TURKISH
ADOLESCENTS AND YOUNG ADULTS: A
TWIN STUDY

Didenur Sahin Cevik
Ph.D. in Neuroscience
Advisor: Timothea Toulopoulou
December 2024

Psychosis lies on a continuum, with psychotic-like experiences (PLEs) observed
in healthy populations to full-blown psychotic disorders such as schizophrenia.
PLEs are relatively common during adolescence, with distress associated with
these experiences playing an essential role in determining their clinical signif-
icance. Adolescence is a critical time period where the brain undergoes sub-
stantial functional reorganization and where psychotic disorders first manifest.
One promising intermediate phenotype for psychosis is the working memory with
both patients, their first-degree relatives showing disruptions in performance and
functional connectivity (FC). The overall aim of this thesis was to investigate the
relationship between PLEs and FC mechanisms. The first study investigated the
relationship between PLEs and task-based FC during a working memory task in
adolescents. Moreover, we aimed to decompose the genetic and environmental
influences in PLEs and FC measures via twin modeling. Our findings revealed
that altered connectivity in the inferior frontal gyrus was associated with in-
creased frequency and distress of PLEs during adolescence. Importantly, distress
associated with PLEs showed moderate heritability, while the frequency of PLEs
was predominantly shaped by environmental factors. The FC measures were
mainly influenced by unique environmental factors, highlighting the critical role
of environmental exposures during adolescence. The second study investigated
COVID-19 as an environmental risk factor for psychosis and examined the dif-
ferences in FC between COVID-19 patients and healthy controls. Further, the
effect of the frequency of PLEs and the inflammation markers on functional con-
nectivity differences was studied. The results demonstrated that while COVID-19

v



patients showed hypoconnectivity in the sensorimotor, central executive, and lan-
guage networks, they showed hyperconnectivity in the visual network compared
to healthy controls. Furthermore, including positive PLEs as a covariate revealed
that the COVID-19 group exhibited greater functional connectivity within the
salience and central executive networks. The findings of this thesis highlight the
importance of environmental risk factors that increase psychosis risk by altering

the underlying functional brain mechanisms.

Keywords: psychosis, psychotic-like experiences, working memory, environment,
genetics, adolescent, {MRI.



OZET

TURK ERGEN VE GENC YETISKINLERDE
PSIKOTIK BENZERI DENEYIMLER VE CALISMA
BELLEGI ISLEVSELLIK BAGLANTISINA GENETIK

VE CEVRESEL ETKILER: BiR iKiZ CALISMASI

Didenur Sahin Cevik
Norobilim, Doktora
Tez Danigmani: Timothea Toulopoulou
Aralik 2024

Psikoz, saglikli popiilasyonlarda gozlemlenen psikotik benzeri deneyimlerden
sizofreni gibi ciddi psikotik bozukluklara kadar uzanan bir kontinyumda yer
alir.  Psikotik benzeri deneyimler (PBD) ergenlik doneminde yaygin olarak
gorilmektedir ve bu deneyimlerle iligkili distres, klinik 6nemlerinin belirlen-
mesinde anlaml bir rol oynar. FErgenlik donemi, beynin onemli 6lgiide iglevsel
yeniden yapilanmaya ugradigi ve psikotik bozukluklarin ilk kez ortaya c¢iktig
kritik bir zaman dilimidir. Calisma bellegi psikoz i¢in bir ara fenotip olarak
kabul edilmektedir ve hem psikoz hastalar1 hem de hastalarin birinci derece
akrabalar1 c¢alisma belleginde degisiklikler gostermektedir. Bu tezin temel
amaci, PBD’ler ve beyin islevsel baglanti mekanizmalar1i arasindaki iligkiyi
aragtirmaktir. Ik calismada, ergenlerde psikotik benzeri deneyimler ve gorev
tabanli iglevsel baglant1 arasindaki iligki aragtirilmigtir.  Ayrica, PBD’ler ve
fonksiyonel baglanti 6lgtimlerindeki genetik ve gevresel etkilerin ikiz modellemesi
ile saptanmasi amaclanmigtir. Sonuclar, inferior frontal girusta gozlemlenen
degismis baglantisalligin ergenlik doneminde PBD’lerin sikligi ve distresi ile
iligkili oldugunu gostermistir. Dahasi, PBD’lerle iligkili distres, orta diizeyde
kalitilabilirlik gosterirken, siklik esas olarak gevresel faktorlerden etkilenmistir.
Benzer gekilde, ¢aligma bellegiyle ilgili iglevsel baglant1 olgiimleri agirlikli olarak
cevresel faktorlerle gekillenmis ve ergenlik doneminde cevresel etkilerin kritik
roliinii vurgulamigtir. Tkinci caligma, COVID-19'u psikoz igin bir cevresel risk
faktorii olarak arastirmig ve COVID-19 hastalar ile saglikli kontroller arasindaki
islevsel baglanti farkliliklarii incelemistir. Ayrica, PBD’lerin siklig1 ve infla-
masyon belirteclerinin fonksiyonel baglant1 tizerindeki etkisi degerlendirilmistir.

Sonuclar, COVID-19 hastalarinin saglikli kontrollere kiyasla sensorimotor ag,
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merkezi yliriitme ag1 ve dil aginda hipokonnektivite, gorsel agda ise hiperkonnek-
tivite gosterdigini ortaya koymustur. Ayrica, pozitif PBD’lerin bir ortak degisken
olarak analize dahil edilmesi, COVID-19 grubunun dikkat ¢ekerlik agi ve merkezi
yuriitme ag1 icinde daha yiiksek iglevsel baglant1 sergiledigini gostermistir. Bu
tezin bulgulari, altta yatan isglevsel beyin mekanizmalarinda degisikliklere yol
acarak psikoz riskini artiran cesitli ¢evresel risk faktorlerinin 6nemini vurgula-

maktadir.

Anahtar sézcikler: psikoz, psikotik benzeri deneyimler, caligma bellegi, cevre,
genetik, ergenlik, {MRI.
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Chapter 1

Introduction

1.1 Overview of Psychosis and Psychosis Prone-

ness

1.1.1 Psychosis Definition and Characteristics

The word psychosis originates from the Greek word psyche, meaning the mind
or the soul, and -osis, meaning disease [1], and it was first coined by an Austrian
physician, Ernst von Feuchtersleben, in 1845. Feuchtersleben described psychosis
as a disorder in which patients lose their contact with reality [2]. During the
late 19th and early 20th centuries, German psychiatrist Emil Kraepelin played an
important role in advancing the understanding of psychosis. His contributions led
to significant developments in the conceptualization and classification of psychotic
disorders. He proposed a division between the conditions of “dementia praecox”
(now known as schizophrenia) and “manic-depressive insanity” (now known as
bipolar disorder). By separating these two conditions from each other, he paved
the way for further research to better understand and define the dimensions of

psychotic disorders [3].



Building on Kraepelin’s work, Karl Jaspers introduced the concept of phe-
nomenology, which emphasized that the patient’s subjective experiences were
central to the understanding of the disorder. Jaspers made a distinction be-
tween primary and secondary delusions, with primary delusions being central to
psychotic disorders and secondary delusions being seen as a result of other men-
tal disorders [4]. His work laid the foundations for the diagnostic criteria used
today to categorize and diagnose psychotic disorders. Later expanding on his
work, Kurt Schneider proposed “first rank symptoms in schizophrenia”, includ-
ing symptoms such as auditory hallucinations, delusions, thought insertions, and
thought broadcasting, which became the primary symptoms in diagnosing psy-
chotic disorders [5]. This emphasis on phenomenology shifted the understanding
of psychosis from purely focusing on a set of fixed observable symptoms to the

internal experiences of the patients [6].

The identification of specific diagnostic criteria established the foundation for
defining and categorizing psychosis in contemporary psychiatric classification sys-
tems [6]. In 1949, the International Classification of Diseases (ICD-6) published
by the World Health Organization (WHO) for the first time included a section
on psychotic disorders. Over the years, the ICD has undergone significant revi-
sions regarding the categorization of psychotic disorders [7]. The latest edition,
ICD-11, published in 2019, emphasizes the importance of the severity and the
duration of the symptoms as well as the functionality of the patient. It takes a
more dimensional approach to diagnosing psychotic disorders, including various

degrees of psychotic severity, from acute episodes to chronic states [8].

Similarly, in 1952, the Diagnostic and Statistical Manual of Mental Disorders
(DSM), published by the American Psychiatric Association (APA), introduced a
diagnostic manual specifically for psychiatric disorders, including a category for
psychotic disorders titled “Disorders of Psychogenic Origin” [7]. Since then, the
DSM has undergone five major revisions. The most recent version of the DSM-
5 has moved away from a categorical classification of psychotic disorders to an
emphasis on dimensional assessments where psychotic disorders are characterized

along a spectrum [9] [10].



Today, psychosis is characterized by a core set of symptoms, including delu-
sions, hallucinations, disorganized thinking, and impaired functioning [7]. How-
ever, it is important to recognize that psychosis is a phenotypically heterogeneous
disorder, meaning that it can manifest differently across different individuals in
terms of symptoms and clinical presentations [11]. Traditionally, the symptoms
of psychosis have been categorized into two main groups (positive and negative
symptoms) and, more recently, into three main categories that also include cogni-
tive symptoms. Positive symptoms represent distortions of reality, with delusions
(persistent false beliefs that continue despite contradictory evidence) and hallu-
cinations (perceptual experiences that occur without external stimulus) being
the most prominent [12]. Negative symptoms, on the other hand, represent a
reduction in normal functioning, including blunted affect (restriction in emotion
expression), anhedonia (inability to experience pleasure), and avolition (lack of
engagement in goal-directed behaviors) [13] [14]. Finally, cognitive symptoms

include deficits in memory, attention, and executive functioning [15] [16] [17].

1.1.2 Incidence and Prevalence of Psychosis

Psychotic disorders typically first clinically manifest during adolescence [18]. The
lifetime prevalence of psychotic disorders is estimated to be around 3% [19] [20].
Psychosis is associated with higher levels of suicidality [21] and functional im-
pairment [22], which contributes to the overall disease burden by both affecting
the individuals directly as well as placing a significant strain on families, society,
and economies. The incidence rate of psychotic disorders was found to be 0.3 per
1.000 person-years and showed a peak during adolescence. Males, migrants, and
people of ethnic minorities are at increased risk for developing psychotic disor-
ders [23]. A recent study done in the Turkish population reported the incidence
rates of all psychiatric disorders as 0.38 per 1.000 person-years, with the highest

incidence rate during adolescence and young adulthood group (15-24 years) [24].



1.1.3 Psychosis Proneness Definition and Significance

Psychosis phenotype lies on a continuum in which psychotic-like experiences
(PLESs) seen in psychosis patients can also be seen in non-clinical populations
(See Figure 1.1) [25]. Experiencing PLEs in itself is not an indicator of a psy-
chosis diagnosis. A psychotic disorder diagnosis depends on the intensity, dura-
tion, and frequency of the symptoms as well as an assessment of functioning [§]
[9]. Psychosis proneness refers to the expression of the psychosis phenotype at
levels well below its clinical manifestation. It represents having a predisposition
to psychotic disorders such as schizophrenia (SCZ). It has been widely established
that psychosis proneness and psychotic disorders share common etiological risk

factors, cognitive correlates, and neurodevelopmental trajectories [25].

. Values of population A are shifted to the right compared to population B
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Figure 1.1: The graph displays the continuum of psychosis phenotype. The mean
values of population A (psychosis-proneness population) are shifted to the right
compared to the mean values of population B (population without psychosis

proneness). Reprinted, with permission, from ref. [25]

PLEs are relatively common during adolescence; however, many psychotic
symptoms experienced during this time are transient in nature and do not persist

[26]. Around 6% of individuals report experiencing a psychosis-like experience,
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such as hallucinations or delusions, at least once in their lives [27]. In a recent
meta-analysis study, the incidence rate of PLEs was reported as 22.5 per 1.000
person-years, with this rate showing a peak in adolescence at 50 per 1.000 person-
years [28]. Most individuals classified as clinically high risk (CHR) for psychosis
do not go on to develop psychotic disorders later on in life. Studies show that
when clinically high risk individuals are followed up at two years, the rate of
developing a psychotic disorder is between approximately 15% [29] [30] and 30%
[26] [31].

Even though psychosis proneness is relatively common during adolescence, and
individuals do not convert to a full-episode psychotic disorder, they still exhibit
impaired functioning and are at increased risk for mental disorders and suicidal
ideation [32] [33] [34]. There is cumulating evidence indicating that regardless
of the clinical status, psychosis proneness is associated with poor functional out-
comes when the PLEs are distressing or when they persist and expose the indi-
viduals to the risk state for an extended period of time [35]. Moreover, studies
show that almost 30% of individuals with PLEs consult a mental health profes-
sional and report reduced functioning [34]. Furthermore, the conversion rate to
a psychotic disorder was found to be around 3.5 times higher in individuals who
have experienced PLEs when compared to individuals who have not experienced
PLEs [36].

Given the functional impairments and increased risk for psychosis, identify-
ing PLEs in healthy populations is important in studying the trajectory of these
symptoms. Psychosis proneness is typically assessed using a variety of self-report
questionnaires and clinical interviews. One well-established measure to assess
PLEs is the “Community Assessment of Psychic Experiences” (CAPE-42) ques-
tionnaire. CAPE-42 is a self-report questionnaire that measures the psychotic
experiences that an individual goes through in life. This instrument has three
subscales, positive, negative, and depressive, which are all assessed for their fre-
quency and distress [37]. The CAPE-42 questionnaire has been found to be es-
pecially reliable when studying adolescents and younger populations [33]. There-
fore, in this thesis, PLEs were measured with the Turkish version of the CAPE-42

questionnaire [38].



Overall, the findings in the literature show that the presence of PLEs is a risk
factor for later development of psychotic disorders. It is now widely understood
that psychotic disorders exist on a continuum and that along this continuum,
cognitive deficits play a crucial role [15] [25]. Cumulating evidence character-
ize psychosis as a neurodevelopmental disorder with the presence of cognitive
dysfunction as a core feature [39]. Impairments in executive functioning, atten-
tion, and working memory are hallmarks of psychosis and are prominent even
before illness onset [40]. In fact, abnormalities in brain function and a decline in
cognition are observed in individuals who later on develop schizophrenia and in
individuals with psychosis proneness [41] [42]. Therefore, understanding cognitive
deficits and their neural correlates in psychosis and psychosis proneness is critical.
The next chapter will focus on working memory mechanisms and alterations in

functional connectivity in individuals along the psychosis continuum.

1.2 Working Memory and Functional Connec-
tivity in Psychosis

1.2.1 Working Memory as an Endophenotype in Psy-

chosis

For many psychotic disorders, such as schizophrenia, genetic factors account for
a significant portion of disease risk [22]. However, the manifestation of these
disorders at the clinical level is far removed from the direct effects of genes [43].
Instead of genes directly influencing clinical symptoms, it is thought that they
act through ‘intermediate’ levels, such as neural mechanisms, which serve as a
bridge between the genotype and the clinical phenotypes [44]. These interme-
diate markers are known as endophenotypes or intermediate phenotypes. They
represent measurable traits and provide insights into the underlying neurobiology
of the disorder. Endophenotypes are heritable, cosegregate with the illness, are

present in unaffected members of the family higher than the general population,



and are not dependent on the disease state [45].

Psychotic disorders are commonly associated with cognitive deficits in atten-
tion, executive functions, and working memory [46]. The presence of cognitive
deficits greatly hinders the daily functioning of the patients and does not improve
with the use of antipsychotic medications [47]. Cognitive deficits typically onset
before the manifestation of the first episode and include reductions in I and im-
pairments in multiple domains such as processing speed, memory, reasoning, and
attention [46]. In fact, Toulopoulou and colleagues provided evidence that cog-
nitive dysfunction accounted for a quarter of the total variation in schizophrenia
liability, suggesting that cognitive impairments play a causal role in the etiology
of schizophrenia [48]. Furthermore, the Consortium on Genetics of Schizophrenia
(COGS) examined the genetic foundations of neurocognitive biomarkers and has
identified working memory, attention, and declarative memory as endophenotypes

of schizophrenia [49].

A promising cognitive intermediate phenotype for psychosis is working mem-
ory (WM) [50]. Working memory is a key component of higher-order cognitive
functions, allowing the temporary storage and manipulation of goal-oriented in-
formation [51]. It has a limited capacity and consists of four components. It
is made up of the phonological loop, the visuospatial sketchpad, the central ex-
ecutive, and the episodic buffer [52]. The phonological loop is responsible for
storing and processing auditory information, the visuospatial sketchpad manages
visual and spatial information, the central executive is responsible for attention
and the coordination of the other systems, and the episodic buffer combines and

integrates the information from different sources (See Figure 1.2) [52] [53].
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Figure 1.2: The Working Memory Model by Baddeley. Reprinted, with permis-

sion, from ref. [53]

Psychosis patients consistently perform worse than their first-degree relatives
on working memory tasks [54], and these impairments are associated with poorer
functional outcomes and the degree of negative psychotic symptoms [55]. More-
over, first-degree relatives of psychosis patients also exhibit poorer working mem-
ory performance compared to healthy populations [56]. In a longitudinal study,
researchers investigated the working memory differences in clinically high risk
groups, comparing neurocognitive functioning in those who later converted to
psychosis vs those who did not. They found that working memory impairments
were a significant indicator of conversion to psychosis [57]. While these impair-
ments are more pronounced in patients and their first-degree relatives, they are
also observed to a lesser extent in healthy individuals with PLEs [58]. Studies
conducted in healthy populations have found reduced working memory capacity

[58] and decreased accuracy [59] in individuals with PLEs. This gradual decline



in working memory abilities across different groups (from patients to their first-
degree relatives to individuals with PLEs) highlights the role of working memory

deficits as an endophenotype in psychosis.

The idea that working memory is an endophenotype for psychosis is further
supported by findings from genetic studies that indicate common genetic influ-
ences between working memory deficits and psychosis. Psychotic disorders such
as schizophrenia are highly polygenic, and therefore, the variance in these dis-
orders cannot be explained by a single gene. One method used to study the
genetic liability in these disorders is the polygenic risk score (PRS). PRS is cal-
culated by weighing the contributions of individual risk alleles associated with
the disease [60]. In one study, researchers found a relationship between the PRS
for schizophrenia and working memory-related activation in the frontal lobe [61].
Additionally, the genetic overlap between PRS for schizophrenia and cognition
has been demonstrated by showing that liability to schizophrenia was significantly
associated with alleles that were known to be linked to lower cognitive abilities
[62]. Building on these findings, Toulopoulou and colleagues have found through
casual modeling that cognitive deficits mediated over 33% of the genetic liability
to schizophrenia. Moreover, they found that more than one-third of the variation
in PRS to schizophrenia was also mediated by cognitive impairments [17]. Similar
findings have been observed in twin studies. For instance, bivariate twin models
have shown that working memory and liability to schizophrenia share significant
genetic correlations, suggesting that common genetic influences contribute to the
risk for schizophrenia and working memory impairments [63] [64] [65]. Together,
these findings suggest that cognitive deficit, especially working memory, indicates

a risk-associated intermediate phenotype for schizophrenia.



1.2.2 Working Memory Related Functional Connectivity

Alterations in Psychosis

Working memory impairments during psychosis are also demonstrated through
functional Magnetic Resonance Imaging (fMRI) studies, providing valuable in-
sights into the neural dysfunctions associated with the psychosis. fMRI relies
on detecting changes in blood flow through the Blood Oxygen Level Dependent
(BOLD) signal to identify which brain regions are active during specific tasks
[66]. TMRI studies often employ functional connectivity analysis to explore how
the activity of different brain areas correlates during specific tasks. This technique
captures how distant brain areas interact by synchronizing their BOLD signals,
offering insights into the brain networks involved in working memory processes
[67]. Although it doesn’t provide any information regarding causal relationships
between different brain regions, functional connectivity analysis is particularly
useful in psychosis research as it helps identify disrupted communication pat-
terns across brain networks crucial for cognitive functions like working memory

[66].

According to the results of neuroscience studies, one of the most implicated
neuronal regions for working memory processes is the prefrontal cortex (PFC).
This view is rooted in decades of studies showing the involvement of PFC in
different working memory tasks both in humans and nonhuman primates [68]
[69] [70]. It is well known that the prefrontal cortex is involved in various higher-
order cognitive functions, such as planning and decision-making, which all require
the use of working memory mechanisms [71] [72]. Recent views suggest that the
prefrontal cortex is a key region in working memory processes as it plays a top-
down control over the rest of the brain areas, thus emphasizing the connectivity
between the prefrontal cortex and other brain regions [73]. Notably, the prefrontal
cortex has also been shown to be associated with liability to psychosis and disease
symptoms [74] [75].

Schizophrenia, which falls under the psychosis spectrum, is generally defined

as a dysconnectivity disorder where disruptions in functional integration between
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brain regions are predominant [76] [77]. Previous research shows that unaffected
first-degree relatives of psychosis patients exhibit abnormal signaling and con-
nectivity patterns in working memory brain mechanisms compared to healthy
controls, suggesting working memory to be an intermediate endophenotype for
psychosis [50] [78].

Studies report both increased and decreased activation patterns during work-
ing memory tasks in schizophrenia patients [79] [80] [81]. These differences are
thought to reflect different cognitive demands required by the task. Especially in
tasks with higher working memory loads, such as the 2-back task, patients are
known to exhibit increased activation in several regions, suggesting that they may
require greater resources to compensate for functional impairment [82]. Work-
ing memory paradigms vary in their task loads, and as a result of this, different
neuronal responses are seen in healthy vs patient groups in different studies. It
is thought that as cognitive demands of the task increase, patients display an
inverted-U-shaped neuronal response, which is shifted to the left compared to
healthy controls (See Figure 1.3) [83]. This model argues that when task diffi-
culty is easy, schizophrenia patients show increased neuronal responses compared
to healthy controls, which may indicate compensatory mechanisms. However,
when task difficulty increases, they start showing decreases in neuronal responses.

This pattern is also reported in the first-degree relatives of patients [78].
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Figure 1.3: Inverted U-shaped model of neuronal function in schizophrenia pa-
tients vs. healthy controls. Task difficulty is illustrated with the shift of the white

window. Reprinted, with permission, from ref.[83]

Abnormal activation patterns are mainly observed in frontal regions in patients
and their unaffected siblings compared to healthy controls [78]. In an fMRI study,
the authors found that individuals with a genetically high risk for psychosis had
abnormal frontoparietal connectivity during a working memory paradigm when
compared to healthy individuals. Moreover, the degree of connectivity was neg-
atively related to the presence of psychiatric symptoms [84]. In a meta-analysis
study, the 1st-degree relatives of schizophrenia patients were shown to have in-
creased activity in the left inferior parietal lobule (IPL), thalamus, and frontopo-
lar area and reduced activation in the right middle frontal gyrus (MFG) and the
right inferior frontal gyrus (IFG) compared to healthy controls [78]. Authors dis-
cuss that decreased activation in middle frontal gyrus and inferior frontal gyrus
may reflect impairments in cognitive control whereas the increased activation in
frontopolar area and inferior parietal lobule may reflect compensatory mecha-
nisms. In addition to the abnormal activation patterns in psychosis patients and
their unaffected relatives, alterations in the activation of prefrontal regions have
also been documented in individuals with psychosis proneness. In a population-
based study, researchers found hypoactivation in the prefrontal areas, including
the dorsolateral prefrontal cortex (dIPFC) and frontal pole, in individuals with
PLEs compared to individuals without PLEs [85]. Likewise, another study found
that during working memory, children with PLEs showed hypoactivation in the
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dIPFC, striatum, and pallidum [86].

Similar to alterations in the activity of the prefrontal regions, functional con-
nectivity impairments have also been reported in patients, unaffected relatives,
and individuals with PLEs. In a recent study, researchers investigated the ef-
fective parietal-prefrontal connectivity during a working memory manipulation
task in schizophrenia patients and healthy controls. They found that deviations
in the functional connectivity correlated positively with delusion severity in pa-
tients. Moreover, they found that in healthy controls, individuals with higher
PRS for schizophrenia had more impairments in parietal-prefrontal connectivity
[87]. In another study, researchers investigated the working memory-related con-
nectivity in healthy individuals with varying levels of delusional ideation. They
found that individuals with high delusional ideation showed hypoconnectivity
within the parietal-prefrontal network [88]. Impaired prefrontal-parietal effective
connectivity in patients with schizophrenia has been reported consistently in the
literature [89] [90].

To summarize, psychosis is consistently associated with working memory im-
pairments, which are evident in task performance, functional activation, and func-
tional connectivity of different networks. These impairments are also seen to a
lesser extent in their 1st-degree relatives and individuals with psychosis prone-
ness, suggesting working memory to be a promising intermediate phenotype for
psychosis. Especially alterations of prefrontal regions are implicated in these
deficits as the prefrontal cortex plays a key role in regulating working memory

processes through its connections with other brain regions.

It is important to note that regions like prefrontal cortex are undergoing accel-
erated development during adolescence, a time frame in which psychotic disorders
onset. The time frame for the maturation of these higher-order brain networks
correlates with the onset of schizophrenia; therefore, adolescence and young adult-
hood indicate a critical period of vulnerability for the illness [91]. Consequently,
it is important to better understand the developmental changes that take place
during adolescence and how they may create heightened vulnerability to psy-

chosis.
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1.3 Adolescent Brain Development and Vulner-

ability

Adolescence is a period of time in which the brain undergoes rapid developmen-
tal changes both in structure and function [92]. It is also a time period where
many neurodevelopmental psychotic disorders, such as schizophrenia, first man-
ifest both clinically or sub-clinically. According to a recent study worldwide,
many psychiatric illnesses have an onset before the age of 18 (48.4%) and 25
(62.5%) [93]. During this time frame, processes such as synaptic pruning, myeli-
nation, and fluctuations in sex hormones take place. Prefrontal regions, which are
crucial for the development of working memory mechanisms, become more local-
ized as synaptic pruning and increased myelination occur [94]. The maturation
of higher-order brain networks correlates with the onset of psychotic disorders,
which indicates a critical window of vulnerability [91]. These rapid neurobio-

logical changes during adolescence can influence the risk of psychosis proneness

[95).

Pruning is the process of reducing the number of synaptic connections that
are less commonly used while maintaining the more frequently used connections
[96]. It is essential for efficient synaptic transmission and enables more refined
connections. The etiology of schizophrenia has long been linked to disturbances
in the development of pruning processes [97]. During adolescence, pruning pro-
cesses show a peak for higher-order cortices [98]. Studies indicate that microglia,
immune cells of the nervous system, show an increased involvement in the synap-
tic pruning of the prefrontal cortex during adolescence [99] and thus increase
the risk for psychotic disorders [100]. Furthermore, a recent meta-analysis study
shows that individuals with psychosis proneness had decreased gray matter vol-
umes in frontal regions when compared to the control group. These findings are
consistent with the findings of gray matter volume studies conducted in psychosis
patient groups [100]. Moreover, in a longitudinal study, researchers found that
gray matter volume was lower in individuals at clinically high risk of psychosis

for the prefrontal cortex and continued to decrease as individuals transitioned
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to psychosis [101]. Taken together, these findings suggest that as frontal regions
underlie executive functions such as working memory and attention, gray matter

disruptions in these areas might increase vulnerability to psychosis risk.

While less frequent connections are eliminated, the transmission speed and ef-
ficiency of the remaining connections are improved by the myelination processes.
Myelin sheath forms around the axons to ensure rapid communication between
different regions of the brain while reducing energy costs [102]. In adolescence,
white matter tracts such as the superior longitudinal fasciculus and the accum-
bofrontal tract (the connection between the nucleus accumbens and orbitofrontal
cortex) have been shown to have increases in myelination [103] [104]. Cumulating
evidence suggests that white matter disruptions are found both in psychosis pa-
tients and individuals with psychosis proneness [105] [106]. Especially decreases
in fractional anisotropy (FA), which reflects myelination, have been reported ex-
tensively in frontal cortices [107] and in the superior longitudinal fasciculus [108]
in psychosis patients [105]. Likewise, in a population-based study, disruptions in
white matter have been reported in adolescents with PLEs [109]. These results
suggest that psychosis proneness is associated with disruptions in white matter
integrity, and individuals with psychosis proneness show a divergence from the
typical developmental trajectory of the brain, resembling those evident in psy-

chosis patients.

These changes in synaptic pruning and myelination during adolescence con-
tribute to the reorganization and fine-tuning of subcortical and cortical regions.
However, brain maturation occurs in waves, which results in different develop-
mental periods of brain circuitries [110]. The imbalance model of adolescent
development proposes that adolescence is defined by the mismatch between the
maturation times of the subcortical limbic regions and the prefrontal cortex (See
Figure 1.4) [111] [112]. As the frontal cortex continues to mature during this
time in a linear fashion, the development of executive and higher-order cognitive
functions extends well beyond the maturation of subcortical areas [113]. This dif-
ference between the maturation timelines of the limbic system and the prefrontal
cortex is thought to play a significant role in shaping behavior during adolescence,

particularly underlying the increase in risk-taking behaviors, sensation-seeking,
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and reward sensitivity [114]. Behaviors such as drug use, delinquency, reckless

driving, binge drinking, and unprotected sex show peak during this time [114].

Limbic regions

prefrontal cortex

Level of Functional Development

Age
Adolescence

Figure 1.4: The imbalance model between the developmental trajectories of the
prefrontal cortex vs limbic regions in adolescence. Reprinted, with permission,
from ref. [112]

Research shows that while adolescents can assess risky situations and predict
negative outcomes when the situations are emotionally salient, the involvement of

the emotionally driven limbic system may override the prefrontal cognitive control
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system [111]. For example, compared to adults, adolescents show increased acti-
vation in the ventral striatum when making risky decisions, and this activation
shows a peak in mid-adolescence [115]. One example of increased emotionally
salient environments is the presence of peers. Studies have shown that adoles-
cents were more likely to engage in more risky behaviors, such as gambling and
risky driving, when peers were observing them as compared to when they were
alone [116] [117]. At the same time, the presence of peers has been found to
increase engagement in exploratory behavior and better learning of both positive
and negative outcomes [118]. This suggests that when assessing the outcomes
of risky situations, acceptance by their peers might be more important than the
risky outcome for adolescents. This may be another indication of the imbalance

between the limbic and prefrontal systems.

However, the imbalance between the two systems does not necessarily point to
maladaptive functioning and is rather the normal trajectory during adolescence.
From an evolutionary perspective, adolescence is a period where individuals ex-
perience separation from their families, find mates, and establish independence
[119]. During this time, sensation-seeking and risk-taking behaviors may serve
adaptive purposes. These behaviors can help adolescents assert independence,
explore new opportunities, and establish social hierarchies, which are essential
for achieving social status, securing resources, and attracting mates as they tran-
sition into adulthood [120]. For example, establishing good relationships with
peers during adolescence was shown to predict better psychosocial functioning
later in life [121]. In accordance with this, an alternative model, the Life-span
Wisdom Model, has been proposed in which the role of the environment and the
experiences gained during adolescence play a key role [122]. This model argues
that increased risk-taking and sensation-seeking are adaptive strategies for ado-
lescents and help them successfully transition into adulthood by facilitating the
exploration of new opportunities and learning new skills. In addition to the neu-
robiological changes that occur during adolescence, which heighten mechanisms
like sensation seeking, this model emphasizes the role of experiences and the envi-
ronment, which in turn shapes cognitive and emotional development (See Figure
1.5) [122].
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Figure 1.5: The Life-span Wisdom Model illustrating the trajectories of cognitive
control, exploration and wisdom throughout life. Reprinted, with permission,
from ref.[122]

In summary, adolescence is a time period characterized by an accelerated phase
of development and maturation [123]. During this time, cognitive and executive
functions such as working memory undergo major functional reorganization [94].
However, this period of heightened neuroplasticity can be seen as a double-edged
sword. On the one hand, brain plasticity supports the maturation of executive
functions and cognitive abilities and facilitates evolutionary adaptive behaviors,
but on the other hand, it leaves neural mechanisms especially vulnerable to ex-
ogenous influences [102]. These influences can be beneficial in terms that they
can lead to the enhancement of executive functions but also detrimental in the
sense that they can lead to psychopathology [102]. When there is a disruption
to the normal developmental trajectory, especially in the face of adverse external
environments, it may pave the way for long-lasting negative health outcomes and
put the individual at risk for developmental disorders such as psychosis. There-
fore, it is of utmost importance to understand the effect of environmental risk

factors before and during adolescence and how they may increase the risk for

18



psychosis.

1.4 Genetic and Environmental Risk Factors in

Psychosis

1.4.1 Environmental Risk Factors and Psychosis

Psychosis was first described as a neurodevelopmental disorder in 1891 by Thomas
Clouston [124]. Over the years, this model was expanded to include environmental
risk factors by research showing that different early adversities, such as obstetric
complications [125], infections during pregnancy [126], and nutritional deficiencies
[127], increased disease liability. Later, in a systematic review, researchers showed
that the incidence of schizophrenia was highly heterogeneous and discussed the
role of population-level risk factors such as urbanicity, ethnicity, and migration
status [128]. Building on this and other studies investigating both individual-level
and population-level environmental risk factors expanded the neurodevelopmental

model to include environmental risk factors.

The Developmental Risk Factor Model proposes that schizophrenia differs from
other neurodevelopmental disorders, such as autism, in that the environmental
risk factors interact with the neurodevelopmental risk factors to increase disease
risk, especially during critical developmental periods. This model also takes into
account that psychosis lies on a continuum, and therefore, it recognizes that
psychotic-like experiences share the same environmental and genetic risk factors

as psychosis [129].

Another influential model that further expands our understanding of the etiol-
ogy of psychosis is the diathesis-stress model. This model highlights how genetic
vulnerabilities interact with environmental risk factors later in life, particularly
during adolescence, to increase disease risks [130]. The hypothalamic-pituitary-

adrenal (HPA) axis is responsible for regulating adrenal hormones to maintain
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homeostasis in the face of stressors. Dysregulation of the HPA axis has been
observed in psychosis and clinically high risk groups and is, therefore, usually
implicated in the diathesis-stress model of psychosis. It is proposed that environ-
mental stressors and genetic predispositions interact to alter normal developmen-
tal trajectories. These alterations, such as the dysregulation of the HPA axis,
lead to maladaptive responses to later stressors in life, which in turn increases
the risk of psychotic disorders (See Figure 1.6) [131].
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Figure 1.6: The extended diathesis-stress model for psychosis. A: Right-facing ar-
rows show the effect of vulnerability factors on neurodevelopmental alterations,
which lead to psychosis progression. The left-facing arrows show the effect of
psychosis symptoms to further increase the risk of illness by contributing to al-
terations and vulnerability. B: Shows the development of psychosis from sub-
clinical symptoms to disease onset. Arrows indicate the causal effect of HPA
axis dysregulation and brain degenerative processes. The effect is bidirectional.
D: Arrows show the bidirectional relationship of the HPA axis with other pro-
cesses. E: Dashed arrows indicate the results of alterations in brain mechanisms.

Reprinted, with permission, from ref. [131]
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Animal studies show that being exposed to enriched environments during ado-
lescence not only can bring about neural changes such as increased spine density
but also behavioral changes such as increased memory capacity [132] [133]. Like-
wise, human studies suggest that protective factors can act as a buffer to stressors
[134]. In a study, researchers found that low socioeconomic status was associated
with decreased gray matter volume in the hippocampus. However, this effect was
not seen in individuals who had high self-esteem levels [135]. On the other hand,
being exposed to environmental stressors during this critical period may alter the
normal developmental trajectory of the brain by affecting ongoing mechanisms
such as neural pruning, myelination, and remodeling of synaptic connections,
which in return can increase liability to psychosis [136]. This becomes particu-
larly important, considering that during adolescence, risk-taking behaviors and

exposure to stressors such as cannabis use increase.

It is well established that cannabis use can have adverse effects on working
memory brain mechanisms [137] [138]. For instance, in a study, researchers
showed that even though there were no differences in behavioral measures be-
tween cannabis users and controls, the effective connectivity between the right
dorsolateral prefrontal cortex and left caudate decreased in cannabis users during
a working memory task [139]. It is further known that the risk for the develop-
ment of psychotic disorders is 2-fold for cannabis users and 6-fold for heavy and
chronic cannabis users compared to non-users [140] [141]. Cannabis users also
have an earlier onset of psychosis [142] and have more severe and frequent symp-
toms [143]. A meta-analysis study showed that psychosis patients with a lifetime
of cannabis use performed worse on cognitive tasks such as working memory

compared to patients without cannabis use [144].

Another well-studied risk factor for psychosis risk is childhood maltreatment
(CM). Childhood maltreatment can include different maltreatment types, such
as psychological, physical, and sexual abuse, as well as psychological and physical
neglect. Psychosis patients retrospectively report higher exposure to childhood
maltreatment compared to controls [145] [146]. Exposure to trauma in childhood
has also been found to be associated with symptom severity [147] and resistance

to treatment [148]. In fact, some studies have shown a causal effect of trauma on
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disease onset [145]. Similar findings have been reported in healthy populations
with PLEs. Both longitudinal and cross-sectional studies have shown that in-
dividuals who were exposed to childhood trauma were more likely to experience
PLEs [149] [150]. Childhood maltreatment is also known to affect executive brain
function, which in turn may increase vulnerability to psychosis [151]. Impaired
functional connectivity has been observed in psychosis patients with a history
of childhood maltreatment [152]. Individuals with childhood maltreatment show
alterations in the function of critical brain regions such as prefrontal cortex, an-
terior cingulate cortex (ACC), orbitofrontal cortex, and striatum [153] [154]. For
instance, researchers found that children with high risk for psychosis and expo-
sure to childhood maltreatment had lower 1QQ and poorer cognitive performance
compared to high-risk children who were not exposed to childhood maltreat-
ment [155]. Another study found abnormal activation patterns in the parietal
regions of schizophrenia and bipolar disorder patients with childhood maltreat-
ment compared to patients without childhood maltreatment during an n-back

working memory task [156].

Similar to the results in childhood maltreatment, adversities experienced dur-
ing adolescence are also known to be risk factors for psychotic disorders [157].
Studies show that different types of victimization experienced in adolescence can
be a predictor of psychopathology later in life [158]. Both childhood and ado-
lescence reflect two critical vulnerability windows for psychosis development [91].
Exposure to adversities during these critical periods may alter the functional
connectivity of brain networks and lead to the persistence of PLEs, thereby ex-
posing the individual to an extended duration of psychotic-like experiences and

increasing the risk of developing psychotic disorders [159].

In addition to individual-level factors, population-level factors such as urban-
icity, migration, and exposure to air pollution are known to be valid risk factors
for psychosis risk and influence individuals across the psychosis continuum [129].
One of the most consistent findings in schizophrenia is the increased incidence
rate for people born in urban environments compared to rural environments [160].
In a Swedish population study including 4.4 million individuals, it was observed

that the incidence rate for schizophrenia was higher in urban areas and that living
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in densely populated areas increased the risk of the disorder by around 68-77%
[161]. Moreover, a dose-response relationship was found between urbanicity and
psychosis risk; as the time spent in an urban environment increased, so did the
risk for schizophrenia development [162]. Researchers have suggested that some
of the underlying factors between urbanicity and schizophrenia may be factors
such as pollution, isolation, access to green spaces, and social inequity [163] [164]
[165] [166]. Similar results were found for PLEs as well. For example, the current
neighborhood stress was found to predict PLEs in adolescents [167]. In an fMRI
study, it was demonstrated that urban upbringing was correlated with reduced
connectivity in the pregenual anterior cingulate cortex (pACC), and current city
living was correlated with increased amygdala activity, indicating an effect of

early life exposure on brain mechanisms [168].

Recent studies have shown that even though individual environmental risk fac-
tors increase the vulnerability to psychosis, they also act in aggregate and that
there is a dose-dependent relationship between