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Abstract

Chronic mental illnesses (CMIs), including schizophrenia (SZ2),
bipolar disorder (BiPD), and major depressive disorder (MDD), present
a substantial burden on individuals and healthcare systems worldwide.
CMIs exhibit complex etiologies involving a mixture of genetic and
environmental factors. While protein aggregation is a well-established
hallmark of neurodegenerative diseases, its role in CMIs remains poorly
understood. Key questions remain unanswered, such as whether
aggregation occurs uniformly across brain regions, whether different
proteins aggregate within the same individuals, what drives this
aggregation, and how it may contribute to behavioral symptoms. This
thesis aims to address these knowledge gaps by investigating the
causes and effects of protein aggregation in CMIs, with a focus on the
potential for co-aggregation of key candidate proteins.

This research utilizes post-mortem human brain samples, in vitro
cell models, and a transgenic Drosophila model. Analysis of human
brain samples revealed distinct patterns of insolubility and aggregation
for CRMP1, DISC1, NPAS3, and TRIOBP-1 across different brain regions
linked to SZ, MDD, and suicide. Notably, these proteins were found to
co-aggregate within the same individuals, including some healthy
controls, suggesting either shared physiological mechanisms or
differential pathological thresholds. The extent and location of
aggregation varied between brain regions and individuals, showing that
it does not follow a consistent pattern based on diagnosis.

Moreover, the link between protein aggregation, genetic
mutation, and environmental susceptibility was investigated using
wild-type and mutant forms of NPAS3 in cell culture experiments. While
previous research showed that mutation alone can cause NPAS3
aggregation, my findings demonstrated that loss of nuclear localization
and potential aggregation can also occur under physiological and stress
conditions, even in the absence of mutation. This suggests that these
changes may be less dependent on genetic alterations than previously
assumed.

Region-specific analysis further revealed that the PAS1 domain
strongly influences NPAS3 localization in cells, promoting its retention
in the cytoplasm rather than the nucleus. This mislocalization may
reduce NPAS3's functional activity and increase its susceptibility to



aggregation. Additionally, CRMP1 showed potential for co-aggregation
with DISC1 and TRIOBP-1 in cells, echoing findings from human brain
analyses. Additionally, the Drosophila model expressing human DISC1
variants shows potential for revealing behavioral and molecular
alterations. However, the model requires thorough validation due to
lack of expression control.

These findings establish that protein aggregation in CMIs is a
heterogeneous, region-dependent process, with multiple proteins
aggregating within the same individuals. It also provides new evidence
that co-aggregation may be a contributing molecular mechanism in
CMIs. Moreover, it highlights how both genetic and environmental
stressors can influence aggregation. This study is limited by variability
in brain tissue quality, protein aggregation detected in controls, and
reliance on overexpression models in cell culture. Also, the Drosophila
model showed leaky gene expression and requires further validation.
Taken together, these factors highlight the need for improved models
and normalization methods in future research. Nevertheless, the
results from this thesis lay the groundwork for future research into
protein aggregation as a potential biomarker or therapeutic target,
offering novel molecular insights into the pathophysiology of CMIs.

Keywords: Protein aggregation, co-aggregation, schizophrenia,
bipolar disorder, major depressive disorder, CRMP1, DISC1, NPAS3,
TRIOBP-1.



Sazetak

Kroni¢ne mentalne bolesti (KMB), ukljucujuci shizofreniju (SZ),
bipolarni poremecaj (BiPD) i klinicku depresiju (KD), predstavljaju
znacajan teret za pojedince i zdravstvene sustave diljem svijeta. KMB
imaju slozenu etiologiju koja ukljucuje kombinaciju genetskih i
okolisnih ¢imbenika. Iako je agregacija proteina dobro poznata
znacCajka neurodegenerativnih bolesti, njezina uloga u KMB jos uvijek
nije dovoljno istrazena. Kljucna pitanja ostaju neodgovorena: dogada
li se agregacija ravhomjerno u razliCitim regijama mozga, agregiraju li
razli¢iti proteini unutar istih pojedinaca, sto pokreée agregaciju i kako
ona moze pridonijeti razvoju simptoma. Ova disertacija ima za cilj
popuniti te praznine u znanju istrazivanjem uzroka i posljedica
agregacije proteina u KMB, s posebnim naglaskom na moguénost
koagregacije klju¢nih kandidata proteina.

Opisano istrazivanje ukljucuje analize post-mortem uzoraka
ljudskog mozga, in vitro stanicne modele i transgenic¢ni model vinske
musice (Drosophila). Analiza ljudskog mozdanog tkiva otkrila je
razliCite obrasce netopljivosti i agregacije proteina CRMP1, DISC1,
NPAS3 i TRIOBP-1 u razliCitim regijama mozga povezanim sa SZ, MDD
i suicidalnim ponaSanjem. Analizirani proteini koagregirali unutar
odredenih pojedinaca sa dijagnozom i u kontrolnim uzorcima,
upucujuéi na zajednicke fizioloSke mehanizme ili razli¢ite patoloske
pragove. Opseg i lokalizacija agregacije varirali su medu regijama
mozga i pojedincima te agregacija nije bila dosljedna ni specifi¢na za
dijagnozu.

Nadalje, povezanost agregacije proteina, genetskih mutacija i
osjetljivosti na okolis istrazena je pomocu divljeg i mutiranog oblika
proteina NPAS3 u stani¢nim kulturama. Iako su prethodna istrazivanja
pokazala kako sama mutacija moze uzrokovati agregaciju NPAS3, moji
rezultati pokazuju kako gubitak nuklearne lokalizacije i potencijalna
agregacija mogu nastupiti i pod fizioloskim i stresnim uvjetima, cak i
bez mutacije. Stoga opisane promjene mogu biti manje ovisne o
genetici nego Sto se prethodno mislilo. Analiza regija proteina NPAS3
dodatno je pokazala kako PAS1 domena snazno utjece na lokalizaciju
NPAS3 u stanicama, poti¢uci njegovu lokalizaciju u citoplazmi umjesto
u jezgri. Opisana promjena u lokalizaciji moze smanjiti funkcionalnu
aktivnost NPAS3 i povedati njegovu sklonost agregaciji. Takoder,
pokazala sam kako CRMP1 moze koagregirati s DISC1 i TRIOBP-1 u



stanicama, Sto je u skladu s rezultatima analize uzoraka ljudskog
mozga. Transgeni¢ni model vinske musice koji eksprimira ljudski
DISC1 pokazuje potencijal za otkrivanje bihevioralnih i molekularnih
promjena, ali zahtijeva detaljnu validaciju zbog nedostatka kontrole
ekspresije.

Opisani rezultati potvrduju heterogenost i specificnost agregacija
proteina u KMB, pri ¢emu viSe proteina moze agregirati unutar istih
pojedinaca. Disertacija takoder nudi nove dokaze kako koagregacija
moze biti molekularni mehanizam koji doprinosi razvoju KMB te istiCe
utjecaj genetskih i okolisSnih ¢imbenika na agregaciju. Ovo istrazivanje
ima ogranicenja, ukljucujuéi varijabilnost kvalitete tkiva, agregaciju
proteina kod kontrola te prekomjernu ekspresiju proteina u stani¢nim
kulturama. Takoder, Drosophila model pokazuje manjak kontrole
ekspresije proteina, zbog C{ega =zahtijeva dodatnu validaciju.
Sveukupno, koriSteni modeli i metode zahtjevaju znacajnu modifikaciju
u buducim istrazivanjima. Unatoc tome, rezultati ovog rada postavljaju
temelje za daljnja istrazivanja agregacije proteina kao potencijalnog
biomarkera ili terapijskog cilja, nudeéi nove molekularne uvide u
patofiziologiju KMB.

Kljuéne rijecCi: agregacija proteina, koagregacija, shizofrenija,
bipolarni poremedaj, klinicka depresija, CRMP1, DISC1, NPAS3,
TRIOBP-1.
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COMT - catechol-O-methyltransferase
CMIs - chronic mental illnesses
CNS - central nervous system
CRMP1 - Collapsin response mediator protein 1
CRP - C-reactive protein
DISC1 - Disrupted in Schizophrenia 1
DSM - Diagnostic and Statistical Manual of Mental Disorders
FC - frontal cortex
GABA - Gamma-aminobutyric acid
GWAS - Genome-wide association study
h - hour
HPA - hypothalamic-pituitary-adrenal
hrs — hours
H>0> - hydrogen peroxide
IC - insular cortex
I/A - insoluble/aggregating
iPSC - induced pluripotent stem cell
LOG - lateral orbitofrontal gyrus

KDP - kroni¢ni depresivni poremecaj



MCCB - MATRICS Consensus Cognitive Battery
MDD - major depressive disorder

min — minutes

N/A - not applicable

NDs - neurodegenerative disorders

NDE1- Nuclear distribution protein nudE 1

NDEL1- Nuclear distribution protein nudE-like 1
NMDA - N-methyl-D-aspartate

NPAS3 - Neuronal PAS domain-containing protein 3
NRG1 - Neuregulinl

PC - parietal cortex

PDE4B - cAMP-specific 3',5'-cyclic phosphodiesterase 4B
PiFC - piriform cortex

ScoRS - Cognition Assessment Scale in SZ

sec - seconds

SFG - superior frontal gyrus

SNPs - single-nucleotide polymorphisms

SZ - schizophrenia

TC - temporal cortex

TRIOBP-1 - Trio and F-actin binding protein isoform 1
UAS- upstream activation sequence

wt — wild-type

Vi



1

Contents

INErOdUCHION o e 1
1.1  Chronic mental illNeSSeS ....c.viviiiiiiiiii e 1
1.1.1 Schizophrenia....c.oooeiiiii e 2
1.1.1.1 Symptoms Of SZ ..o 2
1.1.1.2 Diagnosis Of SZ....ciiiiiiiiiiii i e 3
1.1.1.3 Epidemiology and life quality in SZ..........ccccoeviivvnnnen. 4
1.1.1.4 Etiology Of SZ ... e 5
1.1.1.5 Animal and cell models of SZ.......ccoviiiiiiiiiiiiiiinn. 9
1.1.1.6 Current treatment of SZ.......covviiiiiiiiiiiii 10
1.1.2 Bipolar diSOrder ....cviiiiiiiii i i e 13
1.1.2.1 Symptoms of BiPD ....cviiiiiiiiiici e 13
1.1.2.2 Etiology Of BiPD ..ccviiiiiiiiiiiiiii e 13
1.1.2.3 Diagnosis Of BiPD .....c.ciiiiiiiiiiiiiiii i aes 14
1.1.2.4 Epidemiology of BiPD....c.oooviiiiiiiii i 15
1.1.2.5 Current treatments for BiPD ........ccovviiiviiiiiiiiinnnns 15
1.1.2.6 Animal and cell models of BiPD .........ccvviiviiniiinnnns 16
1.1.3 Major depressive disorder ........cccoviiiiiiiiiiiiiiiieiieennens 17
1.1.3.1 Symptoms of MDD ....eviiiiiiiiiici e 17
1.1.3.2 Diagnosis Of MDD ...ccviiiiiiii i anaee 17
1.1.3.3 Etiology Of MDD ....uiiiiiiiiiiiie et 18
1.1.3.4 Epidemiology of MDD......ccvviiiiiiiiii i 20
1.1.3.5 Current treatments of MDD .......coccviiiiiiiiiiiinieenns 20
1.1.3.6 Animal models of MDD ......ccviiiiiiiiiiiiic e 22
1,104 SUICIAE. ettt e e e 24
1.1.4.1 Definitions and classification of suicidal behavior...... 24
1.1.4.2 Epidemiology of suiCide.......ccvvivviiiiiiiiiiiiiiniinenns 24
1.1.4.3 Risk factors for suicide.......coviiiiiiiiiiiiiiii e 24
1.1.4.4 Genetic aspects of suicide ........ccoviviiiiiiiiiiiieiieane, 25
1.1.5 Proteins involved in suiCide........ccovviiviiiiicir e 26

Vii



1.1.5.1 Treatment targeting suicide tendencies................... 27

1.1.6 Challenges in diagnosis and treatments of CMIs............ 28
1.2  Protein aggregation ......cccoiiiiiiiiiiiii e 29
1.2.1 Protein aggregation in neurodegenerative disorders....... 31
1.2.2 Protein aggregation in CMIS.......cccviiiiiiiiiiiiiiiiie e 32
1.2.3 Proteins implicated as aggregating in CMIs................... 33
1.2.3.1 Collapsin response mediator protein 1 .................... 33
1.2.3.1.1 CRMP family .oviiriiiiiii i aea 33
1.2.3.1.2 Structure, regulation, and localization of CRMP1 34
1.2.3.1.3 Functional roles of CRMP1 ........ccoiiiiiiiiiiiinninnnns 35
1.2.3.1.4 Other CRMPS ...oiiiiiiii i 36
1.2.3.1.5 CRMPs in neurological and psychiatric disorders. 37
.2.3.2 Disrupted in Schizophrenia 1 ........cccoviiiiiiiiiiiiinnnns 37
1.2.3.2.1 Structure and function of DISC1 ..........c.ccvvvneee. 38
1.2.3.2.2 DISC1 in CMIS . .ciiiiiiiiiiiiiii i i nneaaaens 39
1.2.3.2.3 Aggregation of DISCl.....cccoiiiiiiiiiiiiiiiiieeans 39
.2.3.3 Neuronal PAS domain-containing protein 3.............. 40
1.2.3.3.1 NPAS Proteins ...cceviiiiiiiiiiii i nnnaeeens 41
1.2.3.3.2 NPAS3 StruCtUre ...coiiiiiiiiii v e e 42
1.2.3.3.3 NPAS3 function and expression..........cccvvvevvnnen. 43
1.2.3.3.4 NPAS3 interaction partners .........cccoovvviiiinennnns 44
1.2.3.3.5 NPAS3 animal models.........coeviiiiiiiiiiiiiiennnnn 44
1.2.3.3.6 NPAS3 iN CMIS...cciiiiiiiiiiiii i 45
.2.3.4 Trio and F-actin binding protein isoform 1 ............... 47
1.2.3.4.1 Structure and function of TRIOBP-1.................. 47
1.2.3.4.2 TRIOBP-1 iN CMIS ..iiiiiiiiiiii i ciee e 48
1.2.3.4.3 Other members of the TRIOBP family ............... 49
1.3 Brain regions investigated in this thesis..............c.ccoiiiiiils 49
1.3.1 Previously investigated human brain regions in MDD and
] 81 o o L= P 51
1.3.2 Previously investigated brain regions in SZ................... 52
1.4 Drosophila as a transgenic model ..........coiiiiiiiiiiiiiiiiinnns 53

viii



1.4.1 Overview of previous transgenic DISC1 Drosophila models.

............................................................................... 55

1.5 Unanswered qUestionNS ......ccvviiiiiiiii i e eae e 57
2 Hypotheses and thesis @ims ......oooiiiiiiiiiii e 59
3 Materials and methods .....oooviiiiiiiii e 60
3.1 Human brain samples collection ..........ccviiiiiiiieinn, 60
3.2 I/A protein fraction purification from brain samples ........... 64
3.3 Bacterial transformation.........c.cooiiiiiiiii i 65
3.4 Plasmid DNA eXtraction .......coviiiiiiiiiiiii i snine e 66
3.5 DNA agarose gel electrophoresis .....ccovvviiiviiiiiiiieinnens 67
3.6 Mammalian cell culture maintenance.............ccevviviiinennnen. 68
3.7 Mammalian cell transfection.........cccoeiiiiiiiiiiiiiiii 69
3.8 Sodium arsenite cellular stress test ........ccovvviiiiiiiiiinnnen. 71
3.9 I/A protein fraction purification from mammalian cell lysates ..
................................................................................... 71

3.10 Cell Iy SIS ittt e 72
3.11 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 73
3.12 Western blot ... 74
3.13 Gels and Western blot quantitative analysis...................... 77
3.14 Immunocytochemistry and microsSCopy.......covvvvvvineinnnennnen. 77
3.15 Quantitative blinded immunocytochemistry assay.............. 78
3.16 Fly lines and maintenancCe ........cccvviiiiii i 80
3.17 Biochemical analysis ......coviiiiiiiiiii e 81
3.17.1 Gene expression analysis in selected fly lines.............. 81
3.17.2 Monoamine analysis with Liquid chromatography-tandem
MASS SPECIIOMEEIY . e 82
3.17.3 Hydrogen peroxide concentration measurement ......... 83
3.18 Glutathione concentration measurement ............ccevvivvnnen. 84
3.19 Behavioral analysSis......ccviiiiiiiiiiiiii e 85
3.19.1 Social interaction network analysis...........cccovvvviinnnnnn. 85
3.19.2 Statistical analysis .....ccoviiiiiiiii 88
4 RESUIES 1ttt e 89
4.1 Analysis of human post-mortem samples .........ccovvivviinnnns 89



4.1.1 Antibody validation.......c.ccoviiiiiii 89

4.1.2 Investigation of key proteins in post-mortem human brain

samples, with a focus on suicide victims .......ccccoviiiiiiiieiinn, 91
4.1.3 Aggregation of key proteins in post-mortem human brain
samples, with a focus on suicide victims ..., 96
4.1.4 Aggregation of multiple proteins in the same individuals ....
............................................................................. 101
4.1.5 Investigation of key proteins across different brain regions,
with a focus on suicide victims.......ccoviiiiiii 102
4.1.6 Aggregation of key proteins across different brain regions,
with a focus on suicide victims......c.ccoviiii i 108
4.1.7 Insolubility of proteins in the human brain affected by SZ
and AD, with a focus on DISC1 .....c.iiiiiiiiiiiiii e 122
4.2 Protein aggregation in cell models .........ccoooviiiiiiinnnn. 128
4.2.1 Quantification of NPAS3 wt and NPAS3 V3041 under
normal and stress conditionS ......c.ccoviiiiiiii i 128
4.2.2 Assessment of NPAS3 wt and V3041 aggregation over long
EiME PEIIOAS et i e 132
4.2.3 Aggregation assessment of each major NPAS3 region.. 135
4.2.4 Protein co-aggregation in vitro analysiS...................... 142
4.2.4.1 Validation of eGFP tagged-plasmids...................... 142
4.2.4.2 Co-aggregation of DISC1 and CRMP1.................... 145
4.2.4.3 Co-aggregation of NPAS3 with other proteins ........ 148
4.3 Analysis of transgenic DISC1 Drosophila model............... 151
4.3.1 Analysis DISC1 expression in Drosophila model........... 151

4.3.2 hfIDISC1 insertion and expression influence on
neurotransmitters concentration ..........ccoiiiiiiiiiiiin e 153

4.3.3 Effect of hfIDISC1 expression on redox parameters ..... 156
4.3.4 Social interaction network for hfIDISC1 Drosophila models .

............................................................................. 159
(DI T ol U 11 (o] o I 163
5.1 Co-aggregation in human brain and cell models .............. 163

5.2 Protein aggregation in CMIs varies across the brain regions....
................................................................................. 165



5.2.1 Limitations in post-mortem human brain analysis with

implications for future research ... 167
5.3 Aggregation of NPAS3, beyond the V3041 mutation ......... 173
5.3.1 Limitations of cell-based assays with implications for future
=TT =T=] o o P 175
5.4 Behavioral and molecular effects of hfIDISC1 expression in
DroSOPRila .....c.neei it e 177
5.4.1 Limitations of transgenic DISC1 Drosophila model with
implications for future research ... 182
5.5 Contribution to the field ......cccviiiiii 183
I ©o ] o V{118 1] o] o [ 185
7 APPENAIX 1ttt e 187
8  LIterature. . 192
O  List Of fIQUIreS .o 266
10 Listof tables...ccoviiii 270

Xi



1 Introduction

1.1 Chronic mental illnesses

Chronic mental illnesses (CMIs) are long-term psychiatric
conditions that profoundly affect an individual’s emotional, cognitive,
and social functioning, often leading to significant impairment in quality
of lifet2, Examples of CMIs include major depressive disorder (MDD),
schizophrenia (SZ), and bipolar disorder (BiPD), all of which exhibit
diverse symptoms and complex profiles. These conditions are
widespread, with the World Health Organization (WHO) reporting that
mental disorders contribute significantly to the global burden of
disease, affecting approximately one in eight individuals worldwide?23.
Recent data suggests that more than one in ten individuals worldwide,
approximately 293 million people aged 5 to 24 vyears, live with a
diagnosable mental disorder-.

The etiology of CMIs includes a complex interaction between
genetic predispositions and environmental factorss. Genetic studies
have shown a strong heritable component, with closer relatives having
a higher risk of developing CMIs than the general population®’. Initial
twin studies estimated the heritability of SZ and BiPD to be between
70% and 80%3-1°, A sizeable Danish twin study later estimated the
heritability of SZ to be as high as 79%?1112, while data from the SZ and
BiPD Twin Study in Sweden reported a heritability of 73% for
psychosis®3. For MDD, early twin studies suggested heritability ranging
from 48% to 75%1*. Subsequent data from a Swedish national twin
study revealed that heritability was higher in women (42%) compared
to men (29%)®. Another Swedish twin study estimated the heritability
of MDD at approximately 37%:1¢, consistent with findings that less
severe forms of MDD in population-based studies showed heritability
around 38%, with environmental factors accounting for the
remainder'”.18, Molecular genetic studies have identified numerous
specific genetic polymorphisms contributing to SZ, BiPD, and other
CMIs across populationst®-2t, A large genome-wide association study
(GWAS) identified over 250 loci associated with SZ, many within genes
critical for synaptic function and neuronal communication22. Certain
genetic variants are associated with SZ and BiPD?3, while others are
linked to SZ, BiPD, and MDD2°; indicating that specific genetic variants
may contribute to the risk of multiple mental illnesses.



A variety of environmental factors can contribute to CMIs,
including adverse childhood experiences (maltreatment, trauma) and
tobacco smoking?*-27, which were seen to be cross-diagnostic for
multiple CMIs. In addition, previous studies suggested that other
environmental factors like prenatal exposures (infections and maternal
stress) and perinatal complications could increase the risk of SZ
development?s-31, The research was done on the impact of these factors
by analyzing epigenetic mechanisms like DNA methylation and histone
modifications32-35, Specifically, traumatic events like famine can lead to
heritable epigenetic changes, potentially increasing the risk of
psychiatric disorders in future generations3¢3’. Additionally, social
factors like socioeconomic disadvantage and minority status3®, as well
as substance abuse (cannabis), were associated with increased CMI
risk324°, For example, the strong influence of the urban environment on
developing children and adolescents, can lead to an expression of a
psychosis-like mental state in later life.

The development of CMIs is unlikely to come from a single
environmental factor. Instead, it is more plausible that multiple factors
interact and accumulate over time, collectively increasing the risk of
these conditions.

1.1.1 Schizophrenia

Schizophrenia (SZ) is a complex neuropsychiatric illness with
underlaying genetic, environmental, and neurobiological factors. This
chapter explores its symptoms, etiology, underlying molecular
mechanisms, current therapeutic strategies, and emerging treatments.

1.1.1.1 Symptoms of SZ

Severe symptoms of SZ are usually divided into positive,
negative, and cognitive symptoms. Positive and negative symptoms
are measured with the Positive and Negative Syndrome Scale
(PANSS)42,

Positive symptoms, also referred to as psychotic symptoms, are
symptoms that are not normally experienced, but are present in people
during a psychotic episode, including persistent hallucinations,
delusions, and disorganized behavior. Delusions include fixed beliefs
that something is true despite evidence of the contrary. Hallucinations,
defined as sensory perceptions without an external stimulus, can be

2



auditory, olfactory, visual, tactile, or somatic. Disorganized behavior
includes bizarre or purposeless things or unpredictable and
inappropriate emotional responses. Moreover, the individual exhibits
disorganized thinking, reflected in jumbled or irrelevant speechz2,

Negative symptoms refer to previously present behaviors that
are lost since the onset of SZ, like affective flattening, social
withdrawal, and avolition. Those symptoms contribute significantly to
functional impairment!2. People with this condition face intense and
widespread stigma, leading to social exclusion and straining
relationships with family and friends. This stigma fuels discrimination,
further restricting their access to essential healthcare, education,
housing, and employment opportunities*. One of the core symptoms
of SZ is anhedonia, the inability to experience pleasure or enjoyment
from activities that typically bring happiness or satisfaction. Due to the
disruption of reward anticipation or effort valuation, patients with SZ
can experience altered emotional behavior, leading to poor functional
outcomes*. Beyond anhedonia, there is a high level of co-morbidity of
MDD and anxiety in patients with SZ diagnosis*-%7. Additionally, recent
studies showed significant genetic correlations between these
illnesses*s.

Cognitive symptoms, which include deficits in memory, executive
function, and attention 1, frequently persist throughout the illness with
a severe impact on daily living and treatment outcomes*.

1.1.1.2 Diagnosis of SZ

Kurt Schneider developed the most influential model for
classifying SZ symptoms, identifying specific "first-rank symptoms."
These include "delusional perceptions," auditory hallucinations
(voices), and seven types of delusions: somatic passivity, thought
withdrawal, thought broadcasting, thought insertion, the belief that
one's emotions are not one's own, and the belief that an external force
controls impulses or actions*9:%0,

Under the previous guidelines outlined in the Diagnostic and
Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV), a
diagnosis of SZ typically required two positive symptoms, although,
one Schneiderian first-rank symptom could sufficest. However, the
updated DSM-V diagnosis of SZ mandates the presence of at least two
psychotic symptoms for at least 1 month, which are not caused by
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mood disorder, such as MDD or BiPD, or substance abuse. Moreover,
it requires the presence of symptoms and signs of functional
impairment (interpersonal or occupational disruptions) for a period of
at least 6 months!.

There are many neurophysical tests for assessing cognitive state,
varying in duration and complexity, but the most commonly used are
MATRICS Consensus Cognitive Battery (MCCB) and the Brief
Assessment of Cognition in SZ (BACS)>2. MCCB takes about 60 min and
includes an assessment of seven cognitive domains (speed of
processing, attention, working memory, visual and verbal learning,
reasoning and problem-solving, and social cognition). BACS is shorter
(duration is about 30 min) and assesses six cognitive domains (verbal
learning and memory, working memory, motor function and speed,
verbal fluency, attention and processing speed, and executive
function). However, BACS lacks assessment of the social cognitive
domain, which is severely affected in patients with SZ and closely
related to patient recovery. In addition to cognitive testing, simplified
clinical scales can be used during clinical interviews, such as the
Cognition Assessment Scale in SZ or shorter ScoRS. Interestingly,
these interviews are conducted with the patient, as well as with
patient’s frequent day-to-day contacts, such as family members,
friends, colleagues, and social workers>2.

1.1.1.3 Epidemiology and life quality in SZ

In 2019, the global population of individuals with SZ diagnosis
reached 23.6 million, marking a 65.85% increase since 1990. The
United States recorded the highest age-standardized disability-
adjusted life years rate for the conditions3.

In most cases, the first occurrence of SZ is reported at age 20-
24. Schizophrenia affects around 0.3-0.7% of the general population
and is diagnosed 1.4 times more frequently in males than females?.

SZ impacts individuals' quality of life, manifesting in various
psychosocial challenges and increased health riskss¢. The employment
of individuals with diagnosed SZ varies between 4 and 50.4%. It is
affected by factors like negative and cognitive symptoms, age of onset,
and duration and course of the disease has a negative impact.
Individuals with diagnosed SZ frequently experience significant social
isolation and loneliness, which can exacerbate physical, emotional, and
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cognitive challenges®>%5. In contrast, a strong support system, whether
through family or friends, is crucial in managing symptoms and
improving adaptation to life with SZ57-59, There is also a high prevalence
of comorbid conditions, including MDD and substance abuse disorders,
among individuals with SZ, significantly elevating the risk of suicide in
this populations®. Individuals with SZ face a reduced life expectancy,
living an estimated 14.5 years less than the general population,
primarily due to increased rates of cardiovascular disease, diabetes,
and pulmonary disorderss:.

1.1.1.4 Etiology of SZ

Heritability is known to play a significant role in SZ, with twin
studies estimating a genetic contribution between 70% and 80%3810.12.13,
GWAS links over 250 loci to SZ, many of which are involved in synaptic
function and neuronal communication?2.

One of the first discovered genetic risk factors for SZ is the
Neuregulinl (NRG1) on chromosome 8p21-p12¢, While the association
is validated across populations, the precise alleles remain unidentified.
Some SNPs (single-nucleotide polymorphisms) of NRG1 have been
implicated in psychosis, and others were linked to cognitive changes
after antipsychotic treatment®-¢6, NRG1 plays a crucial role in
gliogenesis, myelin formation, synaptic plasticity, and neuronal
survival and is expressed throughout life. The NRG1 receptor ERBB4 is
similarly implicated in neurogenesis and synaptic plasticity, with
mutations in the ERBB4 also being associated with the SZ6267-69,

Another known genetic factor is Disrupted-in-Schizophrenia 1 or
DISC1, which will be discussed in more detail later in this thesis, in
Chapter 1.2.3.2. Briefly, DISC1 has many roles, from neuronal
development to synaptic plasticity through a complex network of
protein interactions®2. Initially discovered in a Scottish family with a
chromosomal translocation, disruptions in DISC1 have been linked to
attention and cognition deficits7®71, There are also many specific SNPs
in the DISC1 associated with SZ risk’273, Interestingly, DISC1 interacts
with many other known SZ risk factors, such as NRG1 and PDE4B,
highlighting a synergistic effect in SZ pathogenesiss27475,

The DTNBP1 gene encoding Dysbindin-1, which influences
dopaminergic and glutamatergic neurotransmission, is also a risk gene
associated with SZ. Mutations reducing dysbindin-1 function can
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disrupt these pathways, contributing to the disorder. Dysbindin-1 also
regulates neuronal development, synaptic vesicle formation, and
receptor activity. Variations in DTNBP1 affect its expression in SZ, thus
making it a potential therapeutic target®27s,

It is not surprising that the DRD2 gene, which encodes for
dopamine D2 receptors, represents risk gene for SZ, as heightened
dopamine activity in the brain is linked to the disorder. This risk gene
is discussed in more detail below. Genetic variations in the DRDZ2 gene,
such as the rs1076560 polymorphism, are associated with cognitive
deficits and altered brain function”7-7°.

One of the most studied risk genes for SZ is COMT, coding for
catechol-O-methyltransferase, which regulates dopamine metabolism,
especially in the prefrontal cortex. One of the most investigated
polymorphisms of COMT connected to SZ is the Vall58Met
polymorphism, which is associated with higher dopamine levels and
potential effects on cognition and symptom severity. However, COMT
role in SZ risk is complex and likely involves genetic and environmental
interactions7°-81,

Another known genetic risk factor for SZ is the RELN gene, which
encodes reelin. Reelin is a glycoprotein produced by gamma-
aminobutyric acid(GABA)ergic interneurons that regulates neuronal
migration and differentiation during brain  development®2.
Hypermethylation and reduced reelin expression in the hippocampus
and other brain regions are observed in SZ patients6282:83,

The last example of known genetic risk factors for SZ, highlighted
in this thesis, is a gene coding for brain-derived neurotrophic factor
(BDNF). BDNF is a crucial factor in neuronal survival, synaptic
plasticity, and cognitive functions?, with significant links to SZ
pathologys+-87,

So far, various environmental risk factors for SZ are backed by
strong evidence, such as: famine during pregnancy, small birth weight,
low birth weight relative to gestational age and cannabis use.
Additionally, childhood adversities were highly associated with SZ%.
Beyond that, a systematic review and meta-analysis®® demonstrated a
generalized risk for psychosis associated with a combination of other
factors, including maternal infection, perinatal stress, childhood
infection, ethnic minority status, migration, urban living, and stressful
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life events later in life. Additional research highlights that prenatal and
childhood factors2+3141.89 and substance abuse in later life* significantly
contribute to SZ risk.

Several molecular mechanisms have been proposed to underlie
development of SZ including the disruption of neurotransmitters,
neuroinflammation, structural brain changes, and altered
neurodevelopment.

Neurotransmitter hypothesis of SZ has been proposed based on
the effectiveness of antipsychotics on SZ symptoms. The most
prominent dopamine dysregulation hypothesis has been observed in
two manners: an excess of dopamine transmission in the mesolimbic
pathway can lead to positive symptoms observed in SZ, while a lack of
dopamine signaling in the mesocortical pathway can result in negative
symptoms like anhedonia and social withdrawals220.91, This can explain
why typical antipsychotics targeting only dopamine 2 receptors are
often effective for the treatment of positive but less for negative
symptoms.

On the other hand, the efficacy of atypical antipsychotics, which
have lower affinity for dopamine 2 receptors and high affinity for
serotonin 5-HT2A receptors, suggest involvement of serotonin in SZ.
5-HT receptor dysfunction is shown to affect both cognition and
emotional regulation®2?3, and therefore atypical antipsychotics
improve negative and cognitive symptoms in SZ. Previous studies
showed that normalizing serotonergic transmission in SZ may improve
cognitive performance and mitigate especially negative symptoms?®4.2>,

Another theory about the imbalance in neurotransmitters in SZ
involves GABA deficiency. Reduced levels of glutamate decarboxylase,
which synthesizes GABA, lead to weakened GABAergic transmission,
disrupting the brain's excitation-inhibition balances. Studies have
shown lower GABA levels and reduced GABA receptor activity in brain
regions linked to cognition®-%°, Additionally, lower GABA concentrations
in cerebrospinal fluid correlate with symptom severity in SZ patientstc°,
However, changes in proteins connected to the GABA system and
reduced GABA activity could be due to other factors like the use of
antipsychotic drugs'®l. Nevertheless, evidence from clinical studies and
animal models supports altered GABA balance in SZ pathology®62102-105,



Moreover, disruptions of glutamate signaling were investigated
as possible mechanisms for SZ. N-methyl-D-aspartate (NMDA)
glutamate receptor hypofunction disrupts glutamatergic and
dopaminergic systems, contributing to positive, negative, and cognitive
symptoms®2. Similarly, excessive glutamate accumulation can
contribute to structural brain changes seen in SZ where dysfunction of
NMDA receptors was observed in post-mortem studies and
pharmacological models of SZ1o6-109,

Lastly, drugs targeting cholinergic receptors have shown promise
in clinical trials of SZ since acetylcholine plays a role in memory and
movement, and its dysfunction has been previously linked to SZ11o.111,

Neuroinflammation, demonstrated as microglial activation and
synaptic pruning, has also been implicated in SZ. Microglia are primary
immune cells in the brain. When they are overactive, they can
contribute to synaptic dysfunction, white matter damage, and impaired
neuronal regenerationi2, Elevated levels of pro-inflammatory
cytokines have been detected in the peripheral blood and central
nervous system (CNS) of SZ patientsi3i4, Additionally, reactive
oxidative species and glutathione antioxidant levels, which can also
contribute to neuroinflammation, were recently associated with SzZ5-
18, Immunomodulatory treatments, such as minocycline, may reduce
glutamate excitotoxicity and neuronal apoptosis, offering potential
therapy for cognitive symptomst:°,

Finally, one theory encompassing the majority of
previously mentioned possible causes and mechanisms in SZ is the
neurodevelopmental theory of SZ. This theory suggests that
disruptions in early brain development, influenced by genetic and
environmental factors, contribute to the onset of the disorder. Although
SZ is not formally classified as a neurodevelopmental disorder in the
DSM-V, its shared pathophysiological mechanisms with conditions such
as autism further support this hypothesis®2120-122, Moreover, functional
imaging studies have identified altered connectivity patterns in the
brain of patients with SZ in the specific brain regions: the prefrontal
cortex, temporal regions, and limbic structures23. These regions will be
discussed in more detail later in this thesis.



1.1.1.5 Animal and cell models of SZ

Creating an animal model for SZ is challenging since SZ
symptoms, like hallucinations or delusions, are uniquely human.
However, some animal endophenotypes can be connected to SZ
symptoms: increased locomotor activity after administering
psychoactive substances and changes in social interaction can be used
as indicators of positive and negative SZ symptoms, several tests can
assess cognitive symptoms, such as changes in memory, reasoning,
and problem-solving in animalst2412s,

Animal models for SZ can be developmental, drug-induced,
genetic, or a combination of them.

Developmental animal SZ models can be created by neonatal
hippocampal lesions, postnatal social isolation, prenatal administration
of methylazoxymethanol, or by infecting pregnant rodentsi2+-126, Rats
who had neonatal hippocampal lesions show hyperactivity, cognitive
deficits, and social impairments:27.128, while postnatal social isolation
leads to anxiety, aggression, and sensorimotor gating deficits!?°,

Administration of methylazoxymethanol in pregnant rodents can
invoke reduced medial prefrontal cortex volume, increased dopamine
activity, impaired memory, and heightened anxiety in offspring.
Methylazoxymethanol is an anti-mitotic agent that inhibits DNA
synthesis by methylating guanine residues during neurodevelopment
and leads to reduced medial prefrontal cortex volume, increased
dopamine activity, impaired memory, and heightened anxiety in
offspring®3%131, Viral infection of pregnant rodents triggers immune
responses, and their offspring exhibit cognitive deficits and altered
parvalbumin interneuronst32-134,

Drug-induced models of SZ primarily involve dopamine
enhancers, like amphetamine, and NMDA receptor antagonists, like
phencyclidine (PCP). While amphetamine induces hyperactivity and
psychotic-like behaviort**>, PCP evokes hyperlocomotion, social
withdrawal, and cognitive deficits'¢137, In addition, microinjections of
GABA receptor antagonists (e.g., bicuculline) into the prefrontal cortex
result in cognitive deficits and impaired emotional regulationss139,

Many animal models are suitable for studies on genetic
background and predisposition of SZ onset. In this thesis, three of
them will be explained briefly. Mouse models expressing mutant Disc1
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display enlarged ventricles, reduced cortical thickness, altered
parvalbumin interneurons, and hyperactivity#c-142, Similarly, a mouse
model expressing mutant Nrgl shows hyperactivity, cognitive
impairments, but does not represent a complete SZ model*43. Finally,
a mouse model expressing mutant Reln demonstrates increased
neuronal packing and decreased dendritic spine density in the frontal
cortex (FC) and hippocampus!#. It is important to note that these
genetic models yielded conflicting results across different research
groups, with differences mainly regarding sex and sample size!26:145,

In addition to most common rodent models, another more
recently used genetic model is Drosophila, which will be discussed
later.

Cell-based models, particularly those derived from human
induced pluripotent stem cells (iPSCs), have emerged as powerful tools
in SZ research!#®, iPSCs models capture patient-specific genetic
backgrounds, providing an opportunity to study gene-environment
interactions and the effects of risk variants. When integrated with
animal models, iPSC-derived systems enhance translational relevance
by allowing cross-validation of findings'4’/. Furthermore, stem cell-
based approaches offer a promising platform for therapeutic discovery,
especially for targeting cognitive deficits and synaptic dysfunctions that
are poorly addressed by current treatments!48,

1.1.1.6 Current treatment of SZ

Current treatment of SZ involves typical and atypical
antipsychotics.

Typical antipsychotics, also known as first-generation
antipsychotics, include medications such as chlorpromazine and
haloperidol, which act as antagonists of the dopamine D2 receptor and
are effective in controlling positive symptoms. As for adverse effects,
these drugs induce movement-related or extrapyramidal side effects
(tremors, muscle stiffness, uncontrolled movements) or can cause
excess production of the hormone prolactin4s,

Atypical antipsychotics or second-generation antipsychotics such
as risperidone, olanzapine, quetiapine, and clozapine target both
dopamine D2 receptors and serotonin 5-HT2A receptors. They exhibit
lower D2 receptor blockage and fewer movement side effects#. On the
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other hand, they induce metabolic side effects such as obesity,
hyperglycemia, dyslipidemia, and metabolic syndrome, associated with
type 2 diabetes mellitus and cardiovascular disease.

More recently, third-generation antipsychotics like aripiprazole
and cariprazine were developed!*. They have high D2 receptor
occupancy but act as partial agonists; hence, the antipsychotic effect
is present with even fewer motor side effectsts°,

For a patient to be declared as responding to therapy with
antipsychotics, the reduction of positive symptoms needs to be higher
than 20%. Nevertheless, about 30% of patients with SZ diagnosis do
not respond to at least two different first-line antipsychotics over six
weeks!51152 gnd this patients have “Treatment-resistant SZ” or TRS!53,
TRS can manifest in two forms: early-onset resistance (present from
illness onset, in most cases) and acquired resistance (developing over
time). Patients with TRS have different neurochemical profiles:
increased glutamate levels in the anterior cingulate cortex, normal
presynaptic dopamine function, and improved connectivity in striatum
and frontal cortical areas with reduced dopamine synthesis. In
contrast, patients responding to typical and atypical antipsychotics
have normal levels of glutamate in the anterior cingulate cortex,
increased presynaptic dopamine function, and decreased connectivity
in striatum and frontal cortical areas. Hence, patients responding to
antipsychotics (so-called "“non-TRS”) have elevated dopamine
synthesis capacity. Additionally, the differences can be observed by
neuroimaging: non-TRS patients have less gray matter in frontal brain
regions and increased volume of white matter. As for clinical features,
TRS patients have an earlier onset of symptoms, a family history of
psychosis, and more significant impairments in verbal learning,
memory, processing speed, and executive functioning, compared to
non-TRS and patients responding to treatment.

So far, clozapine remains the only approved treatment for TRS
patients!s3-155, Clozapine is an atypical antipsychotic that has a high
affinity for dopamine D2 and D4 receptors and is an agonist of
serotonin 5-HT2A receptors. Also, it affects a2 adrenergic, muscarinic
cholinergic, and histaminergic receptors, and its metabolite desmethyl
clozapine affects muscarinic cholinergic M1 receptorstss15s,
Furthermore, clozapine decreases apoptosis in neuronal stem cellsts?
and can affect neuronal plasticity in rat hippocampal neurons!ss,
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Adverse reactions on clozapine treatment, like agranulocytosis and
tachycardia, have been thoroughly researched!*, especially in context
of ethnicity!s®, and clozapine use is strictly regulated worldwide?é!,
However, the overall efficacy of clozapine is the highest compared to
placebo and other antipsychoticsts>162, Moreover, clozapine can be
prescribed for suicide and self-injury preventioni¢* and manic episodes
in BiPD!4, However, about 70% of TRS patients do not respond to
clozapine, and that group of patients then has “ultra-treatment
resistant SZ” (UTRS)!%3,

Oral forms of antipsychotics are most commonly used, but drugs
like olanzapine, risperidone, aripiprazole, and paliperidone can be used
in long-acting injectable forms. Long-acting injectables are mainly used
to prevent relapse, and they have shown fewer adverse reactions?é,

A study including 16 countries worldwide showed that quetiapine,
risperidone, and olanzapine were the most frequently used
antipsychotics in the period from 2005 to 20141¢, In the United States
of America (USA), the most dispensed antipsychotics in 2024 were
quetiapine, aripiprazole, and risperidone'®’. In Croatia, a recent study
by Vukiéevi¢ et al., showed an increase in psychotropic drug use in
period from 2012 to 2021, with clozapine, olanzapine, and quetiapine
as the most prescribed antipsychotics'¢®. In 2016, a study involving
seven countries from Central and Eastern Europe, including Croatia,
showed that the most commonly prescribed atypical antipsychotics
were olanzapine, clozapine, and risperidone!®®, In addition, recently
published research showed that paliperidone in a long-acting injectable
form was effective in reducing psychiatric hospitalizationst”°.

Recent advancements in therapeutic approaches underscore the
importance of personalized medicine in SZ, with several drugs
currently in clinical trials. Among them is glycine transporter type-1
inhibitors, which showed slight improvement in positive SZ
symptoms?’t, but failed to show better results than clozapine.
Moreover, the KarXT, which acts as an agonist of muscarinic cholinergic
receptors, showed enhanced improvement in positive and negative SZ
symptoms?’2,  TAAR1 agonists like Ulotaront inhibited dopamine
signaling and significantly improved PANSS scores with fewer
metabolic side effects!’3.

In literature, some authors emphasize the importance of
consistent and accurate terminology: current treatment available
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should be referred to as “drugs for psychosis.” In contrast, any novel
treatment focused on multiple SZ symptoms should be called “anti-Sz”
treatmentt74,

Examples of non-pharmacological interventions used in SZ
treatment include cognitive remediation, digital therapeutics, and brain
stimulation techniques like transcranial magnetic stimulation?’s.
Additionally, there is growing recognition of the role of the gut-brain
axis and microbiome in SZ'7s, Investigating these novel fields may yield
new therapeutic targets.

1.1.2Bipolar disorder

Bipolar disorder, or BiPD, is a mental illness characterized by
dramatic shifts in mood with extreme periods of manic and depressive
states.

1.1.2.1 Symptoms of BiPD

People in manic states are highly active, sleep less, and
experience an exaggerated confidence and unusually elevated mood,
which can lead to risky behavior. In contrast, individuals experiencing
a depressive episode often suffer from anhedonia and extreme fatigue.
BiPD can be chronic or episodic with irregular intervals. BiPD is roughly
divided into two types: type one has more severe manic episodes and
may include psychosis, while type two has less intense manic episodes
and longer and more severe depressive episodes compared to type
0ne1,2,177.

1.1.2.2  Etiology of BiPD

As for the genetic component of BiPD, heritability in monozygotic
twins ranges from 40 to 70%, while GWAS identified 64 genomic loci
associated with BiPD!78179, Whole-exome sequencing (WES) studies,
including the Bipolar Exome (BipEx) project, identified AKAP11 as a
risk gene for BiPD'®°, Another risk gene for BiPD is CACNA1C, which
encodes the L-type voltage-gated calcium channel, highlighting that a
disbalance in calcium signaling could play a role in BiPD18..182, Moreover,
the BDNF Val66Met polymorphism and genetic alterations of the Toll-
like receptor 2 genes were identified as genetic risk factors for BPD,
and the environmental effects on them was explored:#3-185, Additionally,
MDD, BiPD, and SZ cluster together genomically, sharing 109 loci
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enriched in genes linked to neurodevelopment, neuronal signaling, and
synaptic plasticity!es,

On the other hand, environmental factors can play an essential
role in BiPD, especially in the pre-and early postnatal periods. Perinatal
events, including respiratory distress, abnormal growth and
development, as well as maternal infection with Toxoplasma gondii,
have been linked to increased BiPD risk!87, while postnatal factors, such
as childhood trauma are strongly associated with more severe and
frequent mood episodes and higher suicide riskiss189, Interestingly,
individuals with BiPD experienced higher hospitalization and mortality
rates from COVID-19181%,  Environmental factors can also trigger
inflammatory pathways: BiPD patients show increased levels of
proinflammatory cytokines, where neuroimaging studies reveal
hippocampal and prefrontal cortex microglial overactivity in BiPD1,

Moreover, mitochondrial alterations were associated with BiPD.
Analysis of post-mortem brain samples from patients with BiPD and SZ
showed changes in mitochondrial featurest®2, which was further
explored in cell models.

Since BiPD patients experience a decreased need for sleep during
manic episodes and hypersomnia in depressive episodes, the circadian
rhythm is also researched for BiPD. While individual circadian clock
genes were not confirmed to be associated with BiPD by GWAS,
network analysis reveals associations between CLOCK variants and
BiPD risk and/or responsiveness to therapy193.194,

1.1.2.3 Diagnosis of BiPD

For diagnosis of BiPD, criteria in DSM-V include at least one
manic episode or at least one hypomanic episode and one major
depressive episode lasting for at least a week for BiPD!. However,
accurate diagnosis requires testing for other disorders like SZ or
thyroid disorders due to symptom overlap. In addition, the mood
symptoms of BiPD can be either mimicked or worsened by the use of
recreational drugs'®s. Beyond SZ, other mental health ililnesses can co-
exist with BiPD, for instance attention-deficit/hyperactivity disorders.
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1.1.2.4 Epidemiology of BiPD

In 2017, the global incidence rate of BiPD was 4.53 million and
accounted for 9.29 million disability-adjusted life years based on
results from the Global Burden of Disease study®’. Global lifetime
prevalence was ~1% for BiPD type one and ~1.57% for BPD type two,
according to a meta-analysis that included findings of 25 studies. There
is variability in prevalence across countries, probably influenced by
ethnic and/or cultural factors?es.

The estimated age-standardized prevalence for BiPD is around
0.61% for the USA and 0.48% for Croatia, according to the Global
Burden of Disease for 2021198, For the European Union, the prevalence
is approximately 0.55%199.200,

BiPD appears equally distributed across sexes, with the mean age
for onset being early adolescence. Socioeconomic and environmental
factors, including urbanization, may play a role in risk for BiPD
development, but findings remain inconsistent across studies'®,

1.1.2.5 Current treatments for BiPD

So far, most prescribed medications for BiPD are mood stabilizers
like lithium and valproate. Lithium prevents mood episodes, reduces
severity, and lowers suicide risk. Lithium and valproate target inositol
signaling, affecting IP3-stimulated calcium release from the
endoplasmic reticulum (ER) through distinct pathwayst”’.

Alongside mood stabilizers, atypical antipsychotics are used to
manage acute symptoms whereas antidepressants are prescribed in
depressive states and to prevent triggering manic episodes or rapid
cycling. Additionally, BiPD therapy can include drugs targeting sleep
and anxiety!”?. Several other approaches are being explored for BiPD
treatment. Mitochondrial modulators like N-acetylcysteine, a
glutathione precursor, have demonstrated a moderate anti-depressive
effect in the treatment of BiPD2t. Modulation of the dopaminergic and
noradrenergic systems with drugs like cariprazine demonstrates
efficacy in mania and mixed episodes?°?, while modafinil shows promise
in alleviating depressive symptoms and cognitive impairments in
treatment-resistant BiPD cases?%3.

A key part of BiPD therapy is psychotherapy, in order to provide
emotional and behavioral support. The most commonly used types of
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psychotherapy for BiPD include interpersonal and social rhythm
therapy and cognitive behavioral therapy. Other treatments may
consist of electroconvulsive therapy, transcranial magnetic stimulation,
and light therapy for severe or treatment-resistant cases of BiPD!77,

Another example of a non-pharmacological approach to alleviate
depressive symptoms comes in the form of digital therapeutics like
Rejoyn. Rejoyn is a web/mobile application approved by the FDA that
combines more traditional psychotherapy (cognitive behavioral
therapy) with cognitive training2%4.

1.1.2.6 Animal and cell models of BiPD

Based on genetic risk factors for BiPD, animal models were
created, mainly in mice. Mouse models with Akap11 knockouts exhibit
abnormalities on electroencephalogram and synaptic proteomic
changes, mirroring findings in SZ and BiPD subjects2s. Mutant mice
with impaired Cacnalc expression display abnormal brain
development, increased anxiety-like behavior, and disrupted
spontaneous calcium activity in neural circuits2¢, In mice with the Bdnf
Val66Met mutation altered fear extinction behavior, anxiety-like
behaviors, and disrupted GABAergic neurons in amygdala were
reported 207, Mutant mice with an impaired gene essential for circadian
rhythm, Clock, exhibit mania-like behaviors such as hyperactivity,
impulsivity, and heightened reward responses2%8.209, Knockout of other
core circadian genes, like Bmall, also display mood-related
behaviors??, In addition, circadian rhythm disruption was seen in iPSC-
derived neural progenitor cells (NPCs) and neurons from BiPD
patients2tt.212,

Other research in cell lines derived from BiPD patients showed
slower proliferation rates in cells, smaller neurospheres, and abnormal
migration patterns2:3, Furthermore, lymphoblastoid cell lines, NPCs,
and hippocampal-like neurons derived from BiPD patients display lower
mitochondrial membrane potential, reduced oxygen consumption
rates, and impaired glycolytic activity, indicating significant
mitochondrial dysfunction2t4. Calcium signaling was also investigated in
platelets and lymphocytes from BiPD patients. Higher basal free
intracellular calcium levels and an enhanced calcium response to
serotonin and thrombin stimulation were detected®22t5, Interestingly,
improved oxygen consumption rates were reported in cell models
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created from BiPD patients responding to lithium, while valproate had
a similar effect, but only in lithium non-responders?é, Expression
analysis revealed distinct patterns between these two groups, with
differences primarily linked to focal adhesion and extracellular matrix
functions27,

Additional insights come from human cortical spheroids derived
from BiPD patients, which were smaller, with fewer neurons,
diminished excitability, and reduced network activity compared to
control individuals28. Similarly, fewer mitochondria-endoplasmic
reticulum contact sites and upregulated expression of calcium-related
genes were detected in both neurons and organoid structures of BiPD
modelst92219,  Moreover, single-cell RNA sequencing of cerebral
organoids derived from monozygotic twins discordant for BiPD with
psychosis revealed increased GABAergic neuron specification and
reduced proliferation22o,

1.1.3 Major depressive disorder
1.1.3.1 Symptoms of MDD

Major depressive disorder (MDD) is a serious chronic mental
health illness characterized by emotional, cognitive, behavioral, and
somatic symptoms that significantly impair patient’s daily lifel.
Emotional symptoms include persistent sadness, feelings of
hopelessness or emptiness, frequent crying episodes and anhedonia.
Cognitively, MDD is associated with difficulties in concentration,
memory impairment, indecisiveness, and pervasive negative thinking
patterns. Sleep disturbances, such as insomnia or hypersomnia, are
common, as well as the changes in appetite and weight. Fatigue or loss
of energy is a hallmark symptom, also. In addition, MDD can manifest
with psychomotor agitation or retardation, and in more severe cases,
individuals may experience recurrent thoughts of death or suicide.

1.1.3.2 Diagnosis of MDD

For MDD diagnosis, at least five of these symptoms must be
present during the same two-week period, and at least one of the
symptoms must be either depressed mood or anhedonial.
Standardized rating scales are often employed to assess the severity
and profile of depressive symptoms?2l, One of them is Hamilton
Depression Rating Scale (HDRS), which is administrated by clinician
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and is widely used in clinical trials. HDRS focuses on core depressive
features such as mood, guilt, suicidal ideation, insomnia, and somatic
symptoms. Another scale administrated by clinician is the
Montgomery-Asberg Depression Rating Scale (MADRS), which is
preferred in pharmacological studies and when trying to track symptom
reduction over time due to its high responsiveness. In contrast, the
Beck Depression Inventory (BDI) is a self-report questionnaire that
captures both emotional and cognitive aspects of depression, providing
insight into the patient’s subjective experience.

As MDD is a heterogeneous disorder, with symptom profiles
varying significantly among individuals and even across different
episodes in the same person, diagnosis and treatment are complicated.

1.1.3.3  Etiology of MDD

Several theories about MDD etiology and pathology have been
proposed, among which the monoamine disbalance, hypothalamic-
pituitary-adrenal axis dysfunction, and neuroinflammation are the
most researched hypotheses, accompanied by hypotheses suggesting
genetic and epigenetic anomalies and structural/functional brain
remodeling?22.

The theory of monoamine disbalance in MDD is mainly focused
on the lack of serotonin, dopamine, and norepinephrine. It is primarily
supported by the efficacy of antidepressant medicines targeting
monoamine transporters and receptors?. Serotonin is one of the most
researched monoamines for MDD, with low levels of serotonin and its
precursor, L-tryptophan, detected in patients with MDD?2*,
Norepinephrine regulates the neuronal function and is another target
of antidepressant medications??2. MDD is linked to reduced dopamine
signaling in regions like the striatum and hippocampus, while disrupted
dopamine D2 receptor signaling can impact depressive behavior and
synaptic activity?2. Glutamate is the primary excitatory
neurotransmitter implicated in MDD due to its involvement in the
synaptic loss and altered neuronal-astrocyte interaction22s.226,

The hypothalamic-pituitary-adrenal (HPA) axis can be activated
in response to stress factors. It results in an increased level of
corticotropin-releasing hormone, which stimulates the release of
adrenocorticotropic hormone and, subsequently, glucocorticoids.
Elevated glucocorticoids damage neurons in brain regions like the
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hippocampus and prefrontal cortex222, In addition, the HPA axis
interacts with the hypothalamic-pituitary-thyroid axis, which produces
cortisol and suppresses thyroid-releasing hormone production. The low
thyroid-releasing hormone may impair neuronal and glial development
and function. Another hormone, estrogen, can promote neuron
proliferation and differentiation, as well as amplify the effects of
antidepressants like ketamine. Leptin is a hormone that regulates the
HPA axis as well as increases serotonin receptor activity and BDNF
secretion, which can improve MDD symptoms?222,

Individuals with MDD exhibit lower level of BDNF in blood??7,
making it a potential biomarker for MDD. Additionally, BDNF is highly
regulated by genetic and environmental factors and has antidepressant
actions in the hippocampus and prefrontal cortex22s, Additionally, the
Val66Met BDNF polymorphism, previously discussed as a genetic risk
factor for BiPD, has also been implicated in MDD?22,

Moreover, a comprehensive meta-analysis examined various
other biomarkers of MDD and found that elevated levels of the
inflammatory marker interleukin (IL) 6, a decrease in hippocampal
volume, and increased activity in the default mode brain network
(thinking about oneself and dwelling on negative thoughts) were
associated with a higher risk for MDD?23°,

Episodes of depression characterize both BiPD and MDD, but the
difference is present in symptomatology, course of the disease, and
treatment approaches. While MDD involves only depressive episodes,
BiPD includes both depressive and manic/hypomanic episodes. BiPD
often manifests in late adolescence or early adulthood, whereas MDD
can first occur at any age. As for treatment, MDD is commonly treated
with antidepressants and psychotherapy, while BiPD treatment often
involves mood stabilizers or antipsychotic medications. The use of
antidepressants in BiPD is approached with caution due to the risk of
triggering mania. Hence, correct diagnosis is essential for effective
treatment?3:.

MDD often co-occurs with other psychiatric and medical
conditions, which can complicate diagnosis, treatment, and prognosis.
Out of the psychiatric comorbidities, MDD most frequently occurs with
anxiety disorders, substance abuse, attention deficit hyperactivity
disorder, and post-traumatic stress disorder. In addition, medical
conditions like chronic pain are commonly associated with MDD.
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Neurological disorders (Parkinson's disease, multiple sclerosis, etc.),
cardiovascular diseases, and chronic obstructive pulmonary disease
are linked to an increased risk to develop MDD232,

1.1.3.4 Epidemiology of MDD

The global prevalence of MDD in 2021 is approximated 3%,
making it one of the leading causes of disability233. Treatment
resistance was estimated to affect 30% of patients with MDD in the
USA in 2017234, In the European Union, the prevalence of MDD was
estimated at around 2% between 2013 and 201525, while clinically
relevant depressive symptoms affected approximately 6% of the
population in Europe from 2018 to 202023,

As for Croatia, 10.3% of Croatia's population experiences mild to
moderate depressive symptoms, while 1.2% has moderately severe to
severe symptoms of MDD, according to data from the European Health
Survey conducted in 2014-20152%, Depressive disorders prevalence in
Croatia for 2021 was 3.5%, according to Global Burden of Disease?3s.

1.1.3.5 Current treatments of MDD

Medications for MDD, called antidepressants, are categorized by
three different mechanisms of action: selective serotonin or
serotonin/norepinephrine reuptake inhibitors (SSRIs or SNRIs),
tricyclic antidepressants (TCAs), monoamine oxidase inhibitors
(MAOQIs), norepinephrine reuptake inhibitors (NRIs), noradrenergic and
specific serotonergic antidepressants (NaSSAs) and ketamine?22,

SSRIs, like fluoxetine, are first-line treatments for severe MDD,
and they primarily target serotonin transporters by blocking their
ability to reabsorb serotonin from the synaptic cleft back into
presynaptic neurons. After serotonin is released into the synaptic cleft,
serotonin transporters recycle it, terminating the signaling activity.
SSRIs bind to serotonin transporters, inhibiting the reuptake process
and increasing serotonin levels in the synaptic cleft?z2,

The mechanism of action for TCAs, like imipramine, is still not
fully understood, but it includes inhibiting the reuptake of serotonin,
norepinephrine, and, to a lesser extent, dopamine?2, Novel research in
rat models suggests additional mechanisms involving astrocytes2:.
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MAOIs are one of the earliest classes of antidepressants,
functioning by inhibiting the enzyme monoamine oxidase and in turn
MAOIs increase the availability of serotonin, norepinephrine, and
dopamine249, Although effective, their use is limited today due to
potentially serious side effects and dietary restrictions, such as the
need to avoid tyramine-rich foods to prevent hypertensive crises.

NRIs represent another pharmacological approach, selectively
blocking the reuptake of norepinephrine into presynaptic neurons and
enhances noradrenergic signaling?4t. While NRIs like reboxetine or
atomoxetine are not as commonly used as SSRIs or SNRIs, they may
be beneficial in patients whose symptoms are linked more closely to
noradrenergic dysfunction.

NaSSAs such as mirtazapine, act by antagonizing presynaptic
alpha-2 adrenergic receptors, hence, enhance the release of both
norepinephrine and serotonin?42. In addition, NaSSAs block specific
serotonin receptors, which can reduce common side effects associated
with SSRIs.

Moreover, another antidepressant is ketamine, which blocks
NMDA receptors, increases BDNF levels, and enhances synaptic
function, which can help in the improvement of synaptic plasticity and
alleviating MDD symptoms?#3. Similarly, a ketamine enantiomer,
esketamine, is highly effective in treating treatment-resistant MDD in
intranasal formulations?#. Additionally, hydroxynorketamine, a
ketamine metabolite, offers antidepressant effects2+.

Boldrini et al demonstrated that antidepressants could stimulate
neurogenesis in the anterior dentate gyrus, seen as an increase in
neural progenitor cells, mitotic cells, and mature granule neurons in
individuals treated with antidepressants compared to both untreated
individuals with MDD and healthy untreated controls2¢. However,
individuals receiving both antidepressants and benzodiazepines had
fewer granule neurons compared to those treated with antidepressants
alone7,

Novel pharmacological therapies include psychedelic compounds,
Rapastinel, nitrous oxide and GABAergic modulators. Psychedelics like
psilocybin and LSD, which can produce long-lasting antidepressant
effects and promote neural plasticity2¢24, As for drugs in clinical
research, a novel noncompetitive NMDA receptor antagonist,
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esmethadone, improves depressive-like behaviors in animal models
and provides sustained benefits for individuals unresponsive to
conventional treatments?s°. Rapastinel is a glycine site partial agonist
at NMDA receptors and it enhances synaptic plasticity and long-term
potentiation?st, It provides rapid antidepressant effects without the
psychotomimetic or dissociative side effects seen with ketamine. For
it, rapid onset of antidepressant action within 2 hours was observed
with sustained effects for up to 7 days in treatment-resistant MDD.
Nitrous oxide demonstrates ketamine-like rapid antidepressant effects
but with a simpler administration profile and fewer long-term safety
concerns. Significant antidepressant effects of nitrous oxide were
observed within 24 hours of administration252, GABAergic modulation
shows potential through agents like brexanolone, which is approved for
postpartum MDD and demonstrates rapid mood stabilization, especially
in depressive episodes?>3. Anti-inflammatory agents are currently in
clinical trials and have shown potential to reduce depressive
symptoms2>4,

Novel non-pharmacological therapies, in combination with
antidepressants, include electroconvulsive therapy (ECT),
phototherapy, repetitive transcranial magnetic stimulation, and
different types of psychosocial treatments2?2, ECT is an effective
treatment for severe or treatment-resistant depression and it works by
inducing controlled seizures to restore brain chemistry?>>. Modern
methods have minimized side effects like memory loss, making it a
safe option when rapid relief is needed. Phototherapy with bright light
targets serotonin and brain circuits and rapidly improves mood.
Repetitive transcranial magnetic stimulation is a non-invasive
technique that stimulates certain brain regions, with optimal results
when treatment is personalized based on individual brain activity
patterns. As for psychological treatments, cognitive-behavioral therapy
(CBT) and interpersonal therapy have significantly reduced relapse
rates and improved long-term outcomes.

1.1.3.6 Animal models of MDD

Several animal models for MDD have been created, with mice
models based on chronic mild stress or social defeat and learned
helplessness being the most frequent models used.
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In the chronic mild stress model, mice are subjected to various
low-intensity stressors presented at unpredictable intervals over period
of time2>%257, Animals exposed to chronic stress display altered open-
field behavior, characterized by changes in exploration and locomotion
in a novel environment and reduced saccharin or sucrose consumption,
indicative of anhedonia. Transcriptome analysis revealed significant
expression changes in the prefrontal cortex and hippocampus, affecting
mitochondrial function and neurogenesis.

The chronic social defeat model induces MDD in mice by exposing
the experimental mouse to a larger, aggressive mouse for several
minutes daily, then housing them on opposite sides of a transparent
barrier to maintain sensory contact. Mice in this model show reduced
locomotor activity, decreased enthusiasm and aggression, increased
submissive behavior, and heightened anxiety?>¢. Morphologically, the
model shows reduced neuronal proliferation and hippocampal volume,
along with disruptions to reward circuitry and dopaminergic neuron
activity in the ventral tegmental area2®. Transcriptome analysis
revealed alterations in genes related to mitochondria in the prefrontal
cortex and hippocampus, while RNA and ribosome-related genes
showed significant changes in nucleus accumbens?¢. Interestingly, the
chronic mild stress model and the chronic social defeat model exhibit
decreased neurogenesis in the prefrontal cortex and nucleus
accumbens, suggesting a common mechanism and location specificity.

For the learned helplessness model?362¢0, mice are exposed to
unpredictable, inescapable electric foot shocks over two consecutive
days, leading to impaired escape behavior and the development of
neurochemical and molecular changes, such as increased inflammation
and the death of norepinephrine neurons in the locus coeruleus.
Transcriptome analysis revealed changes related to the synapse and
synapse remodeling. Unlike the other two models, the learned
helplessness model exhibits distinct alterations, confirming diversity of
MDD pathology.

It is important to note that heat shock protein family B (small)
member 11 was the only gene significantly changed in the prefrontal
cortex across all of these models?s¢. Methylation and role of small heat
shock proteins in protein aggregation have already been investigated
previously in NDs2¢t, Genes like Neuronal PAS domain protein 4 and
ATP5G1 were also detected in at least one MDD animal mode|262.263,
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Animal models of MDD are also characterized by peripheral
biomarkers, like dysregulation of hormones in the hypothalamic-
pituitary-adrenal axis, and cytokines, like IL-6 and IL-102%,

1.1.4 Suicide
1.1.4.1 Definitions and classification of suicidal behavior

Suicidal behavior includes terms like “suicidal ideation” and
“suicidal attempt”. Suicidal ideation involves thinking, considering, or
planning suicide, while suicide attempt is any instance of engaging in
potentially self-harmful behavior with an intent to die.

Suicide is usually classified as violent or non-violent, according
to Asberg’s criteriazs*. Violent suicide includes hanging, use of firearms,
jumping from heights or under train and deep cuts, while drug
overdoses are considered non-violent. A European study found that
violent suicide attempts are more common, and successful, among
men. Men are also more prone to shift from non-violent attempts to
violent suicides?¢s.  Additionally, suicidal behavior has other
classifications in the literature beyond violent versus non-violent
attempts: high- versus low-lethality and impulsive versus non-
impulsive behavior; all of which can be assessed through scales like
Beck’s Suicide Intent Scale2s-.

1.1.4.2 Epidemiology of suicide

Every year about 10 out of 100,000 people dies by suicide 26, In
2021, suicide accounted for 0.9% of all deaths in the European Union2¢”
and in Croatia the suicide rate was approximately 16 per 100,000
people in 2021266,

1.1.4.3 Risk factors for suicide

Several clinical, biological, and social risk factors were identified
for suicide. Clinical risk factors like CMIs diagnosis and history of self-
harm were strongly associated with suicide2¢¢. A leading contributor to
suicidal behavior in USA is MDD, with 10-20% of patients with MDD
attempting suicide at least once?®.

The rate of suicide-related mortality was almost ten times higher
for people diagnosed with SZ, than in the general population270271,
Similarly, individuals with MDD also face a markedly elevated suicide

24



risk, especially among those with treatment-resistant forms234. Also, a
high suicide rate is recorded among people with BiPD, mostly linked to
depressive episodes?72273,

Social determinants of suicide include factors such as
experiencing suicidal attempts of close acquaintances or family
members, accessibility to firearms, divorce, experience in foster care,
release from incarceration, and midlife unemployment, all of which
have been identified as high-risk situations274,

As for biological risk factors for suicide, disruptions in
neurotransmitters, inflammation, and stress response are intensively
researched. Low cerebrospinal fluid levels of serotonin and dopamine
metabolites are associated with higher suicide risk?’s, while genetic
studies linked polymorphisms in serotonin-related genes to suicidal
behavior276277, Elevated inflammatory markers and neuroinflammatory
processes are implicated in suicide?s, As for stress response,
dysregulation of the HPA axis is linked to suicidal behavior27°,

As for neuroanatomical findings, Boldrini et al observed larger
dentate gyrus volume in individuals with MDD who were not suicide
victims compared to suicide victims with MDD. Additionally, suicide
victims with MDD diagnosis had fewer granule neurons in the dentate
gyrus compared to both non-suicidal individuals with MDD and healthy
controls260. Both findings show a link between reduced neurogenesis
and suicidal behavior.

An alternative approach for investigating risk factors is the
psychological autopsy method, which involves reconstructing the life
circumstances of a victim through standardized interviews with the
victim’s close circle, such as family, partners, friends, and co-workers,
and combining collected information with traditionally collected
administrative data from available medical records2828, These studies
showed mood and substance use disorders are at high risk for suicide,
which was also highlighted in a recent meta-analysis?s!.

1.1.4.4 Genetic aspects of suicide

Interestingly, death by suicide and suicidal behavior exhibited
positive genetic correlations with SZ in a recent GWAS analysis?8?,
highlighting one locus in the NLGN1, a gene previously linked to
suicide, autism, and SZ. NLGN1 encodes a neuronal cell surface protein
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involved in synaptogenesis through its role as a ligand for the -
neurexins.

Analysis of rare protein-coding variants yielded several genes
with a higher burden of rare variants in a cohort of individuals who died
by suicide, comparing the frequency of rare variants in specific genes
to that in control populations. Some of these genes are PER1, SNAPC1,
TNKS1BP1, ESS2, and ADGRF5, all of them previously associated with
CMIs and/or suicidal behavior23, Variants in genes Regulator of G
Protein Signaling 7 Binding Protein (RGS7BP), 14-3-3 protein &
(YWHAE), and Actin-related protein 6 (ACTR6) were enriched in
individuals with a history of suicide attempt, after analyzing soldiers
from the “Army Study to Assess Risk and Resilience in Service
Members”284, Moreover, the genes Butyrophilin Subfamily 3 Member A2
(BTN3A2) and Chemokine ligand 17 (CXCL17) showed the most
significant association of polygenic risk scores for suicide attempts,
among other behavior and physical factors, in the cohort from UK
Biobank?ss, The rs1800532 polymorphism in the Solute Carrier Family
6 Member 4 (SLC6A4) gene, a type of the serotonin transporter, has
been potentially associated with increased suicide risk and a reduced
response to treatments like lithium and clozapine in a recent review?”7,

1.1.5 Proteins involved in suicide

Recent research highlights the role of protein dysregulation in
the neurobiology of both CMIs and suicidal behavior.

Studies analyzing brain regions in suicide victims have identified
alterations in proteins related to stress response, neurogenesis, and
neurotransmission. Research has shown that suicide victims without a
history of early-life adversity (ELA) had lower BDNF levels in the
anterior cingulate cortex compared to individuals who neither
experienced ELA nor died by suicide2s¢, Similarly, among those who
didn't die by suicide, individuals with ELA had lower BDNF levels
compared to those without ELA. Moreover, researchers were able to
utilize levels for BDNF, FK506-binding protein, and glucocorticoid
receptor, to predict suicide with high sensitivity and specificity for a
small cohort they analyzed??’.

A study done on Brodmann area 9 (BA9) showed a dysregulation
of certain protein kinase C isozymes in people with MDD, who did or
did not commit suicide28. A small study done by Dean et al showed
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possible disruption in iron transport proteins in post-mortem brain
samples from suicide victims, specifically in BA6 and 102,

A bioinformatics and statistical analysis of proteomic data
obtained from brain tissue identified several proteins associated with
suicide. Glutaredoxin 5, GDP-mannose pyrophosphorylase, and plasma
a-L-fucosidase were strongly linked to suicide attempts in
glutamatergic neuronal cells?®’. However, when the same analysis was
performed for blood samples, Platelet Endothelial Aggregation
Receptor 1, NudE Neurodevelopment Protein 1, Eva-1 Homolog C, and
B-1,4-Galactosyltransferase 2 were identified as potentially important.
Still, they didn't show strong evidence of being connected to brain
findings?®”.

Increased immune system markers like C-reactive protein (CRP)
and IL-6 were seen in individuals exhibiting suicidal behavior compared
to healthy controls and/or people with MDD or psychiatric illness
diagnosis?®,

An alternative approach to understanding protein changes
connected to suicidal intentions comes from ketamine research.
Ketamine modulates the NMDA receptor, which leads to enhanced
synaptic plasticity and rapid antidepressant effect. The downstream
signaling affected by ketamine involves BDNF and the mammalian
target of rapamycin (mTOR). Additionally, ketamine's metabolites
contribute independently to its antidepressant effect?e!.

1.1.5.1 Treatment targeting suicide tendencies

So far, lithium remains the only medication proven to lower
suicide rates in BiPD%??2, while clozapine remains the key treatment for
SZ patients with suicidal tendencies!®3. Additionally, treatment with
antidepressants and CBT have shown positive results in MDD
patients264,

Novel treatments include glutamate modulation for
antidepressant-like effects, out of which ketamine, Rapastinel, and
nitrous oxide show the most promising effects in treating suicidal
tendencies.

Ketamine has consistently shown significant reductions in
depressive symptoms and suicidality within 24 to 48 hrs, with some
benefits persisting for weeks after repeated doses. Additionally,
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alternative administration routes, such as intranasal and oral, are
under investigation to improve accessibility and convenience for
diagnosed individuals?®3,

Finally, the most successful prevention of suicide includes
education of both primary care workers and the general public from a
young age about MDD and suicide, as well as an active outreach to
patients with CMIs or after suicidal attempt(s).

1.1.6 Challenges in diagnosis and treatments of CMIs

Despite advances in psychiatric care, the diagnosis of CMIs relies
primarily on clinical assessments rather than objective biomarkers,
posing challenges for early detection and personalized treatment.

Recent research has focused on potential neuroimaging
biomarkers of CMIs, with variations in brain connectivity positively
correlating with cognitive functions and negatively correlating with
psychopathological measuress. Recent diagnhostic endeavors include
establishing a multi-biomarker panel from serum for MDD, consisting
of BDNF, plasma CRP, and cortisol?°®. A novel approach has been used
to distinguish between BiPD and MDD during depressive episodes by
analyzing dried blood spots: a metabolomic biomarker signature
specific to BiPD was found. However, the cohort was relatively small,
and more research is needed®’. Meta-analysis highlighted DNA
methylation as a promising biomarker for predicting treatment
outcomes regarding SZ, BiPD, and MDD28, All these examples are
promising; however, they need to be extensively validated before they
can be utilized for early detection and personalized treatment.

Additionally, treatment efficacy remains limited, with many
individuals exhibiting resistance to pharmacological and psychosocial
therapies, underscoring the urgent need for innovative therapeutic
approaches. Approximately 30% of individuals with SZ are considered
treatment-resistant, failing to respond adequately to standard
antipsychotic medications?®°. As for BiPD, research suggests treatment
resistance might be even higher than in MDD. A subset of individuals
with MDD diagnosis does not achieve remission with first-line
antidepressant therapies and require alternative treatment strategies.
Several novel therapeutic strategies are being developed, as discussed
above; however, the definitions for treatment resistance across
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different CMIs are still not standardized, and many traditional and
novel treatments are either costly or require specialized administration.

Emerging evidence implicates a novel approach focused on
disrupted protein homeostasis and aggregation as key pathological
mechanisms in CMIs, providing a promising avenue for research to
understand CMIs30,

1.2 Protein aggregation

Homeostasis of proteins is called proteostasis, which is a process
that regulates the concentration, interactions, and localization of
proteins in a cell, all while preventing the buildup of misfolded proteins
through degradation pathways 3°1. Proper protein folding and structural
integrity are essential for biological function3°2,

Proteins can also form aggregates — abnormal clusters of
misfolded or unfolded proteins that accumulate within cells303:304,
Change in native protein structure exposes hydrophobic regions,
usually hidden in the properly folded state, which can then interact with
each other. Hence, proteins cluster together, and their solubility is
reduced. Once formed, protein aggregates can interfere with cellular
compartments, disrupt normal protein interactions, or sequester
essential cellular components, impairing overall cell function.
Alternative scenarios include either loss of function or gain of new, toxic
properties. Moreover, proteins can form aggregates as a response to
outside stress factors. Additionally, certain genetic mutations or errors
during transcription or translation can make proteins more susceptible
to forming aggregates3°1.302, Protein aggregates can form rigid, amyloid
fibril structures with highly ordered B-strand arrangements formed
through specific protein-protein interactions. On the other hand,
protein aggregates can lack structural organization, referred to as
amorphous aggregates302:303,

The term “aggregate” refers to any accumulation of misfolded
proteins, regardless of their size or cellular location. Aggresomes, on
the other hand, are larger protein accumulations that specifically form
around the centrosome393:3%, When a single large aggregate is observed
within a cell, it is likely an aggresome. Aggresomes are hypothesized
to serve as a cellular containment strategy, sequestering misfolded
proteins in one area to minimize their potential toxicity.
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Under normal conditions, aggregated proteins are degraded
through two key pathways: the ubiquitin-proteasome system and the
autophagosomal-lysosomal system. The ubiquitin-proteasome system
mainly targets soluble misfolded proteins, while lysosomal degradation
handles larger aggregates and cellular organelles307.308,

Nevertheless, if proteostasis in post-mitotic neurons is disrupted,
it can lead to the accumulation of insoluble/aggregating (I/A) proteins
— a hallmark of diseases known as “proteinopathies”3°,

Graphical summary for this Chapter can be seen in Figure 1.
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Figure 1: Maintenance and disruption of protein homeostasis. Newly
synthesized proteins undergo proper folding and post-translational modifications to
achieve functional conformations. However, cellular stress or genetic/environmental
insults can impair folding, leading to misfolded proteins. Misfolded species may
undergo aggregation into either amorphous aggregates or structured amyloid fibrils,
both of which are insoluble. Alternatively, the cell may attempt to resolve aggregated
proteins through degradation pathways, including the ubiquitin-proteasome system,
autophagosomal-lysosomal pathway, or apoptosis. Failure in these clearance
systems contributes to toxic protein accumulation and cellular dysfunction. Scheme
was created in BioRender.
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1.2.1 Protein aggregation in nheurodegenerative disorders

Protein aggregation is well described in neurological disorders,
where misfolded proteins accumulate and contribute to
neurodegeneration.

In Alzheimer’s disease (AD), the accumulation of tau and
amyloid-beta plaques disrupts neuronal function and synaptic integrity,
ultimately leading to cognitive decline3®8, The impairment of autophagy
pathways plays a crucial role in the dysregulation of proteostasis and
disease progression.

Frontotemporal dementia is a clinically and genetically
heterogeneous disorder characterized by the accumulation of either tau
or TAR DNA-binding protein 43 (TDP-43), leading to neuroinflammation
and synaptic loss3?, The molecular pathology of frontotemporal
dementia varies across subtypes, with tauopathies and TDP-43
proteinopathies being distinct in clinical sense, but overlapping in
mechanisms.

In Parkinson’s disease, the aggregation of misfolded a-synuclein
in Lewy bodies and Lewy neurites drives neuronal dysfunction,
particularly affecting dopaminergic neurons in the substantia nigra 31,
The interplay between a-synuclein misfolding, mitochondrial
dysfunction, and oxidative stress contributes to progressive
neurodegeneration.

Huntington’s disease is marked by the accumulation of mutant
huntingtin protein, which forms toxic aggregates that interfere with
cellular homeostasis, impair autophagy, and trigger neuronal death.
The expanded polyglutamine repeats in mutant huntingtin drive
aggregation, affecting multiple cellular pathways, including
transcriptional dysregulation and proteasomal degradation32,

Collectively, these disorders illustrate how protein aggregation
can disrupt cellular processes and lead to neuronal loss, which in turn
results in a disease.

Another interesting phenomenon in NDs is concept of co-
aggregation, where different proteins interact and influence each
other’s misfolding and aggregation pathways. They can also come
together to form complex aggregates that contribute to disease.
Protein co-aggregation can occur through cross-seeding where
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misfolded proteins can act as a template to induce aggregation in
another protein. For instance, AB can enhance tau fibrillization.
Different proteins can also co-aggregate to form hybrid amyloids, as
observed between a-synuclein and tau. Additionally, the presence of
co-aggregating proteins can alter the stability and degradation of
aggregates by modifying interactions with clearance pathways.

In AD, extracellular amyloid-B (AB) plaques and intracellular tau
neurofibrillary tangles represent hallmark pathologies. Studies show
that AP cross-seeds tau, enhancing its phosphorylation and
aggregation. This interaction likely explains why AD pathology often
involves both AB and tau, with AB accumulation preceding tau
pathology in disease progression3t3. ApoE is a major genetic risk factor
for late-onset AD. The ApoE4 variant promotes AB aggregation and
reduces its clearance, leading to increased neurotoxicity3'4. TDP-43 also
co-aggregates with AB, tau, and a-synuclein3!s, Protein co-aggregation
may explain why some patients develop mixed proteinopathies,
complicating diagnosis and treatment.

Moreover, protein aggregation in NDs can start in one brain
region and then spread to other areas3¢-318, For example, amyloid
plagues can first form in an area like temporal lobe and then spread to
the hippocampus and/or amygdala. However, tau neurofibrillary
tangles can start in the hippocampus and then spread to the temporal
or other lobes.

1.2.2 Protein aggregation in CMIs

Neurodegenerative disorders (NDs) characterized by protein
aggregation in their pathology often share a wide range of cognitive,
emotional, and behavioral symptoms with CMIs. These similarities are
not only clinical but also biological, as these conditions frequently co-
occur3t?, This overlap has spurred interest in exploring the role of
protein aggregation in CMIs, prompting numerous studies investigating
its potential contribution320-324,

Research has highlighted disruptions in key cellular processes in
CMIs and NDs, including endoplasmic reticulum function32s32s,
autophagy 3?7, and the ubiquitin-proteasome system328320, These
disruptions may create a cellular environment conducive to forming
and accumulating protein aggregates, which could impair normal
cellular functions.
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The hypothesis that protein aggregates might form in the brains
of individuals with CMIs provides a potential explanation for these
conditions' chronic and progressive nature3®., While NDs are often
marked by large protein deposits causing widespread neuronal loss,
protein aggregation in CMIs appears to primarily disrupt cellular
processes and recruit other proteins into aggresomes, further
exacerbating cellular dysfunction. Researchers hope to uncover new
therapeutic strategies for CMIs linked to protein aggregation by
investigating these mechanisms.

1.2.3 Proteins implicated as aggregating in CMIs

Our theory includes the notion that aggregated or misfolded
proteins in CMIs can affect key pathways governing neuronal structure,
plasticity, and resilience, contributing to the chronic progression of
these illnesses.

So far, several proteins have been implicated as aggregating in
CMlIs, which were identified by either genetic studies or hypothesis-
free approaches based on samples from patients with CMIs.

1.2.3.1 Collapsin response mediator protein 1

Collapsin response mediator protein 1 (CRMP1) is essential for
axon guidance, neuronal migration, and synapse formation. Disrupted
CRMP1 has been linked to neurological disorders, including intellectual
disability and autism spectrum disorder, and recently to CMIs.

1.2.3.1.1 CRMP family

Collapsin response  mediator proteins (CRMPs) are
phosphoproteins heavily involved in the reelin and Semaphorin 3A (or
shorter Sema3A) pathways330331, They regulate microtubule dynamics
and actin cytoskeleton rearrangement33°332, Predominantly, CRMPs are
expressed during embryonic and early brain development, with
expression tapering off in adulthood3*. CRMPs are highly conserved,
with high sequence and structural homology across mammals, birds,
amphibians, and even invertebrates33.

Most CRMPs exist in short and long isoforms, produced through
alternative splicing®s. The folded CRMP structure resembles
dihydropyrimidinase (DHPase), which hydrolyzes the amide bond of
pyrimidine bases3%. CRMPs form tetramers through interactions in their
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central a/pB barrel region. Each individual CRMP monomer has an N-
terminal region rich in B-sheets and a central a/fB barrel where four
units link. Although the stretch of amino acids (aa) at the C-terminus
is hard to map because of its flexibility, partial data suggests it helps
stabilize the four-unit structure. Additionally, CRMPs can form hetero-
oligomeric complexes3®,

CRMPs have phosphorylation sites at their C-terminal regions,
regulated by key kinases specific to each CRMP332, Altered CRMP
phosphorylation has been linked to shared mechanisms in neurological
disorders330337, | ess-studied post-translational modifications of CRMPs
include O-GIcNAcylation and SUMOylation. CRMP2 undergoes O-
GIcNAcylation at a key site for kinase-mediated regulation in Sema3A
signaling, with a mutant mouse showing short-term memory deficits33s,
SUMOylation involves the attachment of a SUMO group, upon which
sodium channel trafficking and surface expression are promoted3,
CRMPs also undergo proteolytic cleavage, where a cleavage on the N-
terminus can lead to neuronal death3+, Truncated CRMP fragments,
especially in synaptosomes, influence synaptic plasticity3+1.342,

CRMPs primarily regulate the depolymerization of F-actin and
tubulin, leading to the collapse of growth cones. Beyond this role,
CRMPs interact with various proteins, including motor proteins,
kinases, and proteins involved in endocytosis and exocytosis. CRMPs
act as adaptors or scaffold molecules through these interactions,
playing a key role in regulating synaptic transmission3+3.

So far, five CRMP family members (CRMP1-5) have been
identified in mammals, all sharing over half of aa sequence identity.
Among them, CRMP1 and CRMP2 have been extensively studied for
their implications in neurodevelopmental and psychiatric disorders.

1.2.3.1.2 Structure, regulation, and localization of CRMP1

CRMP1, like other members of the CRMP family, is produced in
two isoforms: a short (CRMP1 Sv, ~572 aa, ~65 kDa) and a long
isoform (CRMP1 Lv), which includes an additional N-terminal extension
(~100 aa, ~75 kDa)3*z2.

As for the structure of CRMP1, it is significantly similar to other
CRMPs, and it is composed of two primary regions: an N-terminal B-
sheet-rich domain (residues 15-69) and a central a/B barrel domain
(residues 70-490)3%¢. The C-terminal region (490-572) of CRMP1
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remains structurally unresolved due to its flexibility. However, studies
on CRMP23%5 suggest that residues 491-506 may interact with
neighboring monomers, stabilizing the whole tetramer. CRMP1 is also
capable of forming hetero-oligomeric complexes with CRMP2 and
CRMP3. However, their biological roles remain underexplored33t. The
scheme for CRMP1 structure can be seen in Figure 2.

CRMP Sv
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Figure 2 CRMP1 Lv and Sv structure. Green rectangle marks the N-optionally
translated region which is present in CRMP1 Lv, but lacking in CRMP1 Sv. Orange
rectangles show domains with known structures, while the gray line represents
domains predicted to be disordered. Gray ruler which marks location of aa is shown
below. Scheme was created in ProSite.

A major regulator of CRMP1 is phosphorylation, which can
change the conformation of the C-terminal region. The Cyclin-
dependent kinase 5 and Fyn kinase phosphorylate human CRMP1346:347,
Also, phosphorylated CRMP1 can bind more of the Filamin-A and
reduce its cross-linking, making it easier to reorganize the actin
cytoskeleton332, As for other CRMP1 interaction partners, CRMP1 binds
ena/VASP-like protein, one of the key regulators of actin filament
dynamics3#¢. This interaction supports the elongation of actin filaments
at their growing ends. Also, CRMP1 interacts with a sodium channel
and modulates sodium currents by lowering the activation threshold3+,

In cultured cortical neurons, CRMP1 localizes primarily to axons
and presynaptic regions, while CRMP2 is distributed across axons and
dendrites at later developmental stages33'. In growth cones, CRMP1
localizes to both the actin-rich peripheral regions (filopodia and
lamellipodia) and the tubulin-rich central domain, indicating its role in
axon guidance and cytoskeletal organization3=°,

1.2.3.1.3 Functional roles of CRMP1

As mentioned previously, CRMP1 plays an important role in two
key signaling pathways: Sema3A signaling and Reelin signaling33©,
Sema3A binds to a Neuropilin-1/Plexin-A complex, which triggers
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Cdk5-mediated phosphorylation of CRMP1. In the Crmpl knock-out
mouse model, cortical neuron migration was delayed, a defect not seen
in the Sema3A knock-out mouse model.

Furthermore, studies on heterozygous mice for Sema3A and
Crmp1 show impaired synapse formation. However, Crmp1 and Crmp2
appear to mediate distinct pathways, as mice heterozygous for both
exhibit normal synaptic phenotypes33. In the reelin pathway, CRMP1
interacts with DAB1, which is essential for neuronal migration and
cortical layer formation. Both CRMP1 and DAB1 show changed
expression and phosphorylation in Reelin knockout mice3st,

Studies in Crmp1 knock-out mice show that CRMP1 is crucial for
neurite outgrowth in the adult hippocampus, with deficits in spatial
learning and memory?322,

1.2.3.1.4 Other CRMPs

One of the most well-characterized CRMPs is CRMP2. CRMP2 has
a highly conserved sequence across humans and mammals33,
highlighting the importance of its role in neuronal migration and
differentiation. Also, it interacts with tubulin heterodimers and
promotes microtubule polymerization. The activity of CRMP2 s
regulated through phosphorylation, similar to CRMP1. During
development, CRMP2 has been seen to move into the nucleus and
inhibit neurite outgrowth3s. Crmp2 knock-out mice exhibit reduced
dendritic spine density in cortical layer pyramidal neurons, which was
also seen in Sema3A and Crmpl knock-out mouse models3::.
Furthermore, reduced CRMP2 expression was seen in the FC of patients
with SZ, BiPD, or MDD3>.

CRMP3 exhibits histone deacetylase activity and contributes to
neuronal death following a traumatic injury. Additionally, CRMP3 has
been associated with dendritic spine maturation and long-term
potentiation in the hippocampus3ss.

CRMP4 directly interacts with F-actin, promoting its bundling3s¢
with its variants implicated in Amyotrophic lateral sclerosis3.

CRMP5 is primarily expressed in oligodendrocytes of the olfactory
bulbs, the retina, hippocampal dentate gyrus, and peripheral nerve
axons3®8, It is recoghized as a biomarker for paraneoplastic optic
neuropathy, and it is also linked to lung cancer and thymoma.
Moreover, monoallelic CRMP5 variants can cause Ritscher-Schinzel
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syndrome 4, a neurodevelopmental disease with craniofacial features,
cerebral and cardiovascular malformations, and cognitive dysfunction.

1.2.3.1.5 CRMPs in neurological and psychiatric disorders

CRMPs have been implicated in autism spectrum disorder3s9.360,
while the increased phosphorylated CRMP2 was detected in AD and
amyotrophic lateral sclerosis in humans332, Co-localization of
phosphorylated CRMP2 and tau was observed in transgenic AD mouse
model3¢3, Future researched showed CRMP2 phosphorylation promotes
AB-induced tau phosphorylation3s+,

Heterozygous de novo variants in CRMP1 have been implicated
in muscular hypotonia, intellectual disability, and autism spectrum
disorder3¢s, Those variants have been predicted in silico to affect the
structure and are seen to impact the oligomerization of recombinant
CRMP1. Moreover, overexpression of the CRMP1 variants affected the
neurite outgrowth of murine cortical neurons.

CRMP-2 plays a crucial role in neuroplasticity and is significantly
reduced in the hippocampus of individuals with MDD3¢s, Lithium, one of
major drugs for BiPD, acts as a potent inhibitor of GSK-3p and affects
pathway with CRMP2 in rat models3%’. CRMP2 variants and altered
protein levels are linked to SZ risk and antipsychotic drug responses3%s-
370, Decreased levels of CRMP4 |levels were detected in the hippocampus
of SZ patients3”t,

I/A CRMP1 was detected using a specific monoclonal antibody in
mice after immunization with insoluble protein fraction collected from
brain samples of patients diagnosed with SZ. The follow-up verified the
existence of I/A CRMP1 in patients with diagnosed SZ and/or BiPD, but
not in brain samples of patients diagnosed with MDD or a control
group3?2, CRMP1 Sv was seen to aggregate when co-expressed with
DISC1322 or huntingtin372,

These findings suggest that CRMP1 aggregation may contribute
to disease pathology in SZ and BiPD, aligning with broader evidence
that protein misfolding and aggregation play a role in neuropsychiatric
disorders.

1.2.3.2 Disrupted in Schizophrenia 1

Disrupted in Schizophrenia 1 (DISC1) is a key genetic and
molecular player in the pathophysiology of SZ through its diverse
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structural regions, polymorphisms, and extensive interaction network.
DISC1 also serves as a multifunctional scaffolding protein, interacting
with over 200 proteins, many of which are also implicated in SZ373.374,
DISC1 interacts with key proteins involved in neurodevelopment and
psychiatric disorders, including Activating Transcription Factor 4,
Phosphodiesterase 4B isoform 1, Lissencephaly 1, CRMP1, and
Glycogen synthase kinase-3 isoform (3375, These interactions regulate
critical cellular processes like cAMP signaling, transcription, and
cytoskeletal organization.

1.2.3.2.1 Structure and function of DISC1

DISC1 encodes an 854 aa scaffold protein consisting of N-
terminal and C-terminal domains, with the N-terminal domain
predicted to be partially disordered and the C-terminal domain
composed of a-helices and self-association domains. Advanced
structural studies identified stable regions within DISC1, named D, I,
S, and C regions, with unique oligomerization properties3s.

DISC1 has diverse cellular functions, including regulation of
neuronal development, migration, synapse formation, mitochondrial
trafficking, and cytoskeletal organization377.378,

One of the many roles of DISC1 is regulating mitochondrial
dynamics as part of the mitochondrial transport machinery. It achieves
this by interacting with key adaptor proteins, TRAK1 and TRAK2, which
link mitochondria to motor proteins, such as kinesin and/or
dynein379.38, Also, well-known binding partners of DISC1, Lisencephaly
protein-1, Nuclear distribution element 1 (NDE1l), and NDE-like 1
(NDEL1) are the dynein regulators, also contributing to neuronal
mitochondrial trafficking3st. DISC1 has been shown to localize in
mitochondria, which is critical in maintaining their morphology and
proper intracellular distribution382, Deletion mutants of DISC1 disrupt
these functions, leading to abnormal mitochondrial morphology and
impaired transport38038, These findings align with DISC1's established
roles in regulating mitochondrial dynamics, trafficking through
interactions with motor proteins, and ensuring proper neuronal energy

supply.

When exposed to hydrogen peroxide (H20.), cortical neurons
normally show a slow rise in mitochondrial calcium levels, but this rise
was much larger when DISC1 was reduced. Additionally, neurons with
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lower DISC1 levels had significantly less calcium stored in the ER after
H>02 exposure, suggesting a disturbance in calcium balance within the
cells 384, Under normal conditions, DISC1 interacts with girdin to inhibit
Akt/mTORC1 signaling, a key pathway regulating translation3ss.
However, under oxidative stress, DISC1 shifts its role to support
protein production by interacting with eukaryotic translation initiation
factor 3, a critical component of the translation initiation
machinery386387, This dual functionality highlights DISC1's importance
in maintaining protein synthesis and cellular integrity during stress.

Studies have shown that reducing DISC1 levels leads to stronger
inhibition of protein synthesis, increased number of stress granules,
and decreased cell viability, emphasizing its protective role3®s,
Additionally, truncated C-terminal DISC1 has been observed to bind
arsenic derivatives, further linking DISC1 to stress response
pathways3ss,

1.2.3.2.2 DISC1 in CMIs

DISC1 expression peaks during early brain development and
decreases in adulthood. Dysregulation of DISC1 impairs neurogenesis,
neuronal migration, and synaptic connectivity, aligning with structural
and functional abnormalities observed in psychiatric disorders3so39,
DISC1 was first identified in a Scottish family carrying a balanced
chromosomal translocation between chromosomes 1 and 11
[t(1;11)(g42.1;914.3)], which segregated with major psychiatric
disorders, including SZ, recurrent MDD, and BiPD7%31, The balanced
translocation disrupts the DISC1 gene, resulting in a truncated protein
lacking key C-terminal domains. This disruption compromises protein
stability and impairs interactions with other proteins3’¢. Common DISC1
polymorphisms have been linked to SZ and reduced hippocampal gray
matter volume32393, with them also affecting synaptic plasticity,
cortical thickness, and neuronal migration39439,

1.2.3.2.3 Aggregation of DISC1

DISC1 aggregates have been identified in the cingulate cortex in
a subset of patients with SZ, BiPD, or MDD, but were absent in healthy
controls and patients with NDs320321, Aggregated DISC1 was seen to
have a disrupted interaction with NDEL1 leading to a loss-of-function
phenotype 320, DISC1 aggregates recruited dysbindin, which is critical
for dendritic spine formation, disrupting neuronal function and
mitochondrial  transport321.3%, Moreover, inhibition of the
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autophagosomal pathway intensified DISC1 aggregation. DISC1
aggregates were observed to impair intracellular transport and
contribute to neuronal dysfunction.

Elevated levels of DISC1 aggregates have been detected in the
cerebrospinal fluid of patients with first-episode psychosis, specifically
in subsets diagnosed with SZ or schizoaffective disorder3%7. DISC1
aggregation also caused hippocampal dysfunction, including impaired
neuronal response during sleep and disrupted network synchrony,
mirroring deficits observed in SZ patients3®. In Huntington's disease,
DISC1 co-aggregates with mutant huntingtin, disrupting DISCl's
interaction with PDE4 and resulting in elevated PDE4 activity and
reduced cAMP levels?*®, In frontotemporal dementia, DISC1 co-
aggregates with TDP-43, impairing local dendritic translation and
causing behavioral and cognitive deficits*®. Restoring DISC1
expression in the FC partially alleviated these deficits.

Transgenic rat models expressing DISC1 exhibited signs of
protein aggregation and dopaminergic dysfunction, including
heightened dopamine sensitivity, hyper-exploratory behavior, and
motor deficits*!. They also exhibited cognitive impairments, such as
deficits in cognitive flexibility and social performance+240%3, Elevated
cytosolic dopamine levels increased DISC1 aggregation and interaction
with the dopamine transportert, Morphological changes included
reduced dopaminergic neurons in the substantia nigra pars compacta
and lower dopamine content in the dorsal striatum, impacting
locomotor behavior and reward pathways*4,

DISC1 interacts with serine racemase, which modulates D-serine
production and NMDA receptor function, both linked to glutamatergic
signaling#%>. In cortical neurons, serine racemase co-localized with
DISC1 aggresomes, with D-serine enhancing DISC1 aggregation and
disrupting NMDA receptor signaling#°e,

1.2.3.3 Neuronal PAS domain-containing protein 3

Neuronal PAS domain-containing protein 3 (NPAS3) is a
transcription factor specific for RNA polymerase 1147, Given its dual role
in neurodevelopment and metabolic regulation, NPAS3 is implicated in
mental illnesses such as SZ, where disruptions of its expression or
function may contribute to disease mechanisms.
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1.2.3.3.1 NPAS proteins

NPAS proteins are part of a family of transcription factors with
basic helix-loop-helix (bHLH) and PAS structural protein motifs. A
basic helix-loop-helix (bHLH) motif is characteristic for proteins that
act as transcription factors and require dimerization for it. It contains
basic aa that facilitate binding to DNA%¢, Transcription factors with this
motif such as c-Myc and BMAL1-Clock, are essential for development
and cell metabolism4®, PAS is an acronym originating from the first
three proteins that contain this polypeptide motif: the period, the aryl
hydrocarbon receptor nuclear transporter, and the single-minded
product in Drosophila*°.

NPAS1 is expressed in the CNS and implicated in neuronal
differentiation and development*l. It acts as a transcriptional
repressor, and one of the known interaction partners is the aryl
hydrocarbon receptor nuclear translocator (ARNT). ARNT guides NPAS1
into the nucleus, where NPAS1 can inhibit the transactivation functions
of both ARNT and ARNT2. Npas1 is expressed in the developing basal
ganglia regions in a mouse model*'2, In the same model, lack of NPAS1
leads to increased cell growth (proliferation) and enhanced activity in
ERK signaling pathways. Also, NPAS1 reduced the activity of an
enhancer for Arx which is linked to neuron proliferation, suggesting
that NPAS1 helps control the production of inhibitory neurons during
brain development. Recent data detected NPAS1 in a group of basal
forebrain neurons*3. These neurons are GABAergic neurons and
present in brain regions involved in sleep-wake control, motivation,
and stress responses. As they are involved in sleep homeostasis, they
could play a role in stress-induced insomnia and neuropsychiatric
disorders, including dementia and sleep disturbances.

NPAS2 forms complexes with proteins like BMALL1 to bind to DNA,
with the complex formation depending on the ratio of the oxidized and
reduced forms of the nicotinamide-adenine dinucleotide (phosphate),
NAD(P)+/NAD(P)H*4, Hence, NPAS2 can be an ‘environmental sensor’.
The PAS domain of NPAS2 also associates with a heme cofactor and
can act as a receptor for gaseous neurotransmitters, like carbon
monoxide. If carbon monoxide binds to NPAS2, the BMAL1 binding and
transcriptional activity are consequently inhibited+!s. Also, the NPAS2-
BMAL1 complex acts like the CLOCK-BMAL1 complex within the
negative transcriptional feedback loops that drive circadian rhythm?+1s,
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Knock-out Npas2 mouse models display circadian deficits*?, disrupted
sleep homeostasis*8, and impaired memory+,

NPAS4 is classified as one of the immediate early genes and is
implicated in converting experience into long-term memory. NPAS4 is
exclusively expressed in neurons and activated selectively by neuronal
activity rather than extracellular stimuli“?°. It plays a critical role in
regulating many activity-dependent genes and is essential for the
development of glutamatergic and GABAergic synapses*2'. Moreover, it
contributes to neural circuit plasticity, helps to maintain circuit
homeostasis, and is necessary for long-term memory formation,
highlighting its significant role in brain function and adaptability+22.

1.2.3.3.2 NPAS3 structure

NPAS3 comprises three key subunits: a basic helix-loop-helix
(bHLH) domain and two PAS domains (PAS-A and PAS-B). The bHLH
domain, common in transcription factors, binds specific DNA sequences
in target promoters. The PAS region regulates NPAS3's interaction
capabilities, with the PAS-A domain playing a key role in its interaction
with the ARNT. Meanwhile, the PAS-B domain is involved in gene
regulation, ligand binding, and interactions with chaperone proteins. A
transcriptional activation domain (TAD), which contains binding sites
for other proteins, is also involved in transcription423424,
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Figure 3: Major regions of NPAS3. A bHLH domain is represented as an orange
hexagon, two PAS domains are depicted as green rectangles, and the TAD region is
shown as a blue rhomb. The gray ruler which marks location of aa is shown below.
The scheme was created with ProSite.

The NPAS3 is located on chromosome 14, on 13, for which
chromosomal abnormalities are associated with SZ and cognitive
disabilities*25-427,

NPAS3 contains the largest cluster of human-accelerated regions
(HARs) in the genome, with 14 elements that have undergone rapid
changes compared to evolutionary ancestors. These HARs act as
transcriptional enhancers, particularly within the developing nervous
system, and are hypothesized to contribute to human-specific cognitive
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traits*s. Comparative analyses suggest that NPAS3-HAR202, one of
these elements, has undergone functional evolution in the human
brain, potentially playing a role in shaping human neurodevelopmental
differences*®.

As for post-translational modifications, they include O-linked -
N acetylglucosamine (O-linked GIcNAc) and serine/threonine
phosphorylation. In general, O-linked GIcNAc is a reversible
modification that affects many cell processes like protein interactions,
structure, activity, and stability+°. Also, O-GIcNAc has been shown to
slow protein aggregation, for example of a-synuclein and tau, but the
extent of this effect remains unclear+3. Similarly, phosphorylation can
significantly affect protein structure and its local environment by
introducing a large, charged group, altering the protein's activity, or
creating a new binding site*32. There is evidence of cross-talk between
O-GIcNAc and serine/threonine phosphorylation since they both can
occur on serine and threonine residues, modulating protein stability
and degradation#3434, An example of the relationship between O-
GIcNAc and phosphorylation is seen in the tau protein, where increased
tau O-GlcNAcylation can inhibit pathological tau
hyperphosphorylation+.

The isoform investigated in this thesis is NPAS3 isoform A, here
referred to as NPAS3 wt, which has 933 aa with a theoretical weight of
100.8 kDa.

1.2.3.3.3 NPAS3 function and expression

NPAS3 activity bridges neurodevelopmental processes and
metabolic regulation, which may explain its contribution to mental
illness etiology. As for the role of NPAS3 in transcriptional regulation,
its transcriptional targets vary depending on circadian rhythm and C-
terminal structure, showing its regulatory complexity#%. NPAS3
strongly upregulates VGF Nerve Growth Factor®?’, which is implicated
in neurogenesis, MDD, and SZ, underscoring its relevance in
neurodevelopment and mental health. Many NPAS3 target genes are
also regulated by SRY-related HMG-box transcription factors,
suggesting shared roles in neurodevelopment#¢. NPAS3 represses
multiple glycolysis-related genes, indicating a significant role in glucose
metabolism.
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NPAS3 expression exhibits distinct developmental patterns, with
mMRNA levels high at birth and declining to steady-state adult levels by
the second decade of life, while protein levels show an inverse trend,
increasing during cortical development“3, In SZ a significant reduction
in NPAS3 was observed in females, despite no changes in mRNA or
protein levels across the total cohort, suggesting post-transcriptional
regulation. An SZ-associated microRNA, miR-17, was identified as a
potential regulator of NPAS3 transcripts during development, with
increased miR-17 expression potentially disrupting normal NPAS3
regulation. In humans, NPAS3 is highly expressed in the brain,
specifically in the amygdala, cerebral cortex, and basal ganglia*®.
Intense Npas3 expression in the mouse is localized to the hippocampal
subgranular zone, specifically in maturing neuronal precursor cells,
emphasizing its role in adult neurogenesis*3®,

1.2.3.3.4 NPAS3 interaction partners

NPAS3 is known to interact with 27 proteins, with several of them
standing out for their relevance to brain development, neuronal
function, and mental illnesses. Here several of them are mentioned, to
showcase versatility of NPAS3.

ARNT2, a transcription factor, regulates genes responsive to
environmental and developmental stimuli, including oxygen levels
during hypoxia, and plays a role in neurogenesis, linking it to brain
adaptability and function#, ARNT2 was also recently investigated for
its interaction with NPAS44+41.442. DDX39A, an RNA helicase, is essential
for RNA processing, influencing cell growth and neural differentiation,
processes critical for brain health*. TP53, or p53, regulates cellular
stress responses such as DNA repair and apoptosis, playing a key role
in brain protection and development, with mutations linked to cancer
and possibly NDs#4., AS3MT, an enzyme involved in arsenic
metabolism, is important for detoxification processes that may
influence neural health indirectly+s.

1.2.3.3.5 NPAS3 animal models

Animal studies have provided valuable insights into the role of
NPAS3 in brain development and its potential link to SZ.

Mice lacking Npasl and Npas3 exhibit behavioral abnormalities
resembling SZ models, including diminished startle response, gait
defects, increased open-field activity, and impaired social
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recognition#¢. Further research has revealed more specific neurological
changes in Npas3 knockout mice. A follow-up study demonstrated that
these mice have significantly lower levels of FGF receptor subtype 1
mMRNA in the dentate gyrus of the hippocampus, along with a
substantial reduction in neural precursor cell proliferation in the same
region compared to normal mice*’. This research group also reported
rescuing this phenotype after prolonged administration of aminopropyl
carbazole*s,

More recent studies have shown that reducing Npas3 levels in
the developing mouse brain leads to neuronal migration defects, with
cells failing to reach their intended cortical layers and exhibiting
incorrect layer-specific identities. This NPAS3 downregulation also
results in prolonged stemness in radial glial cells and increased
proliferation of neural progenitors in the ventricular and subventricular
zones*9,

Npas3 knockout mice exhibit changes in key metabolites,
including NAD+, glycolysis metabolites (dihydroxyacetone phosphate,
fructose-1,6-bisphosphate), pentose phosphate pathway components
and Krebs cycle intermediates (succinate and a-ketoglutarate)+.

1.2.3.3.6 NPAS3 in CMIs

NPAS3 was initially implicated in SZ through a case report
involving a mother and daughter diagnosed with SZ and learning
disabilities, both carrying a chromosomal translocation disrupting the
NPAS3 on chromosome 14. Analysis of individual-derived
lymphoblastoid cell lines revealed that the translocation directly
disrupts the NPAS 3425426,

Previous research also linked this chromosomal region to
idiopathic basal ganglia calcification (known as Fahr's disease),
characterized by motor deficits, cognitive impairments, and, in some
instances, psychiatric disorders*s.

Additionally, disruptions of regions on chromosome 14 were
linked to BiPD in multiple populations in scan meta-analysis*!.
Moreover, a deletion on the 14t chromosome was linked to a lack of
speech development with delayed overall development in a child*2. A
follow-up study revealed three common variants of NPAS3 associated
with SZ that affected protein function+?’.
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Additionally, the V3041 mutation in NPAS3 has been identified in
a family affected by SZ and major depressive disorder. This mutation
results in a valine-to-isoleucine substitution, which increases the
tendency of NPAS3 to be I/A*3. In previous chapter, miR-17 was
mentioned as regulator of NPAS3 synthesis. In the context of SZ,
researchers have observed elevated levels of miR-17 in the prefrontal
cortex of some individuals and a reduction in NPAS3 levels**. This
finding suggests that in SZ, the issue may not be large-scale changes
in NPAS3 expression, but rather a disruption in the normal biosynthesis
process of NPAS3. Also, four SNPs regions in the NPAS3 were
significantly associated with bipolar disorder and/or SZ diagnosis*.
Near a translocation breakpoint, SNPs linked to the efficacy of
iloperidone, an atypical antipsychotic, were identified, too*s.

In the review by Pickard et al*®’, two possible outcomes were
explored for NPAS3 affected by the translocation.

The first option is producing a truncated NPAS3 containing only
the bHLH domain. Pickard et al described a similar situation with other
bHLH-PAS proteins, HIF-1a, and the aryl hydrocarbon receptor. These
isoforms, which lack TADs, are non-functional and act in a dominant-
negative manner by occupying promoter sites or sequestering
interaction partners into non-functional complexes, thereby disrupting
normal cellular regulatory processes. Another example available in
Drosophila involves the CLOCK, a regulator of circadian rhythm. A point
mutation in the Clock gene, known as the Jrk mutation, introduces a
premature stop codon, leading to the expression of a truncated CLOCK
lacking its C-terminal activation domain. The truncated protein can still
dimerize with its partner, CYCLE, but fails to activate transcription of
target genes, thereby acting in a dominant-negative manner by
occupying promoter sites without initiating transcription. This
disruption leads to arrhythmic locomotor behavior in flies, underscoring
the critical role of the full-length CLOCK in maintaining normal circadian
rhythms. A more recent example involves the bHLH transcription factor
Twistl, which plays a role in epithelial-mesenchymal transition.
Deletions in Twistl's N-terminal region can cause it to misfold and form
aggregates in aggresomes, potentially interfering with normal cellular
functions*7.

The second option is that mRNAs for these truncated versions of
NPAS3 are destroyed by cellular quality control mechanisms,
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preventing the production of any truncated NPAS347. This could
eliminate the potential for dominant-negative effects (as described
earlier). Also, truncated protein is actively degraded by the
proteasome. However, the downside is that the overall level of NPAS3
in the cells would drop to about 50% of normal, as only the intact
NPAS3 from the non-disrupted chromosome 14 would contribute to
protein production. Halving the NPAS3 level might impair its normal
functions, which could contribute to disease mechanisms, in literature
also referred to as haploinsufficiency. A similar situation is described
with DISC1, affected by a translocation break on chromosomes 1 and
11, where no truncated version of DISC1 was detected. Mutations in
the gene encoding transcription factor 4 (TCF4) provide another
example. These mutations are linked to Pitt-Hopkins syndrome, a
neurodevelopmental disorder characterized by intellectual disability
and developmental delays. Some mutations create premature
termination codons in the TCF4 mRNA, leading to its degradation. This
degradation typically prevents the production of truncated TCF4 that
might otherwise disrupt normal TCF4 function in a dominant-negative
manner. However, the overall reduction in TCF4 levels impairs its
ability to regulate expression, contributing to the symptoms of Pitt-
Hopkins Syndrome?ss,

Nevertheless, these alterations affect both the bHLH and PAS
domains, hence disrupting the DNA-binding and dimerization functions
of NPAS3, further compromising its role in transcriptional regulation.

1.2.3.4 Trio and F-actin binding protein isoform 1

Trio and F-actin binding protein isoform 1 (TRIOBP-1) is a
multifunctional protein crucial for actin cytoskeleton stabilization,
neurite outgrowth, and cellular adhesion. Its structural versatility and
interaction network suggest broader cellular roles, including
centrosomal localization, protein stability, and mitotic regulation*%.

1.2.3.4.1 Structure and function of TRIOBP-1

TRIOBP-1 (in literature also referred to as Tara) contains two
primary structured regions: a Pleckstrin Homology (PH) domain near
the N-terminus and Coiled-Coil (CC) domains in the C-terminal half,
separated by a 100 aa intrinsically disordered mid-domain+®. An
optional disordered N-terminal region, arising from two potential start
codons, produces two isoforms of TRIOBP-1: 593 or 652 aa long. The
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PH domain forms a compact folded structure with two extended loops,
the second of which is highly conserved across mammals and likely
mediates protein-protein interactions. The C-terminal CC domains are
divided into central and C-terminal regions. The central CC domain
forms hexameric complexes, driving TRIOBP-1 oligomerization, while
the C-terminal CC domain remains monomeric in isolation. Both of
them enable interactions with other proteins, allowing TRIOBP-1 to
play a role in neurite outgrowth, and cytoskeletal organization. Smaller
TRIOBP-1 fragments (45-60 kDa) primarily represent portions of the
CC domains and lack the PH domain. Another splice variant, TRIOBP-
2, contains N-terminal and partial CC regions, though its function
remains unclear.

The major known function of TRIOBP-1 is as a stabilizer of
filamentous actin (F-actin) by preventing its depolymerization, which
in the end is crucial for neuronal outgrowth, migration, and adhesion*%.
TRIOBP-1 has many interaction partners, with one of them being
NDEL1, a neurodevelopmental protein associated with the microtubule
cytoskeleton and their interaction enhances actin polymerization,
neurite outgrowth, and dendritic arborization. TRIOBP-1 is regulated
by the ubiquitin ligase HECTD3, which targets it for degradation,
preventing excessive accumulation and aggregation in normal
conditions*,

1.2.3.4.2 TRIOBP-1 in CMIs

Although TRIOBP-1 is not a known genetic risk factor for mental
illness, subtle increases in TRIOBP-1 transcripts have been observed in
SZ patients*¢, and its expression is affected by a polymorphism in the
NDE1/miR-484 locus*2. Moreover, the chromosomal locus containing
the TRIOBP-1, 22q12.3 q13.3, has been investigated in a family with
SZ, epilepsy, and hearing issues*3. Additionally, I/A TRIOBP-1 has
been detected in brain samples of patients with SZ and MDD, but not
in healthy controls3234¢4, TRIOBP-1 aggregation is driven by its central
coiled-coil domain. A critical 25 aa sequence, rich in charged residues,
was identified as essential for this aggregation, later shortened to the
7 aa domain. Shorter fragments of TRIOBP-1 (45-60 kDa) containing
the CC domain, but not the PH domain, can also aggregate in cells and
in the brain. Aggregated TRIOBP-1 has been shown to impair neurite
outgrowth, affecting the structural integrity and growth of neurons in
cell culture models.
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1.2.3.4.3 Other members of the TRIOBP family

TRIOBP-4 is predicted to be an intrinsically disordered protein
with no fixed secondary or tertiary structure*®. It contains two distinct
repeat regions: R1 and R2, out of which R1 is critical for actin bundling.
TRIOBP-4 is highly expressed in inner ear hair cells, where it organizes
actin filaments into densely packed bundles, essential for forming
stereocilia rootlets. Knock-out Triobp-4 mice show failed stereocilia
rootlet formation, loss of rigidity, and subsequent deafness. Also,
TRIOBP-4 is expressed in the retina and implicated in filopodia
formation in cancer cells.

TRIOBP-5 shares sequence homology with both TRIOBP-1 and -
44, It consists of R1 and R2 regions from TRIOBP-4 and C-terminal
coiled-coil domains from TRIOBP-1. As for function, similar to TRIOBP-
1 and -4, it has actin-binding and bundling properties. In the inner ear,
TRIOBP-5 is found at the lower sections of stereocilia rootlets,
complementing the role of TRIOBP-4. While TRIOBP-4 is crucial for
rootlet formation, TRIOBP-5 contributes to rootlet widening and
structural maintenance. Knock-out Triobp-5 mice show progressive
hearing loss rather than congenital deafness*e.

TRIOBP-6 is the longest isoform of the TRIOBP family, containing
an R1 repeat region from TRIOBP-4, and PH and C-terminal coiled-coil
domains from TRIOBP-14. Additionally, TRIOBP-6 has unique isoform-
specific N-terminal sequences and unstructured regions. They are
largely predicted to be disordered, except for short stretches of a-
helices near the N-terminus and central region. Like TRIOBP-4 and -5,
TRIOBP-6 is expressed in the inner ear hair cells and plays a significant
role in stereocilia rootlet stability and maintenance. TRIOBP-6 is
expressed in multiple tissues, including the inner ear, brain, and
cancerous tissues, alongside TRIOBP-1. Due to its structural similarity
to TRIOBP-1, TRIOBP-6 may also aggregate.

Mutations in TRIOBP-4, -5, and -6 cause autosomal recessive
hearing loss, while both TRIOBP-4 and TRIOBP-5 are implicated in
pancreatic cancer and glioblastoma“®.

1.3 Brain regions investigated in this thesis

The first brain region used for this thesis is the insular cortex (IC).
IC is a brain region hidden beneath the frontal, temporal, and parietal
lobes involved in emotion, self-awareness, pain perception, and
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interoception (body awareness). It plays a key role in mood regulation,
decision-making, and cognitive functions, linking it to CMIs?¢s,

Brain samples used in this thesis were primarily from the cerebral
cortex. The frontal lobe, also known as the FC, is the largest lobe of
the cerebral cortex#¢¢, It is responsible for functions such as movement,
speech, reasoning, emotional expression, and socially appropriate
behavior, and it also plays a vital role in the integration of memories.
The second major part of the cerebral cortex is the temporal lobe (here
referred to as temporal cortex or TC), which is involved in processing
sensory input for memory, language, and emotion?*¢. The third major
region of the cerebral cortex is the parietal lobe (here referred to as
parietal cortex or PC), which integrates sensory information, processes
touch, spatial awareness, and navigation, and plays a role in language
processing, with the somatosensory cortex mapping the body based on
sensory input#ee,

The last major lobe of the cerebral cortex, the occipital lobe, is
represented here by Brodmann area 17 (BA17). BA are regions of the
cerebral cortex, defined by their histological structure and -cell
organization. BA3, 1, and 2 overlap with the primary somatosensory
cortex, which is responsible for receiving and integrating sensory
stimuli related to the sense of touch*¢’. The primary motor cortex, or
BA4 is involved in planning and executing voluntary movements,
together with other motor areas*’. BAG6 is part of the premotor cortex
and supplementary motor cortex, and it is essential for sensory-guided
movement and aiding in the planning of complex actions#7. BA9 is part
of FC and plays an important role in memory, attention, reasoning, and
intention*¢”. The primary visual cortex, striate cortex, or BA17,
processes visual information about static and moving objects, their
orientation, and color. It integrates all data for further processing in
higher-order visual areas*’. BA36 and BA37 are important for the
formation and retrieval of memory, including memory and recognition
of faces?*’.

The piriform cortex (PiFC) is involved in the sense of smell and
contains a key epileptogenic trigger zone where chemical and electrical
seizures can be induced*®. The superior frontal gyrus (SFG), which
makes up about a third of the frontal lobe, is involved in self-awareness
and sensory coordination*®. In one case, electrical stimulation of a
specific area in a left SFG consistently triggered laughter, with
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increasing stimulation intensifying the response. The individuals
associated the laughter with external stimuli, even though it was
caused by the stimulation. The lateral orbitofrontal gyrus (LOG)
processes punishments, and non-rewards, and helps regulate
emotional behavior+,

Some of the brain regions mentioned overlap with each other, for
example, the FC includes the primary motor cortex, while BA37 is part
of the temporal region*¢’. Described brain regions are marked in Figure

4.
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Figure 4: Approximate location of the brain regions examined in this thesis.
A) Frontal cortex (FC), parietal (PC), temporal (TC) and occipital cortex are shown in
shades of blue, yellow, green and pink, respectively. BA are marked with numbers
and corresponding color, while SFG is shown as a line. Notably, BA36 is marked as a
shape with sketched line, to indicate location deep in the brain. B) On bottom view
of the brain, lateral orbital gyrus (LOG, blue) and piriform cortex (PiFC, purple) are
shown as a line and a dot, respectively. C) Insular cortex (IC, red) is located deep
within lateral sulcus and shown with retractors on the scheme. The scheme was
created with BioRender.

1.3.1 Previously investigated human brain regions in MDD and
suicide

Brain regions investigated for MDD in humans include the
hippocampus, prefrontal cortex, mesolimbic pathway, and striatum.

The hippocampus is essential for memory and stress regulation
and observed abnormalities included elevated glucocorticoids from
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hypothalamic-pituitary-adrenal axis  dysfunction?2?, decreased
hippocampal volume?3°, and antidepressant effect of BDNF231,

Post-mortem studies of patients with MDD have shown reduced
densities of glial cells in the prefrontal cortex, hippocampus, and
amygdala+’t. The amygdala is associated with emotional reactivity and
changes in the amygdala were also observed in a recent meta-analysis
of structural and functional abnormalities in the brains of patients with
MDD42, In the same analysis, several other brain regions were
implicated in MDD. In the left hemisphere, beyond the hippocampus,
the subgenual cingulate cortex, which is important for emotional
regulation and mood processing, was also implicated. Furthermore, the
left retrosplenial cortex demonstrated significant changes in MDD. That
region includes BA29 and BA30, both important for self-referential
thought and memory retrieval. The right hemisphere also exhibited
changes, particularly in the putamen, which is linked to motor and
reward processing. Lastly, the right middle occipital gyrus and inferior
temporal gyrus were identified as areas of abnormality, both involved
in visual and perceptual processing.

Similar brain regions were investigated for suicide and suicidal
behavior, with decreased BDNF levels correlating with suicide risk and
smaller dentate gyrus volume in suicide victims with MDD compared to
non-suicidal individuals was reported in the hippocampus3. Also,
decreased BDNF levels and protein dysregulation?®s, and alterations in
small heat shock protein expression! were reported in the prefrontal
cortex.

Interestingly, several other brain regions were investigated for
suicide, compared to MDD: anterior cingulate cortex, BA6 and BA10,
dentate gyrus, and locus coeruleus. Alterations in BDNF, FK506-
binding protein, and glucocorticoid receptor were reported in the
anterior cingulate cortex?s¢, while disruption in iron transport proteins
was seen in BA6 and BA10 collected from suicide victims?®, In the
dentate gyrus, reduced neurogenesis was observed+’3.

1.3.2Previously investigated brain regions in SZ

Post-mortem and neuroimaging studies have shown differences in
dopamine-related markers in the midbrain region substantia nigra and
striatum, connected to SZ diagnosis*’4. As discussed in previous
sections, both the striatum and mesolimbic system have been
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repeatedly implicated in SZ, MDD, and TRS through alterations in
dopamine signaling, receptor activity, and regional connectivity. The
midbrain houses the dopamine-producing neurons that project to the
striatum+75. The midbrain region substantia nigra sends dopamine to
the dorsal striatum, influencing movement and motor control. The
other midbrain region, the ventral tegmental area, sends dopamine to
the ventral striatum (part of the limbic system), influencing motivation
and reward-related behaviors. The striatum is a brain region where
signals related to dopamine are processed, and it is divided into the
dorsal striatum (involved in decision-making and planning), ventral
striatum (part of the limbic system, linked to emotions and rewards),
and associative striatum (connected to the higher-level brain areas like
the FC, crucial for problem-solving and cognition).

Individuals with diagnosed SZ or with a high risk for it have shown
higher dopamine synthesis and release in the striatum than controls
476, Contrary to earlier theories, the dorsal striatum, not the ventral,
shows the most significant dopamine overactivity in SZ.

1.4 Drosophila as a transgenic model

Creating an animal model of SZ is challenging, due to complexity
of behavioral symptoms and methods to measure specific
endophenotypes. Inserting a SZ risk gene in an animal model can
contribute to understanding molecular mechanisms, but also indicate
behavior changes caused by expression.

Drosophila melanogaster later called fly or just Drosophila, is a
powerful model organism for dissecting mechanisms of brain circuit
dysfunction. This is possible because of its similarity to mammals in
neurotransmitters, and monoamines transporters and receptors on the
cellular level*”. Drosophila has been used in the research of various
mental illnesses, including SZ+78-480,

Although the binary expression system from yeast GAL4-UAS was
initially used in the cell cultures, later it was utilized in Drosophila“s!.
GAL4 is a yeast transcription activator protein that specifically
recognizes and binds to the upstream activation sequence (UAS)
promotor and activates transcription. However, the GAL4 alone has
little to no effect on cells. The GAL4 is inserted downstream of a native
promoter in the Drosophila genome, such as the elav promoter, which
stands for the embryonic lethal abnormal visual system. The elav is
expressed pan-neurally (in the entire nervous system) during
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Drosophila development*2, An analysis of elav-GAL4 showed that elav
is expressed in neural progenitor cells and nearly all embryonic glial
cells*8s,

To utilize this system, the gene of interest needs to be located behind
the UAS (upstream activation sequence) promotor+2, In the transgenic
line used in this thesis, the full-length human DISC1, hfIDISC1 was
balanced on the second or third chromosome to maintain the
heterozygous state of the line, resulting in UAS-hfIDISC1-2" or UAS-
hfIDISC1-3™ line. Balancer chromosomes are specially modified
chromosomes used in Drosophila with dominant visible markers and
lethal mutations in homozygosity, ensuring that only heterozygous flies
survive. In this case, balancing was used to stably maintain the UAS-
hfIDISC1 insertion in a heterozygous state, preventing potential
lethality or artifacts from overexpression in homozygotes.

UAS lines should not express hfIDISC without the GAL4 enhancer,
which binds to UAS and initiates transcription. To activate the target
gene in a specific cell, flies carrying the target gene (e.g., UAS-
hfIDISC1) are crossed with flies expressing GAL4 (e.g., elav-GAL4).
The result of the cross is a line (e.qg., elav-GAL4-UAS-hfIDISC1-2"9)
that expresses the target gene (hfIDISC1) in cells where the driver
gene is present (e.g. elav in all neuronal cells).

To investigate psychiatric disorders in Drosophila, it is important
to address how neurotransmitters are processed in the brain of
Drosophila. The mushroom body is a brain region central to olfactory
associative  learning, processes sensory information from
dopaminergic, octopaminergic, cholinergic, serotonergic, and
GABAergic neurons 4448, Within the mushroom body, Kenyon cells
play a key role in responding to odors by generating specific activity
patterns. These patterns are passed to output neurons (MBONSs), which
drive behavioral responses like attraction or avoidance. The primary
neurotransmitters in this system are glutamate, acetylcholine, and
GABA. Kenyon cells are primarily activated by acetylcholine, which is
released by cholinergic neurons that deliver sensory input. MBONs use
glutamate to transmit excitatory signals, typically influencing behaviors
associated with attraction or repulsion. GABAergic neurons provide
inhibitory signals, either regulating Kenyon cell activity or modulating
MBONs, thereby balancing the network and refining behavioral
responses. Dopamine plays a crucial role in learning by inducing
plasticity at synapses between odor-responsive Kenyon cells and
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MBONSs. Specific subsets of dopaminergic neurons encode positive or
negative valence and target distinct compartments of the mushroom
body, aligning precisely with MBON dendritic fields. This dopamine
release alters the strength of Kenyon-MBON connections, biasing the
network towards approach or avoidance behaviors. Beyond forming
memories, dopamine regulates their expression, influenced by factors
like hunger or internal states. This dual role allows the mushroom body
to integrate sensory inputs, context, and internal conditions, optimizing
behavior based on past experiences and current needs.

1.4.1Overview of previous transgenic DISC1 Drosophila models

Transgenic rat and mouse models with DISC1 are used more.
However, it is hard to distinguish if the effect is primarily led by the
introduced human DISC1 or by the expression of the endogenous
animal DISC1. Since there is no endogenous homolog for the human
DISC1 in Drosophila, it can serve as an excellent model organism for
describing the mechanisms of DISC1. However, many genes for DISC1
interaction partners are  conserved in  Drosophila, like
Phosphodiesterase 4B1 and dysbindin*®’. So far, few research groups
have investigated the human DISC1 in Drosophila.

The initial studies done by Sawamura et al. showed disrupted
sleep homeostasis in flies expressing the full-length human DISC14ss,
Flies normally have a circadian activity pattern with more frequent and
longer rest periods at night than during the daytime, referred to in the
literature as sleep bouts*®. Beyond providing information about sleep
homeostasis, quantitative assessment of sleep bouts can give insight
into the arousal of flies. Sawamura et al observed that transgenic
DISC1 male flies had longer sleep periods with reduced arousal states
during the day#®. However, the circadian rhythm and frequency of
sleep periods were similar to the controls. The same effect was not
observed for the truncated version of the gene, DISC1 1-597 aa (a
variant which occurs after translocation described in the Scottish
family), nor in female flies with either DISC1 version. Since ATF4 is a
known DISC1 interaction partner, they suggest DISC1 regulates sleep
homeostasis in flies with CRE-mediated gene transcription.

During brain development, over-expressing the DISC1 in
Drosophila was seen to suppress axonal and dendritic neuronal
branching, affecting associative olfactory memory. Using the GAL4-
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UAS system, hfIDISC1 was expressed in mushroom body neurons of
Drosophila larvae, an area of Drosophila brain critical for memory
formation after neuronal signaling of olfactory information. After
appetitive larvae training with sucrose, controls (wt Drosophila, UAS
flies carrying the DISC1 gene, and flies with only GAL4 driver) showed
normal olfactory memory. At the same time, the flies expressing the
human DISC1 failed to exhibit olfactory memory. Lack of olfactory
memory was reported in flies expressing truncated DISC1, 1-597 aa.

Sawamura et al observed full-length DISC1 localized in the
nucleus of adult flies upon expression*#, In a study done by Furukobo-
Tokunaga et al, the truncated version mimicking the Scottish
translocation (DISC1 1-597 aa) localized to the nucleus in adult flies
but not to dendrites or axons. In contrast, it showed weak expression
in axons and dendrites of larval neurons, indicating developmentally
regulated subcellular dynamics*®, consistent with observations in
mammalian cells and mouse cortical neurons#t41, I/A DISC1 was
isolated, but without neuronal cell death in the fly's compound eyes, a
highly sensitive area of the fly to neurodegeneration+®,

Another study in flies with truncated DISC1 expressed pan-
neuronally showed a significant reversal learning deficit compared to
flies expressing full-length DISC1 or controls*2. The learning deficit
was seen only in glutamatergic neurons and neurons expressing
rutabaga-adenylyl cyclase when the expression was more focused.
Truncated DISC1 can affect synaptic transmission and nerve terminal
organization in transgenic larval neuromuscular junctions, which was
not observed with full-length DISC1 or control lines. Moreover,
interactions between DISC1 and Drosophila’'s homolog genes for
human dysbindin+® and Neurexin*®? were observed in the development
of glutamatergic synapses of Drosophila. Aberrant glutamine and
dopamine neurotransmission+’® are strongly implicated in SZ
pathology, leading to the importance of investigating human DISC1 in
the Drosophila model.

In Chapter 1.2.3.2.1 connection between DISC1 and
mitochondria was mentioned. Briefly, Phosphodiesterase 4B1, one of
many DISC1 interaction partners, is involved in mitochondrial
trafficking and mutations of DISC1 lead to impairment of mitochondria.
Additionally, reactive oxidative species and glutathione antioxidant
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levels were also associated with SZ. Hence, the influence DISC1 on
mitochondria should be investigated

As mentioned in Chapter 1.1.1.3, one of the early behavioral
sings in the onset of SZ pathology is social isolation. Analysis of social
interaction networks (SINs) is a novel aspect of research using
Drosophila**. SIN analysis examines interaction patterns and
structures among flies in a circular arena, quantifying social bond
strength by interaction frequency or duration. Parameters like degree
centrality can measure each fly's social activity, while the clustering
coefficient indicates the tendency to form close-knit groups*95-497,

1.5 Unanswered questions
Despite significant progress in understanding protein aggregation
in CMIs, several fundamental questions remain unanswered.

Research confirms that proteins aggregate in individuals with
CMIs, but it is unclear whether they do so independently or through
direct interactions. In NDs, co-aggregation is documented (Chapter
1.2.1), but its role in CMIs remains uncertain. Proteins may aggregate
in response to common stressors like oxidative stress or form large
complexes through direct interactions. Clarifying if protein aggregation
is independent event is crucial for understanding its role in CMIs.

Moreover, protein aggregation in CMIs has been observed in
several brain regions through different studies (Chapter 1.2.2).
However, the distribution of these aggregates appears to be
inconsistent across studies. In NDs protein aggregation follows a
progressive, region-specific pattern (Chapter 1.2.1), the same
question for in CMIs remains unanswered.

Additionally, genetic factors and environmental stressors may
influence protein aggregation. If protein aggregation is widespread in
CMIs, it could indicate a novel disease pathway. However, if it occurs
only due specific genetic events, it may represent a specific mechanism
rather than a general pathology.

Future research addressing these gaps will provide valuable
insights into disease pathogenesis and may open new avenues for
diagnosis and therapy.
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2 Hypotheses and thesis aims

CMIs have complex etiologies involving different genetic and
environmental factors. Emerging evidence implicates protein
aggregation in CMIs but remains poorly understood. This study
investigates the potential for aggregation and co-aggregation of
several proteins implicated in CMIs.

Hypotheses

1. NPAS3, DISC1, TRIOBP-1, and CRMP1 can aggregate and
become increasingly insoluble in specific brain regions affected
by CMIs in suicide victims, patients with SZ, MDD and AD and
individuals without prior ND or CMI diagnosis (controls).

2. Their aggregation patterns differ across brain regions.

3. The aggregation of one protein may influence another,
potentially through co-aggregation.

4. Genetic mutations, such as NPAS3 V304I, can promote
aggregation and alter subcellular localization compared to the
wild-type form.

5. Expression of human genes in Drosophila induces biochemical
and behavioral changes resembling CMIs symptoms.

Thesis Aims

1. Determine whether NPAS3, DISC1, TRIOBP-1, and CRMP1
aggregate and exhibit increased insolubility in the brain.

2. Evaluate the extent and regional distribution of protein I/A to
determine whether these patterns are consistent across different
brain regions within the same individuals.

3. Investigate whether the aggregation of one protein in the cell can
influence another through mechanisms like co-aggregation.

4. Determine whether the NPAS3 V3041 mutation alters protein
aggregation properties and subcellular localization, and assess
how these changes are affected by cellular stress.

5. Develop and analyze a transgenic Drosophila model expressing
human DISC1 to determine whether it induces changes relevant
to SZ.
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3 Materials and methods

If not mentioned differently, all solutions written in this chapter
were prepared by dissolving in distilled water.

3.1 Human brain samples collection

Our collaboration partners at Semmelweis University, Budapest
collected samples of the human brain. The samples were obtained
shortly after death (post-mortem interval, PMI, was from 1 to 10 hrs),
as part of the Hungary-wide Lenhossék Program, using a micropunch
technique, followed by freezing in liquid nitrogen+s4, Sample
collection was done after obtaining consent from the family or legal
permission. Before the analysis, samples were stored at —80°C.

For the initial analysis of I/A proteins, the insular cortex (IC) was
collected from 40 individuals (16 from victims of suicide, 18 from
control individuals, 6 from patients with diagnosed MDD, and 6 from
patients with AD diagnosis) and analyzed. For the follow-up study,
samples from the previously mentioned patients were analyzed from
other brain regions. To be precise, 70 regions from 19 patients were
analyzed: 4 victims of suicide (minimum 3 regions, maximum 6
regions), 1 patient with SZ diagnosis (4 regions), 8 control individuals
(minimum 2 regions, maximum 7 regions), 4 patients with diagnosed
MDD (minimum 2 regions, maximum 5 regions) and 2 patients with AD
diagnosis (2 and 6 regions). For additional experiment, 20 tissue
samples (10 regions from each hemisphere) from a patient with
diagnosed SZ and AD were used. Additionally, 3 patients with
diagnosed SZ (1 region each) were included. Controls were samples
from 4 control individuals (minimum 4, maximum 8 regions) and 5
patients with AD (minimum 3, maximum 8 regions), totaling 72
regions. More information about samples can be found in Tables 1-3.
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Table 1: Demographic data for samples used in Chapter 4.1 Analysis was done
with one-way ANOVA in GraphPad.

Sex (number,

. percent) Age (years) PMI (hrs)
Male Female Average SEM P™* VS | Ayerage SEM
control

11 11 [o) X X

Suicide|16| (o0 1 5 (31%)| 47 4 0.023 4% 0.4
11 )

Control|18 (61%) 7 (39%) 63 3 4 0.5
2 (0]

MDD | 6 (33%) 4 (67%) 77 8 <.001 7 0.7
2 (0]

AD |6 330, 4(67%) 81 6 <.001 5 0.3

Table 2: Demographic data for samples used in Chapter 4.1.7 Analysis was
done with one-way ANOVA in GraphPad.

Sex (humber, percent) | Age (years) PMI (hrs)
n
Male Female |Average SEM|Average SEM
SZ 1 0 (0%) 1 (100%) 79 0 6 0
SZ/AD (1| 1 (100%) 0 (0%) 74 0 6 0
Control (4| 3 (75%) 1 (25%) 55 3 6 0.9
AD 5 3 (60%) 2 (40%) 74 5 5 0.6
Table 3: List of brain regions used in Chapter 4.1
AD c
Patient Region Patient Region Patient | Regi | Patient | Reg Patient Region
Code 9 Code 9 Code on Code ion Code 9
IC IC c1 IC IC c11 IC
BA17 BA17 c2 IC LOG C12 IC
LOG LOG - IC BA4 TC
FC FC TC PiFC BA9
Al c7 BA
BA4 A4 TC IC 3, PiFC
1,2
BA g L PiFC LOG PC SFG
BA1 C13 BA36,
PC PC ca BA4 . 37
IC PiFC TC IC BA9
BA
A2 BA4 IC 3,1, cs LOG FC
A5, Al 2
BA 3, 1, BA1
> FC . BA4 SFG
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BA
BA17 IC FC 3, 5'23;6'
1,2
FC BA17 IC B/;l IC
PC TC FC PIFC LOG
LOG BA4 5’7*1 IC BAG6a
BA
BAGa BAGa | pirc 3, c14 PC
1,2
BA6a BA21 BA4 BA4 TC
A o
BA36, BA36, 2 BA1 biFC
37 37 b 7
BA36,
i PC IC FC IC
BA21 BA4 LOG PC LOG
A2 BA1
BA21 BA6a 7 IC ci5 FC
BA4 BA21 FC 52‘6 BA6a
BA4 BA36, BA4 BAG PC
37 a
c6 BA3
TC PC PC 6, c16 IC
37
BA BA3
TC BA g L 3,1, 6, c17 IC
5| c1o,ca | 37
BA2
IC A6 BA17 TC A c18 IC
LOG TC PiFC B’l*z
BA4 PiFC BA4
A3 PiiFC BA4
BA 3,1,
> PC
BA17 PC
PC
sz MDD s
Patient . Patient . Patient - Patient .
Code Region Code Region Code Region Code Region
BA9 BA4 IC 510 IC
BA36, BA3, 1, " i
37 o1 2
BA3, 1,
SFG BA17 ot > FC
BA6a TC TC LOG
R TC IC BA17 Sii PiFC
FC TC PiFC BA17
LOG D2 BA17 s2 IC BA3, 1,2
BA21 PC s3 IC BA4
BA4 BA g L sS4 IC S12 IC
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BA4 BA4 IC IC
BA17 LOG BA17 BA4
PC FC BA4 TC
BAQ IC S5 | BA 2 L FC
s13
BA6a TC PiFC PC
BA36, BA4 TC BA3, 1,2
37
SFG BA17 s6 IC LOG
TC FC FC BA17
D3
LOG PC s7 IC IC
FC BA g L IC TC
s8
BA4 PiFC FC S14 PiFC
BA21 BA6a IC LOG
PC TC oA L PC
BA g L IC BA4 S15 IC
BA17 o4 TC S9 PIFC S16 IC
PC PC TC
TC BA17 PC
FC IC BA17
BA4 LOG LOG
sz1 D5
BA 3, 1, PiFC
2
LOG BA17
IC
D6 LOG
PIFC

Samples were matched according to age and sex, if possible. All
data was anonymized and further encoded during all experiments; only
after quantification was data decoded.

Ethical approval for collecting brain samples was granted by the
Committee of Science and Research Ethics of the Ministry of Health of
Hungary (6008/8/2002/ETT) and the Semmelweis University Regional
Committee of Science & Research Ethics (31/1992/TUKEB). The
analysis of brain samples was approved by The Ethical Committee of
the University of Rijeka, Faculty of Biotechnology and Drug
Development (18.02.2022-Bradshaw).
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3.2 I/A protein fraction purification from brain

samples

The optimized version of method was used to isolate I/A protein
fraction, which includes aggregating proteins, as previously published
320464, The diagnostic status of samples was blinded.

Specifically, obtained brain tissue was homogenized to a 10%
(w/v) concentration in Buffer A (50mM HEPES pH 7.5 H3375, Sigma-
Aldrich; 250mM sucrose, S9378, Sigma-Aldrich; 5mM magnesium
chloride; 100mM potassium acetate; 2mM PMSF), with the addition of
1%Triton (X100, Sigma-Aldrich) and 1xProtease Inhibitor Cocktail
(11873580001, Sigma-Aldrich). A small fraction of the sample (100uL
was taken and labeled as “homogenates,” representing the whole
protein fraction of samples.

The 400pL of the sample was transferred to an ultracentrifugation
tube (S5007, Science Services or 343777, Beckman Coulter) and
centrifuged at 20000x g for 20 min at 4°C in Sorvall MTX
ultracentrifuge equipped with an S140-AT fixed-angle rotor or S80-AT2
(Thermo Fisher Scientific).

The supernatant was discarded, and the pellet was resuspended
in buffer B: 50mM HEPES pH 7.5, 250mM sucrose, 5mM magnesium
chloride, 100mM potassium acetate, 2mM PMSF, 1%Triton, followed by
a second centrifugation in the same conditions.

The pellet was resuspended in Buffer C: 50 mM HEPES pH 7,5,
1,6M sucrose, 5mM magnesium chloride, 100mM potassium acetate,
2mM PMSF, 1%Triton, followed by centrifugation at 130000x g for 45
min at 4°C.

The buffer D: 1.5mM HEPES pH7.5, 7.5mM sucrose, 0.15mM
magnesium chloride, 1.33mM potassium acetate, 0.06mM PMSF, 1M
sodium chloride, 100U/mL DNasel, was used for resuspension of the
pellet. The solution was transferred from the ultracentrifuge tube to
the microcentrifuge tube, laid on its side, and incubated for the night
in the fridge at 4 °C.

The following day, the solution was transferred to previously used
ultracentrifugation tubes and centrifuged at 130000x g for 45 min at
4°C. The pellet was washed in buffer E: 10mM HEPES pH 7.5, 5mM
EDTA, 0.5% sarkosyl, and centrifuged, again at 130000x g for 45 min
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at 4°C. The removal of the supernatant, washing of the pellet, and
centrifugation were repeated.

After the final centrifugation, the remaining pellet (*I/A protein
fraction”) was transferred to a microcentrifuge tube and resuspended
in 2xProtein loading buffer: 4% (w/v) sodium dodecyl sulfate (SDS,
74255, Sigma-Aldrich), 20% glycerol (15523, Merck), 120mM Tris-Cl
pH 6.8, 0.02% (w/v) bromophenol blue (114391, Sigma-Aldrich), and
1M DTT for subsequent Western blot analysis. This process is
summarized in Figure 5.

|
4 — \ Homogenisati Homogenate
— — —
| Buffer A ] \ —
Liquid nitrogen
( Centrifug
2x Protein =y
Buffer B Buffer C Buffer D Buffer E I id'fﬂ bDquffref
— —
contlig Contrituge Centrifug Centrifuge Denaturation

High salt High sugar Detergent Insoluble protein fraction

Figure 5: Purification of I/A protein fraction from brain tissue samples
protocol. The scheme was created with BioRender. DTT - dithiothreitol.

3.3 Bacterial transformation

Competent NEB5a E.coli bacterial cells (C2987I, New England
Biolabs) were transformed with plasmids containing the gene of
interest. For each transformation, 1uL of plasmid DNA was added to
the 50pL of freshly thawed NEB5a cells in a 1.5mL microcentrifuge tube
and incubated on ice for 30 min. This amounts of plasmid DNA and
bacteria have been empirically optimized for reliable transformation
efficiency in our lab.

A heat shock facilitated the transformation at 42°C for 30 sec,
followed by a 5 min recovery period on ice. The transformed cells were
then plated on Luria—Bertani (LB) agar: 10g/L tryptone (95039,
BioChemika), 5g/L yeast extract (92144, Sigma-Aldrich), 10g/L
sodium chloride (P148590, GramMol), supplemented with 100ug/mL
ampicillin (K029.4, Carl Roth).

Plates with bacterial cells were incubated overnight at 37°C in the
incubator (Gallenkamp). The following day, a single colony was
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selected and grown overnight in 3 mL LB media: 10 g/L tryptone, 5 g/L
yeast extract, 10g/L sodium chloride, 20g/L agar (92144, Sigma-
Aldrich) containing 100pg/mL ampicillin in an incubator with orbital
shaker SI600C Stuart, set at 37°C and 150 rpm.

Post-cultivation, the bacterial culture was centrifuged at 3700 rpm
for 10 min in the 5920 R centrifuge (5948, Eppendorf). The pellet was
processed for plasmid DNA extraction. This process is summarized in
Figure 6.
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Figure 6: Bacterial transformation protocol. The scheme was created with
BioRender. sec - seconds, min — minutes, LB media - Luria—Bertani media

3.4 Plasmid DNA extraction

Plasmid DNA extraction was done using the QIAprep Spin Miniprep
Kit (27106, Qiagen) in accordance with the manufacturer’'s
instructions.

Briefly, pelleted bacterial cells were resuspended in 250uL Buffer
P1 and transferred to a microcentrifuge tube, followed by the addition
of 250uL Buffer P2 and thorough mixing by inversion. After adding
350puL Buffer N3, the solution was inverted again and centrifuged at
13000 rpm for 10 min. The supernatant was applied to a QIAprep Spin
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Column and centrifuged, followed by washing with Buffer PE and a final
spin to remove residual wash buffer. Finally, DNA was eluted by adding
50uL Buffer EB: 10mM Tris-Cl, pH8.5 to the column and centrifuging
for 1 min.

The concentration of the extracted plasmid DNA was quantified
using a BioDropDuo spectrophotometer (BD1607, BioDrop, software
version 7144 V1.0.4), with absorbance measured at 230, 260, and
280nm. Elution buffer (Buffer EB) served as the blank, and plasmid
DNA concentrations were reported in pg/mL. This process is
summarized in Figure 7.

3.5 DNA agarose gel electrophoresis

Plasmid integrity was confirmed by size determination after
agarose gel electrophoresis. The buffer used for agarose gel
electrophoresis was 1xXTAE buffer: 40mM Tris-Cl pH6.8 (93362, Sigma-
Aldrich), 1mM ethylenediamine tetraacetic acid (EDTA, 20301.186,
Sigma-Aldrich) and 200mM acetic acid (607-002-006, Honeywell).

1% agarose gel was cast with electrophoresis apparatus (13-55-
1094, Edulab). Gel was prepared by stirring with heat and by dissolving
agarose (10-35-1010, Bio-Budget) in a 1xTAE buffer. After the
cooldown, myBudget DNA Stain Green (87-1000-G, Bio-Budget) was
added. Samples were diluted with 10x FastDigest Green Buffer (B72,
Thermo Scientific) and loaded on the gel, along with myBudget 1kb
DNA-Ladder (85-1000-250, Bio-Budget).

The gel electrophoresis was performed with PowerPac (1645070,
BioRad) at 120V for 20 min, while the DNA bands on the gel were
visualized with ChemiDoc MP Imaging System Universal Hood III (170-
8280, BioRad) on the software ImagelLab 5.2 with setting Nucleic Acid
Gels-SYBR Green. This process is summarized in Figure 7.
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Figure 7: Plasmid DNA extraction and agarose gel electrophoresis protocol.
The scheme was created with BioRender. V - volt, min - minutes

3.6 Mammalian cell culture maintenance

The HEK293 (human kidney, CRL-1573, American Type Culture
Collection) and the SH-SY5Y (human neuroblastoma, ACC 209
Deutsche Sammlung von Microorganism und Zellkulturen) cell lines
were both grown in cell culture flask T-25 (83.3910.002, Sarstedt) in
the incubator at 37°C and 5% CO2 (Z10.EC 160, NUVE).

For HEK293 cells, media D-MEM (41965039, Thermo Fisher
Scientific) was used, supplemented with 10%Fetal Bovine Serum
(F7524, Sigma-Aldrich) and 1xPenicillin-Streptomycin (P06-07100,
PAN Biotech).

For SH-SY5Y cells, media DMEM:F12 (31330038, Thermo Fisher
Scientific) was used with the addition of 1XMEM non-essential aa w/o
L-Glutamine (P08-32100PAN, Biotech), 10%Fetal Bovine Serum and
1xPenicillin-Streptomycin.

The cells were split when the confluency reached 90% or more
with Trypsin (P10-019500, PAN Biotech, 0.25%EDTA, 0.02%, in PBS
w/o: Ca?* and Mg?*). For experiments, the cells were grown in either
6-, 12- or 24-well plates (83.3920-2, Sarstedt).
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3.7 Mammalian cell transfection

For cell transfection with constructs, two types of solutions per
well were prepared: one containing 0.5ug per plasmid DNA and 100pL
of media (without serum or antibiotics), other containing 100uL media
with 2uL of transfection reagent. SH-SY5Y cells were transfected using
Metafectene Pro (T040-2.0, Biontex), while HEK293 cells were
transfected with Metafectene (T020-1.0, Biontex). The DNA and
transfection reagent solutions were incubated separately for 5 min,
then mixed and incubated for an additional 30 min at 37°C.

The mixtures were subsequently added to plates and incubated
for 6 hrs. After 6 hrs, the media were replaced with fresh media
containing serum and antibiotics. Additionally, some transfections of
HEK293 or SH-SYS5Y cells included treatment with the 1uM proteasome
inhibitor MG-132 (282T2154, TargetMol) for 30 min after the initial 6
hrs transfection period. After incubation, cells were either lysed or
fixed. For co-aggregation experiments, two different plasmids with two
different genes and different tags were included. Plasmids were also
tested against plasmids containing tags only as a control and all used
plasmids are listed in Table 4. This process is summarized in Figure

Ty [ ]
\ 7 ) / \ ¥
Plasmid i\ / \ / Transfection reagent ‘\ / Proteasome inhibitor
+ Y v + U/ (MG132) +
media wio antibiotics | | media w/o antibiotics media w/o antibiotics
and supl s and supl s l and suplements
Incubation Incubation Incubation ‘
— — —
E overnight E 8 hrs E 4hrs
Cells with media w/ Fresh media w/
o i antibiotics and
antibiotics and Optional step suplements

suplements

Figure 8: Mammalian cell transfection. w/o — without, w/ - with, hrs — hours, The
scheme was created with BioRender.
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Table 4: Plasmids used for cell transfection of mammalian cells

Vector Gene Source
pCI-HA none Gift by Fred Berry+
pCI-HA NPAS3 wt Gift by Fred Berry+z
pCI-HA NPAS3 mt (V304I) Gift by Fred Berry*»
pCI-HA NPAS3 (116-450 aa, PAS) Gift by Fred Berry*»
pCI-HA 2_‘:3?3 (116 - 933 aa, PAS- Gift by Fred Berry+z
pdcDNA-Flag NPAS3 (1-111 aa) Rijekaso
pdcDNA-Flag NPAS3 (1-156 aa) Rijeka>®
pdcDNA-Flag NPAS3 (1-208 aa) Rijeka>®
pdcDNA-Flag NPAS3 (1-354 aa) Rijeka>®
pdcDNA-Flag DISC1 full-length Rijeka%:
pdcDNA-Flag DISC1 (257- 655 aa) Rijekase?
;Dcise-l;;;:Mv_N_ (Gateway cassette) ?gggigi;clone
E‘\DCEhSe-I;;)(/:MV_N_ NPAS3 wt Rijekaso
pDEST-CMV-N-EGFP (Empty control) Rijeka%
pDEST-CMV-N-EGFP CRMP1 Sv Rijeka®
pDEST-CMV-N-EGFP CRMP1 Lv Rijeka®
pDEST-CMV-N-EGFP DISC1 Rijekaso
pDEST-CMV-N-EGFP NPAS3 Rijeka®
pDEST-CMV-N-EGFP TRIOBP-1 Rijeka®
pdcDNA-Flag CRMP1 Sv Rijeka%
pdcDNA-Flag CRMP1 Lv Rijekaso!
pdcDNA-Flag DISC1 Rijekaso!
pdcDNA-Flag NPAS3 Rijekas
pdcDNA-Flag TRIOBP-1 Rijekaso!
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3.8 Sodium arsenite cellular stress test

Cells were treated with sodium arsenite (5uM) after a minimum of
14 hrs since the end of the transfection. A sodium arsenite solution was
prepared in fresh media (containing serum and antibiotics). The cells
were treated for 30 min in the incubator at 37°C and 5% CO;, after
which the cells were fixed according to the protocol described in
Chapter 3.14.

3.9 I/A protein fraction purification from mammalian

cell lysates
The method for purification of I/A protein fraction from
mammalian cell lysates was previously published32°,

Lysis of transfected HEK293 cells was done in the lysis buffer:
50mM HEPES pH 7.5, 250mM sucrose, 5mM magnesium chloride,
100mM potassium acetate (P1147, Sigma-Aldrich), 2mM
Phenylmethylsulfonyl fluoride (PMSF, PMSF-RO, Roche), 1xProtease
Inhibitor Cocktail, 1%Triton, followed by 30 min incubation on a rotary
wheel at room temperature.

A portion of the lysate was preserved (later called “lysate”), while
the remaining lysate was used to purify the I/A protein fraction.
Samples were transferred to ultracentrifugation tubes (11x34mm,
S5007, Science Services) and centrifuged for 20 min at 20000xg and
4°C (S140-AT fixed-angle rotor in MTX 150 Micro-Ultracentrifuge,
Sorvall). The supernatant was discarded, and the previous step was
repeated with the pellet.

After the second centrifugation, the pellet was resuspended in new
buffer A1 (50 HEPES, pH 7.5, 1.6M sucrose, 100mM potassium acetate,
1%Triton, 1mM PMSF) and centrifuged for 45 min at 130000xg and
4°C. The supernatant was discarded, and the previous step was
repeated with the pellet.

After the second centrifugation, the pellet was transferred to a
sterile microcentrifuge tube, where it was resuspended in buffer Bl
(50mM HEPES, pH7.5, 1M sodium chloride, 20mM magnesium
chloride; 30mM calcium chloride (C1016, Sigma-Aldrich), 2U/mL
DNasel, 1xProtease Inhibitor Cocktail and incubated over the night at
4°C,
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The following day, samples were returned to their original
ultracentrifuge tubes and centrifuged for 45 min at 130000xg and 4°C.
The supernatant was removed, and the pellet was resuspended in
buffer B1, previously described, but this time without DNasel, once
again followed by centrifugation for 45 min at 130000xg and 4°C.

The pellet was then dissolved in a buffer C1 (50mM HEPES, pH7.5,
0.5% sarkosyl) using an insulin syringe and needle 0.4mm, followed
by 1h incubation on ice and on the shaking tray. After incubation,
samples were centrifuged for 45 min at 112000x g and 4°C. Once
again, the previous step was repeated but this time without incubation
on ice.

Finally, the pellet (*I/A protein fraction”) was resuspended in
2xProtein Loading Buffer. Also, the 1M dithiothreitol, DTT (D0632,
Sigma-Aldrich), was added to each sample, followed by denaturation
at 95°C for 5min. This process is summarized in Figure 9.
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Figure 9: Purification of I/A protein fraction from cells protocol. The scheme
was created with BioRender. h — hour, w/o — without, DTT - dithiothreitol.

3.10 Cell lysis

The day following transfection, HEK293 cells were washed twice
with 1xPhosphate-Buffered Saline, PBS: 137mM sodium chloride,
2.7mM potassium chloride (P9333, Sigma-Aldrich), 10mM disodium
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hydrogen phosphate (7164, Sigma-Aldrich), 1.8mM potassium
dihydrogen phosphate (26936.293, VWR Chemicals).

Subsequently, 100 pL of Cell Lysis Buffer: 1xPBS, 1%Triton,
20mM magnesium chloride (P139120, Grammol), 2U/mL DNasel
(M0303L, New England Biolabs), 1xcOmplete (TM), EDTA-free,
1xProtease Inhibitor Cocktail, was added per well and incubated for 5
min.

The lysed cell suspensions were then scraped from the plates,
transferred to 1.5 mL microcentrifuge tubes, and incubated on ice for
30 min with gentle rotation. The samples were prepared for SDS-PAGE
analysis as previously described. This process is summarized in Figure
10.

Cell lysis SDS-PAGE
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Substrate  Signal
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()—Enzyme -
/—Ge\
= —Membrane , \Secondary -
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'—FI"EI paper antibody -
-
Antigen—@  °

Figure 10: Cell lysis, SDS-PAGE and Western blot protocol. The scheme was
created with BioRender. M — mol/L, DTT - dithiothreitol

3.11 Sodium Dodecyl Sulfate Polyacrylamide Gel

Electrophoresis
Bis-acrylamide gels were cast using Mini-PROTEAN® Tetra Cell Casting
Stand with Clamp Kit (1658051, BioRad). The percentage of acrylamide
in resolving gel depended on the protein size, usually 8-12%. Besides
the acrylamide mix (30% w/v acrylamide A8887, Sigma-Aldrich and
1% w/v N, N-Metylenbisacrylamide, 43701.14, Alfa Aesar), resolving
gel contained: Tris-Cl 1.5 M pH 8.8, 1% SDS, 1% ammonium
persulfate (APS, A3678, Sigma-Aldrich) and N,N,N’,N’-
Tetramethylethylenediamine (TEMED, T7024, Sigma-Aldrich). 2,2,2
trichloroethanol (TCE, T54801, Sigma-Aldrich) was added to the
resolving gel when total protein was analyzed in the samples. Resolving
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gel was followed by the stacking gel (5% acrylamide, Tris-Cl 1.0M, pH
6.8, 1% SDS, 1% APS and TEMED). The samples were loaded onto the
acrylamide gels and a my-Budget Prestained Protein Ladder (10 kDa -
180 kDa, 86-1000, Bio-Budget). Sodium Dodecyl Sulfate
Polyacrylamide Gel Electrophoresis (SDS-PAGE) was run in Mini-
PROTEAN Tetra cell with PowerPac (1645070, BioRad) at 140V for 1.5
hrs using 1xTris-glycine buffer: 25mM Tris-Cl, 250mM glycine (33226,
Sigma-Aldrich), 0.1% SDS. This procedure facilitated the separation of
protein samples based on their molecular weight. After electrophoresis,
the gels were washed once with distilled water. If gels were prepared
with the addition of 2,2,2-Trichloroethanol (TCE, T54801, Sigma-
Aldrich), the proteins were visualized on ChemiDoc MP Imaging System
(170-8280, Bio-Rad), using StainFree Blot option in software ImagelLab
5.2. This process is summarized in Figure 10.

3.12 Western blot

Following SDS-PAGE, the gels were transferred to a Parablot PVDF
membrane (0.2um pore, 741260, Macherey-Nagel) using a Transblot
Turbo Transfer system (1704151, Bio-Rad) with the default Bio-Rad
settings for 30 min. The membrane was then stained with 0.5%
Ponceau S (5938.2, Roth)/2% acetic acid to verify sample transfer.

To block non-specific binding, the membrane was incubated with
5% non-fat dried milk powder (A0830, PanReac AppliChem) in 1xPBS-
T: 1xPBS with 0.05% Tween (P1379, Sigma-Aldrich) for a minimum of
1 h on a shaker at room temperature, or overnight at 4°C in most
cases. Exceptionally, membranes used in 4.1.2 Figure 19 and Figure
23, were blocked with Aqua Block (ab166952, Abcam). Subsequently,
the membrane was incubated overnight at 4°C with the primary
antibody (as detailed in Table 5) diluted in 1xPBS-T. The next day
after washing in the 1xPBS-T buffer, the membrane was incubated with
secondary antibodies (listed in Table 5) for 1 hour at room
temperature with shaking. After each incubation step, the membrane
was washed three times with PBS-T over a 20 min period.

Protein bands were visualized using Pierce ECL Western Blotting
Substrate (32209, Thermo Fisher Scientific) or ECL Prime Western
Blotting Detection Reagent (RPN2236, Cytiva) on a ChemiDoc MP
Imaging System (170-8280, Bio-Rad), with the Chemi High Sensitivity
setting in software ImagelLab 5.2. This process is summarized in
Figure 10.
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Table 5: List of antibodies used for Western blot

Name with catalogue

number Antigen Type Supplier Concentration | Dilution
FLAG® peptide sequence at the N- Monoclonal Siama-
Anti-Flag M2 (F1804) terminus, Met-N-terminus, C-terminus, or | mouse primary Algrich 1 mg/mL 1:2000
internal sites of a fusion protein antibody
i . synthetic peptide corresponding to aa Monoclonal . )
Anti-HA Antibody Clone | i 1es YPYDVPDYA (98-106) of the mouse primary | >/9M2 1 mg/mL 1:1000
HA-7 . . . . Aldrich
human influenza virus hemagglutinin (HA) | antibody
Anti-NPAS3 antibody Monoclonal
N-terminus of NPAS3 rabbit primary PromoKine | 1 mg/mL 1:1000
(PK-AB718-4107) antibody
Anti-NPAS3 Polyclonal
N-terminus of NPAS3 rabbit primary ProSci 1 mg/mL 1:1000
antibody (4107) antibody
. . . . . . Polyclonal
Anti-TRIOBP Antibody Recombinant Protein Epitope Signature . . Atlas
2 L 1:1
(HPA019769) Tag (PrEST)for TRIOBP rabbit primary | ) \tibodies | 02 M9/M 000
antibody
. . . . Polyclonal
Anti-DISC1 Polyclonal synthetic peptide derived from the C- . . .
2 L 1:1
Antibody (40-6800) terminal region of the mouse DISC1 ;e:]l:;::)bn(:)g;lmary Invitrogen 0.25 mg/m 000
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Polyclonal

CRMP1 Antibody (3625) aa 290 - 340 of CRMP1 rabbit primary ProSci 1 mg/mL :1000
antibody
Monoclonal
Anti-B actin, clone OTI1 synthetic peptide corresponding to the N . . .
(TA811000) terminal of human beta-actin m0t.,|se primary | OriGene 1 mg/mL 11000
antibody
Monoclonal
Anti-Actin Antibody, . . . . . .
clone C4 (MAB1501) chicken gizzard muscles actin momI,lse primary | Sigma 2 mg/mL :10000
antibody
Monoclonal
Anti-B-Actin—Peroxidase | epjtope located on the mouse primary Sigma-
antibody, clone AC-15 antibody ldrich 2 mg/mL :10000
(A3854) N-terminal end of the B-isoform of actin Peroxidase Aldric
Conjugated
Peroxidase Conjugated Polyclonal 12000
- e Thermo '
Affinity Purified Goat Mouse IgG goat secondary | Fisher 1 mg/mL
: antibod 11000
anti-Mouse IgG (31430) Y
Peroxidase Conjugated
- - Polyclonal goat :2000
Affinity Purified Goat Rabbit IgG secondary Invitrogen 1 mg/mL
anti-Rabbit IgG (65- antibody :10000

6120)
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3.13 Gels and Western blot quantitative analysis

The Band Analysis tools of ImagelLab software (5.2, Bio-Rad) were
used to select and determine the volume of the bands in all the gels
and blots. Background signal was subtracted by default settings
(referred to in the software as “Adjusted Volumes”). The signal from
the protein of interest was normalized either to actin level or total
protein level (after stain-free imaging using TCE). If possible,
membranes were normalized among themselves based on a common
sample.

3.14 Immunocytochemistry and microscopy

Transfected SH-SY5Y cells growing on glass coverslips were gently
washed with 0.5mL 1xPBS, fixed with 4%formaldehyde solution,
buffered pH 6.9 (1.00496.0700, Merck) for 15 min, and permeabilized
with 1%Triton in 1xPBS for 10 min at room temperature. Coverslips
were then washed three times with 1xPBS and blocked with 10% goat
serum (G9023, Sigma-Aldrich) in 1xPBS for a minimum of 30 min,
usually for 45 min, at room temperature with shaking. The blocking
medium was removed, and the fixed cells were stained with primary
antibody (listed in Table 6) diluted 1000-fold in 10% goat
serum/1xPBS for a minimum of 3 hrs at room temperature with
shaking. Cells were washed three times with 1xPBS over a period of
15min and incubated with the secondary antibody (also listed in Table
6) and nuclear stain in 10% goat serum/1xPBS for 1h in the dark at
room temperature with shaking. For single plasmid transfections, F-
actin binding probe (Acti-stain™ 488 Fluorescent Phalloidin, PHDG1-A,
Cytoskeleton) was also used. The cells were washed three times with
PBS and once distilled water and attached to slides with commercial
mounting medium Fluoroshield (F6182, Sigma-Aldrich).

The coverslips were observed on an Olympus IX83 fluorescent
microscope with 20x and 60x objective. Images were taken using an
Orca R2 CCD camera (Hamamatsu Photonics, C10600-10B) and
CellSens software (Olympus, 1.18), while further analysis was done on
Imagel 1.52p (National Institute of Health) or Fiji 2.15.1 (National
Institute of Health). This process is summarized in Figure 11.
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Figure 11: Immunocytochemistry protocol. The scheme was created with
BioRender.

3.15 Quantitative blinded immunocytochemistry

assay

During quantitative blinded immunocytochemistry assays,
samples used for transfection of cells were coded and randomized,
ensuring that I remained blinded to the specific plasmid present in each
tube. The samples stayed blinded during the immunocytochemistry
and image acquisition until quantitative analysis was done. Images of
the first 10 (or as many as could be found if 10 were not available)
transfected cells per coverslip were taken and analyzed. For the
purposes of quantification, an “aggregate” was defined as any compact
area of intense signal larger than 1 pm in diameter. All obtained
quantitative data was statistically analyzed after decoding, either by
JASP (0.19.0, JASP Team) or Prism (10.2.3, GraphPad), for
comparisons between two or more groups with a single variable, a one-
way ANOVA with Brown-Forsythe correction for homogeneity was
applied, with statistical significance defined as p<0.05. When three or
more groups were compared, Tukey’s post hoc test was used, with
statistical significance set at p<0.05. In the analysis of quantitative
blinded immunocytochemistry assays, a nominal value of 0.1% was
assigned to a sample if all sample replicates were zero. Comparisons
between two groups involving two variables were conducted using
multivariate or two-way ANOVA, with statistical significance criteria of
p<0.05.
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Table 6: List of antibodies, probes, and dyes used for immunocytochemistry

(DAPI, D9542)

Name
(catalogue Type Antigen or specificity Host Supplier Concentration | Dilution
number)
Anti-Flag M2 Monoclonal FLAG® peptide sequence at the N-
(F1804)g _ _ terminus, Met-N-terminus, C-terminus, | Mouse Sigma-Aldrich | 1 mg/mL 1:1000
primary antibody or internal sites of a fusion protein
Alexa Fluor Plus Polyclonal secondary .
M I Th Fish 2 L 1:500
555 (A32727) antibody ouse IgG Goat ermo Fisher mg/m
Alexa Fluor Plus Polyclonal secondary .
M I Th Fish 2 L 1:500
594 (A32742) antibody ouse IgG Goat ermo Fisher mg/m
Acti-stain™ 488
Fluore_sc_jent Fluorescent marker actin filaments N/A Cytoskeleton 2 mg/mL 1:500
Phalloidin
(PHDG1-A)
4',6-Diamidino-2-
phenylindole Fluorescent marker double-stranded DNA N/A Sigma-Aldrich | 1 mg/mL 1:500
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3.16 Fly lines and maintenance

A plasmid containing the human full-length DISC1 (hfIDISC1)
gene sequence was sourced from the DNASU Plasmid Repository (clone
HsCD00516321, Arizona State University).

In order to transfer this reading frame into the pPRW vector
(RRID, Indiana University, funded by NIH Grant 2P400D010949), LR
clonase II was used (11791020, Thermo Fisher Scientific). During P-
element transgenesis, the pPRW-hfIDISC1 vector, along with a P-
element helper plasmid, was injected into white (w?118) embryos
(injection service provided by the Department of Genetics, University
of Cambridge). The resulting transformants were balanced using SMé6a
(for the 2" chromosome) in flies w[1118][iso]/y[+]Y; Sco/SMé6a;
3[iso], and TM6C (for the 3 chromosome) in flies w[1118][iso]/y[+]Y;
2[iso]; TM2/TM6C, Sb. Hemizygous flies carrying a transgenic
construct with UAS promoter fused to the hfIDISC1 gene, balanced on
either the 2" chromosome (UAS-hfIDISC1-2") or the 39 chromosome
(UAS-hfIDISC1-3") were generated. The graphical summary is shown
in Figure 12. As a control, the w118 |ine from the Bloomington Stock
Center (5905) was used.

P-element

W+

hfIDISC1
P-element

Transformation plasmid

R >

Transposase Fly with gene hfiDISC1
gene gl insertion

w'’’¢ embryo

UAS-hfIDISC1-2"
or

UAS-hfIDISC1-3

Helper plasmid

Figure 12: Creation of hemizygous flies carrying a transgenic construct with
UAS promoter fused to the AhfIDISC1 gene. P-element transgenesis was
performed by injecting a pPRW vector and P-element helper plasmid in w118
embryos, which were later crossed with flies carrying balancer chromosome for:
SM6a (2" chromosome) or TM6C (3™ chromosome. Finally, the generated flies were
hemizygous for the hfIDISC1 gene, balanced on the 2" or 3™ chromosome (UAS-
hfIDISC1-2™ or UAS-hfIDISC1-3). The scheme was adapted from the original
created by dr. sc. Lara Safti¢ Martinovi¢ and created in BioRender.
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Flies were raised on a standard cornmeal-based medium: sugar,
agar, corn flour, and yeast dissolved in water, with added 4-
hydroxybenzoic acid methyl ester (nipagin, 3646.4, Carl Roth,
dissolved in ethanol) and propionic acid (87062.290, GPR RECTAPUR)
to prevent fungal growth. The environmental conditions were
maintained at 25 °C, with 70% humidity, and a 12 h light/dark cycle
(lights on at 08:00, lights off at 20:00).

The next chapters will describe biochemical and behavioral
analyses done for fly lines, with graphical overview shown in Figure
13.

|. Biochemical analysis

O\,./ .
T ‘ |
Expression analysis : ; "

w0
Monoamine analysis ~ (_ K #
L

test fly line

H,0, and GSH/GSSG
Measurement

Data analysis

Social Interaction Network analysis

Figure 13: Workflow of analyses done for hfIDISC1 transgenic Drosophila
model. Adapted from the original figure created by dr. sc. Lara Saftic¢
Martinovic in BioRender.

3.17 Biochemical analysis
3.17.1 Gene expression analysis in selected fly lines

Fly homogenates were prepared from 5 headless fly bodies or 20
fly heads per genotype. Samples were lysed on ice for 10min using
RIPA buffer: 50mM Tris-HCI, 150mM sodium chloride, 0.1%NP-40,
0.5%sodium deoxycholate, 0.1% SDS, pH 8, supplemented with
1xProtease Inhibitor Cocktail. After centrifugation at 10000 rpm for 45
min at 4 °C in FA-24x2 rotor for 5425R centrifuge (Eppendorf), the
protein was precipitated by adding cold acetone, followed by overnight
incubation at 4 °C. Protein concentrations were determined using a
BioDrop Touch Duo (BD1607).
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Precipitated proteins were resuspended and denatured in
2XProtein Loading Buffer and 1M DTT at 95 °C for 4 minutes. Protein
samples were analyzed using Western blot, as previously described.
Used primary and secondary antibodies are listed in Table 2.
Visualization was achieved using ECL (Thermo Fisher Scientific) and
the ChemiDoc MP Imaging System with ImagelLab 5.2 software (Bio-
Rad).

3.17.2 Monoamine analysis with Liquid chromatography-
tandem mass spectrometry

Fly homogenates prepared from 15 heads per sample were
homogenized in 0.1M perchloric acid. Samples were analyzed by Liquid
Chromatography-Tandem Mass Spectrometry (LC-MS/MS) composed
from an Agilent 1260 HPLC system integrated with an Agilent 6460
triple quadrupole mass spectrometer (QQQ) equipped with an AJS ESI
source.

The chromatography was carried out using a Purospher STAR RP-
18 Hibar HR column (50 mm x 2.1 mm, 1.7 ym, Merck) for separation.
The mobile phase consisted of (A) 1% formic acid in Milli-Q water and
(B) acetonitrile, with gradient elution set as follows: 1% to 10% B from
0 to 0.9 min, 10% to 20% B from 0.9 to 3 min, 20% to 25% B from 3
to 4.5 min, 25% to 30% B from 4.5 to 6 min, 30% to 99% B from 6 to
6.1 min, 99% to 1% B from 6.1 to 6.2 min, and maintained at 1% B
from 6.2 to 10 min. The flow rate was set to 0.33 mL/min, and the
column temperature was held at 25°C. Samples were injected in
triplicate, with an injection volume of 2.5uL per sample.

The MS/MS analysis was performed using the AJS-ESI-QQQ
source with the following settings: a capillary voltage of 3.5 kV for both
positive and negative ion modes, nozzle voltage of 0.5 kV, ion source
temperature at 300°C, 5 L/min gas flow, 45 psi nebulizer pressure,
250°C drying gas temperature, and 11 L/min sheath gas flow. Nitrogen
served as the collision gas.

Dopamine (DA), octopamine (OA), and tyramine (TA) were
analyzed quantitatively. Glutamine (GLU), acetyl-chole (ACh), and y-
aminobutyric acid (GABA) were analyzed semi-quantitatively by using
extracted ion chromatograms of deprotonated ions and processing data
with MassHunter Qualitative Analysis software version B.07.00 (Agilent
Technologies). The method is previously described %4,
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3.17.3 Hydrogen peroxide concentration measurement

Hydrogen peroxide concentrations were determined in
homogenates of 5 headless bodies and 32 fly heads using 1xPBS with
0.1% Triton. After mechanical homogenization, samples were
centrifuged for 45 min at 13.600 rpm and 4 °C in an FA-24x2 rotor for
5425R centrifuge, and the supernatant was used for further analysis.
Samples were incubated for 30 minutes at 37 °C in the dark using a
fluorescent probe dihydroethidium (DHE, 3791, Sigma-Aldrich).

The amount of hydrogen peroxide is measured as a percentage
of the formation of the fluorescently active dye ethidium (E*) or 2-
hydroxyetidium (2-E*tOH), the reaction shown in Figure 13a.
Fluorescence was measured on a microplate reader (Infinite M200PRO,
30050303, Tecan, with Tecan i-control software, 3.7.3.0), with
excitation and emission wavelengths set to 480 nm for E* and 625 nm
for 2-E*OH. To account for the environmental oxidation of DHE, the
relative fluorescence units (RFU) of each measured sample were
adjusted for dilution, and the RFU of DHE was subtracted from the
sample's RFU.

Hydrogen peroxide concentration was determined using a
calibration curve for known H>0> concentration relative to measured
DHE fluorescence. This experiment was done following previously
described methods 5.

0,
(@———— 2.E*OH

DHE ——> DHE"*

. > E*
0,* or other

1-e oxidant
. E*-E*
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Figure 14: Protocol for measuring H20: levels in Drosophila. The
transformation of inactive DHE into fluorescent products®®¢ (a) and protocol scheme
created with BioRender (b).

3.18 Glutathione concentration measurement

For measuring glutathione levels, samples of 5 headless bodies
and 32 heads were homogenized in PBS with 5% trichloroacetic acid
(TCA, 20742.236, AnalaR NORMAPUR), followed by centrifugation for
45 min at 13600 rpm and 4 °C in FA-24x2 rotor for 5425R centrifuge.
For the following steps, supernatant was used. Ellman’s method was
employed to measure reduced (GSH), oxidized (GSSG), and total
glutathione levelss%7,

To measure free GSH, R1 solution (10mM EDTA in 500mM Tris
buffer pH 8.2) and R2 solution (10.0mM 5,5’-dithiobis(2-nitrobenzoic
acid), DTNB, A14331.06, Alfa Aesar, dissolved in methanol) were
added to the samples, and absorbance at 415 nm was measured using
a microplate reader (Infinite M200PRO).

For GSSG determination, samples were reduced to GSH using
sodium borohydride (NaBH4, 35788, Thermo Scientific) and sodium
hydroxide (NaOH, P147010, GramMol), followed by neutralization with
concentrated hydrochloric acid (HCIl, P133901, GramMol). Total GSH
was measured after the reduction process, and GSSG was calculated
by subtracting free GSH from total GSH and dividing by two. GSH
concentration in samples was determined using a calibration curve for
known GSH concentrations. This process is summarized in Figure 14.
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Figure 15: GSH reduction mechanism and protocol scheme. Glutathione
reductase (GR) reduces GSSG in GSH and vice versa for glutathione peroxidase (GPx)
(a). A scheme for the protocol of measuring GSH levels in fly lysates was created
with BioRender (b).

3.19 Behavioral analysis
3.19.1 Social interaction network analysis

Male flies 3-5 days old were selected using CO> the day before video
recording and grouped into sets of 12. The recording was performed in
a circular arena while files were transferred from cultivation vials using
an aspirator. The bottom of the arena used for recording was made of
white translucent Plexiglas (61 mm diameter and 3 mm height), while
the top of the arena was clear Plexiglas, coated with Sigmacote
(SLCM2185, Sigma-Aldrich), restraining fly movement to 2D.

Simultaneously, four arenas were recorded in light conditions (on a
luminous LED surface) with an ACA3800-10GM Basler industrial
camera with 3856 x 2764 pixels video resolution, complemented by
Basler software. Following a 10-minute acclimation period after
aspiration, video recordings were made for 25 min. All recordings were
performed between 10.00-12.00 in the morning when flies are
naturally active. For each recording, the arena was cleaned with
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ethanol and wiped, to avoid interference of olfactory clues from the
previous fly group.

The described method for video recording was previously
established**¢. FlyTracker software®®¢, running on MATLAB, was utilized
to identify each fly, determine its spatial position (x and y coordinates),
and establish orientation. Each video was checked for errors like
identity swaps. Social interaction networks (SINs) were defined based
on the following parameters for interaction: distance between two flies
in interaction is within a 2.5-body length (approx. 5 mm), interacting
flies facing each other at an angle of less than 160 degrees, and
duration of interaction had a minimum of 0.6 sec, as per standardized
protocols+97.509,

Figure 16: Video recording station for SIN experiment. Criteria for interaction
between flies are marked on the scheme. The scheme was created with BioRender.
mm - millimeters, s — seconds, ° - degree.

Analysis of SIN parameters (trajectory data) was performed
using a Python script, as detailed previously 5. The resulting SINs
were represented as directed graphs with two types of data: nodes
(individual flies) and edges (links between two nodes, e.g., interactions
between flies). Directionality in these graphs indicated which fly
initiated the interaction. Network analysis included two types of
weights: interaction count and duration per fly.
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Figure 17: Screenshot from FlyTracker software (a) and scheme of SINs (b).

SIN parameters were examined at both the global network level
and the local level (focusing on the behavior of individual flies). Global
metrics were efficiency (a measure of fly group connectivity based on
distance) and clustering coefficient (a measure of how closely
connected flies are within a local network and the likelihood that their
neighboring flies will also form connections with one another).

The local metrics were betweenness (a measure of the
importance of each fly for maintaining group cohesion) and closeness
(a measure of the shortest paths between each fly, on average)
centrality. The mentioned SIN parameters were previously
established*+.
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Figure 18: Global and local metrics from SINs. The scheme was created with
BioRender.

All SIN data were normalized using z-scores derived from
comparing observed and randomly generated networks. Random
networks (n=10000) were generated by sampling 12 random flies from
the same experimental group and analyzing them as a single group.

3.19.2 Statistical analysis

Data analysis was performed using Prism (10.2.3, GraphPad).
Normality was assessed using Bartlett’s test or Brown-Forsythe’s test.
Group comparisons were conducted using either one-way ANOVA or
Kruskal-Wallis ANOVA, followed by Tukey’s post-hoc test as
appropriate. A p-value <0.05 was considered statistically significant.
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4 Results

4.1 Analysis of human post-mortem samples

Protein aggregation was investigated in post-mortem brain
samples across different patient groups. The initial study was done in
one brain region, the IC, across many suicide victims compared to
control individuals or patients with diagnosed MDD or AD. Additionally,
for some patients, additional brain regions were investigated. Finally,
the protein DISC1 was investigated in more detail in multiple brain
regions collected from patients with SZ diagnosis, compared to control
individuals or patients with AD diagnosis.

4.1.1 Antibody validation

All antibodies used to test samples were validated previously;
however, some of them were further checked by Western blot. Anti-
TRIOBP antibody and anti-NPAS3 antibody (PromoKine) were validated
simultaneously by Beti Zaharijas.

Anti-NPAS3 antibody used in this thesis (PromoKine) was
validated against another anti-NPAS3 antibody (ProSci). Additionally,
an anti-NPAS3 antibody (PromoKine) was tested on Flag-tagged N-
terminal fragments of NPAS3 expressed in HEK293 cells, along with
anti-Flag M2 antibody®%. Anti-DISC1 antibody was tested in lysates
from HEK293 cells expressing human DISC1: full-length and aa 257-
655 of human DISC1 (D and I domain only). The samples were also
stained with anti-Flag antibody. All of these antibodies were detected
by peroxidase-conjugated affinity purified goat anti-rabbit IgG
antibody. As loading control, all mentioned samples were stained with
anti-p actin (OriGene or Merck), detected by peroxidase-conjugated
goat anti-mouse IgG antibody.
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Figure 19: DISC1 and NPAS3 antibodies were validated by Western blot in
cell lines. In all images, vertically arranged blots show re-staining of the same
membrane, while horizontally arranged blots represent identical samples that were
run and stained simultaneously. Two variants of the anti-NPAS3 antibody (PromoKine
and ProSci) were tested for validation against endogenous NPAS3 in lysates from
three cell lines: HEK293, SH-SY5Y, and HelLa. Smaller bands are marked with asterix
(*). (A). NPAS3 (PromoKine) was also tested against four N-terminal NPAS3
fragments expressed in HEK293 cells (B). DISC1 antibody and anti-Flag were tested
against lysates from HEK293 cells expressing human DISC1: full-length and 257-655
aa, expressed in HEK293 cells (C). Loading control was confirmed by anti-B actin in

all three cases.

Both anti-NPAS3 antibodies (PromoKine and ProSci) recognized
similar bands of endogenous NPAS3 in the following cell line lysates:
HEK293, SH-SY5Y, and HelLa (Figure 18 A). Smaller bands were
detected at 70 and 63 kDa, marked with * on the figure. This does not
match the predicted molecular weight of full-length NPAS3 (~100.8
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kDa), but may represent an alternatively spliced isoform, a truncated
NPAS34%7, or a degradation fragment.

While the anti-Flag antibody recognized all four NPAS3 fragments,
anti-NPAS3 antibodies showed intense bands in lysates expressing
NPAS3 fragments 1-208 and 1-354 aa, but none for fragments 1-111
and 1-156 aa (Figure 18 B). This suggests that the epitope for the
antibody is located within aa 156-208, which is consistent with the
supplier’s statement that the epitope is near the N-terminus.

The anti-DISC1 antibody recognized only full-length human
DISC1, and the anti-Flag recognized both versions, locating epitope
near the C-terminus, which is in line with data about synthetic peptides
used in creating this antibody (Figure 18 C).

Other antibodies used in this thesis were previously confirmed by
other research groups, as mentioned in data.

4.1.2 Investigation of key proteins in post-mortem human
brain samples, with a focus on suicide victims

Four proteins implicated as aggregating in CMIs, NPAS3, DISC1,
CRMP1, and TRIOBP-1, were detected in the IC of suicide victims,
control individuals, and patients with MDD or AD. The IC is a key brain
region for processing information*’. Analysis was done on brain
samples collected from suicide victims, patients with MDD or AD who
did not die by suicide but by different causes, and control individuals
which died by other cause of death than suicide and did not have a
diagnosis of AD or MDD. The sex and intervals between death and
sample collections did not significantly differ between the diagnostic
categories. At the same time, the suicide victims were younger than
other individuals at the time of death.

Firstly, the presence of NPAS3, a brain-specific transcription
factor involved in neurodevelopment, neuronal function, and synaptic
plasticity, was investigated across all samples.
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Figure 20: Low levels of NPAS3 are present in “homogenate” (total protein)
brain samples across all diagnoses and in control individuals. The samples
were collected from suicide victims (S), control individuals (C), and patients with
either AD (A) or MDD (D) diagnosis. Analysis of samples included Western blot with
either anti-NPAS3 or anti-B actin antibodies and appropriate secondary antibody for
visualization (A-E). Samples were anonymized and randomly loaded on acrylamide
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gels. Visualization was performed with an ECL kit and on a ChemiDoc MP Imaging
System.

No clear, specific band corresponding to NPAS3 was detected in
IC samples from suicide victims, control individuals, or patients with
MDD or AD (Figure 20 A-E). Additionally, the signal was only visible
using high exposures, and did not match the expected molecular
weight of NPAS3, suggesting it may represent non-specific binding
rather than true NPAS3 detection.

Secondly, the presence of DISC1, a multifunctional scaffold
protein strongly linked to psychiatric disorders, was investigated.
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Figure 21: Levels of DISC1 in total protein samples vary between individuals.
The samples were collected from suicide victims (S), control individuals (C), and
patients with either AD (A) or MDD (D) diagnosis. Analysis of samples included
Western blot with either anti-DISC1 or anti-B actin antibodies and appropriate
secondary antibody for visualization (A-E). Samples were anonymized and randomly
loaded on acrylamide gels. Visualization was performed with an ECL kit and on a
ChemiDoc MP Imaging System. F Intensity of DISC1-specific bands was quantified
with Image Lab software (Bio-Rad) and normalized to B-actin bands. Additionally,
the value of DISC1/B-actin for each sample was normalized to an average value of
diagnosis group or control. Data on the graphs is presented as AVE +/- SEM and
statistically analyzed with one-way ANOVA with Tukey's multiple comparisons test.
All sample groups were compared, but only the pairs with significant differences are
shown on the graph.
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DISC1 was detectable across all samples, with no obvious
correlation to diagnosis status after normalization to actin level in each
sample (Figure 21 A-E). Since DISC1 has many functions in neuronal
cells, it is likely to persist even in pathological states. However, no
statistical difference between diagnosis was detected upon
quantification (Figure 21 F).

The next protein investigated was CRMP1l, a cytosolic
phosphoprotein that regulates neuronal differentiation and cytoskeletal
dynamics. CRMP1 exists in humans in the form of two variants: long
variant, marked as CRMP1 Lv and short variant, marked as CRMP1 Sv.
CRMP1 Lv has been described as aggregating in cell systems322, while
the CRMP1 Sv is more expressed than CRMP1 Lv in the human brain332,
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Figure 22: Both variants of CRMP1 were present in high abundance across
all samples. The samples were collected from suicide victims (S), control individuals
(C), and patients with either AD (A) or MDD (D) diagnosis. Long variant CRMP1
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(CRMP1 Lv, marked dark green) can be observed as a higher band, closer to 75 kDa,
while the short variant (CRMP1 Sv, marked as light green) is seen below, closer to
63 kDa (C). Analysis of samples included Western blot with either anti-CRMP1 or anti-
B actin antibodies and appropriate secondary antibody for visualization (A-E).
Samples were anonymized and randomly loaded on acrylamide gels. Visualization
was performed with an ECL kit and on a ChemiDoc MP Imaging System. F Intensity
of CRMP1-specific bands was quantified with Image Lab software (Bio-Rad) and
normalized to B-actin bands. Additionally, the value of CRMP1/B-actin for each
sample was normalized to an average value of diagnosis group or control. Data on
the graphs is presented as AVE +/- SEM and statistically analyzed with one-way
ANOVA with Tukey's multiple comparisons test. All sample groups were compared,
but only the pairs with significant differences are shown on the graph.

CRMP1 was detected in whole protein samples as a double band
between 75 and 63 kDa, indicating the presence of both CRMP1 Sv and
CRMP1 Lv (Figure 22 A-E). The bands were prominent in control and
suicide samples, with variability between individuals, but no statistical
difference between diagnosis was detected upon quantification (Figure
22 F).

Last analyzed protein was TRIOBP-1, which supports actin
stabilization, neurite outgrowth, and cell adhesion, and has additional
roles in centrosome function and mitosis.
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Figure 23: TRIOBP-1 is present across all samples, with no correlation to
diagnosis status. The samples were collected from suicide victims (S), control
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individuals (C), and patients with either AD (A) or MDD (D) diagnosis. Analysis of
samples included Western blot with either anti-TRIOBP-1 or anti-B actin antibodies
and appropriate secondary antibody for visualization (A-E). There are two specific
TRIOBP-1 bands: one at 75 kDa representing a full-length protein (marked with red
asterix *) and one at 63 kDa which is probably a variant of protein without its
optionally translated N-terminal domain (marked with green asterix *). Samples were
anonymized and randomly loaded on acrylamide gels. Visualization was performed
with an ECL kit and on a ChemiDoc MP Imaging System. F Intensity of TRIOBP-1-
specific bands was quantified with Image Lab software (Bio-Rad) and normalized to
B-actin bands. Additionally, the value of TRIOBP-1/B-actin for each sample was
normalized to an average value of diagnosis group or control. Data on the graphs is
presented as AVE +/- SEM and statistically analyzed with one-way ANOVA with
Tukey's multiple comparisons test. All sample groups were compared, but only the
pairs with significant differences are shown on the graph.

The levels of total TRIOBP-1 vary between individuals in the same
or different diagnosis group, as shown in Figure 23 A-E. However, it
is worth noting that the B-actin signal was not detected for samples
A3- S14, shown in Figure 23 C, and their signal was normalized to the
average B-actin signal on that membrane. In some samples (Figure
23 A-C), there are two specific TRIOBP-1 bands, one closer to 75 kDa
and one lower, closer to 63 kDa, likely representing a full-length
protein and a variant of protein without its optionally translated N-
terminal domain3234, However, no statistical difference between
diagnosis was detected upon quantification (Figure 23 F).

In summary, no significant correlation exists between the levels
or presence of NPAS3, DISC1, CRMP1, or TRIOBP-1 and the specific
diagnosis and controls across all analyzed samples from the IC. Hence,
their insolubility was investigated further.

4.1.3 Aggregation of key proteins in post-mortem human brain
samples, with a focus on suicide victims

The I/A protein fraction was purified from the IC of suicide
victims, patients with diagnosed MDD or AD and control individuals.
The used protocol is described in more detail in Chapter 3.2.

After purification, both “aggregates” (representing I/A protein
fraction, heavily composed of aggregating proteins) and
“homogenates” (representing total protein levels) were analyzed with
Western blot. Normalization of the total protein content was performed
by using an identical mass of starting material before purification
(protein content in 10% w/v brain homogenates), as in previous
research320-322, Tnitially these samples were investigated for NPAS3.
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Figure 24: Specific NPAS3 bands were detected in I/A protein fraction
across all diagnoses. The samples were collected from suicide victims (S), control
individuals (C), and patients with either AD (A) or MDD (D) diagnosis. The I/A NPAS3
protein in samples marked as aggregates. Analysis of samples included Western blot
with either anti-NPAS3 or anti-p actin antibodies and appropriate secondary antibody
for visualization. Samples were anonymized and randomly loaded on acrylamide gels.
Visualization was performed with an ECL kit and on a ChemiDoc MP Imaging System.

A major NPAS3 band was observed in the I/A protein fraction at
135 kDa (Figure 24 A-E), similar to a band observed in cell lines
(Figure 19 A), which is higher than the expected size for full-length
protein (approx. 100 kDa). Also, bands specific to NPAS3 were
detected across all tested groups. Unfortunately, as there was no
quantification of total proteins in I/A protein fraction and no loading
control, the quantification of these samples was not possible.

Similar to the previously described experiment, the insolubility of
DISC1, a known risk factor for SZ, was investigated in the same set of
patients with the same protocol.
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Figure 25: The level of I/A DISC1 varies between individuals. The samples
were collected from suicide victims (S), control individuals (C), and patients with
either AD (A) or MDD (D) diagnosis. The I/A DISC1 was detected in a purified protein
fraction marked as “aggregates.” Some samples were run twice, and in some cases
a homogenate sample from the control individual C14 was run as a loading control
(LC). Analysis of samples included Western blot with either anti-DISC1 or anti-8 actin
antibodies and appropriate secondary antibody for visualization (A-H). Samples were
anonymized and randomly loaded on acrylamide gels. Visualization was performed
with an ECL kit and on a ChemiDoc MP Imaging System.

The detected DISC1 band at 75 kDa corresponds to previously
described bands 320, Detectable levels of I/A DISC1 vary for each
individual in the same diagnosis group (Figure 25 A-G). However, two
suicide victims, one patient previously diagnosed with MDD and one
control individual, had detectable DISC1 bands with particularly high
intensity (marked as D2, S16, S11, and C17 in Figure 25 E and H).
The patient with MDD marked as D2 was female, 87 years old, and had
a PMI of 6 hrs. Suicide victim S16 was male, 58 years old, and had PMI
over 24 hrs, while suicide victim S11 was male, 35 years old, and had
PMI of 2 hrs. Control individual C17 was male, 68 years old, and had a
PMI of 2 hrs. There were other patients with similar age and PMI
without intense DISC1 band in “aggregate” (I/A proteins) samples,
ruling out a simple effect of these factors on increased DISC1
aggregating signal.

As in previous chapters, the “aggregate” (I/A protein) was
purified and analyzed in pairs with *"homogenate” (total protein) with
specific anti-CRMP1 staining during Western blot. A similar protocol
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was used to identify CRMP1 as an aggregating protein in samples
collected post-mortem from patients with diagnosed SZ322,
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Figure 26: Both variants of CRMP1 show signs of aggregation across all
samples. The samples were collected from suicide victims (S), control individuals
(C), and patients with either AD (A) or MDD (D) diagnosis. Aggregates (I/A protein
fraction) were purified from post-mortem brain samples, which included the IC.
Analysis of samples included Western blot with either anti-CRMP1 or anti-f actin
antibodies and appropriate secondary antibody for visualization (A-G). Long variant
CRMP1 (CRMP1 Lv, marked dark green) can be observed as a higher band, closer to
75 kDa, while the short variant (CRMP1 Sv, marked as light green) is seen below,
closer to 63 kDa. Samples were anonymized and randomly loaded on acrylamide
gels. Visualization was performed with an ECL kit and on a ChemiDoc MP Imaging
System.

Intense bands were detected for both CRMP1 Sv and CRMP1 Lv
in I/A protein fractions collected from several individuals, with no clear
connection to diagnosis status (Figure 26 A-G). A portion of samples
showed only one intense band, more corresponding to CRMP1 Lv than
CRMP1 Sv based on expected size.

Finally, the last protein analyzed in this set of experiments
was TRIOBP-1. It was identified as an aggregating protein in CMIs
through a hypothesis-free approach, using purified I/A fractions
following a protocol similar to the one applied in my experiments.
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Figure 27: I/A TRIOBP-1 is detected in all samples, with no correlation to
diagnosis status. "Aggregates” “represent purified I/A protein fraction from the IC
region of post-mortem brain samples. The samples were collected from suicide
victims (S), control individuals (C), and patients with either AD (A) or MDD (D)
diagnosis. Analysis of samples included Western blot with either anti-TRIOBP-1 or
anti-B actin antibodies and appropriate secondary antibody for visualization (A-G).
Samples were anonymized and randomly loaded on acrylamide gels. Visualization
was performed with an ECL kit and on a ChemiDoc MP Imaging System.

The initial round of Western blot staining showed low levels of
TRIOBP-1 aggregation (Figure 27 A-D). However, samples were run
twice if there was enough sample (Figure 27 E-G). The higher band,
closer to 75 kDa, corresponds to the expected size for full-length
protein and matches the bands observed previously in “homogenates”
(total protein) (Figure 23). The smaller band, closer to 48 kDa, is
more likely either a processed version of TRIOBP-1 (post-translational
modifications) or a protein from the same family (for example, TRIOBP-
2), which also contains an epitope for the anti-TRIOBP-1 antibody
used.

In summary, the insolubility and aggregation of NPAS3, DISC1,
CRMP1, and TRIOBP-1 in the IC did not consistently correlate with
diagnostic categories. There is a variability among individuals,
suggesting that protein aggregation may occur in subsets of individuals
rather than being a universal marker of these conditions. However, I
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noticed that multiple proteins are I/A in the same individuals, so we
further analyzed it.

4.1.4 Aggregation of multiple proteins in the same individuals

The concept of multiple proteins aggregating in the same patient
has been poorly studied so far, with the focus usually on one protein
at a time320321, However, assessing the aggregation of four proteins in
the same patient(s) is possible in these samples. The exact humber of
patients with this pattern has been visualized in Figure 28.
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Figure 28: Graphic representation of possible combinations of aggregating
proteins and the number of patients in which they were detected. Each
analyzed protein is color-coded (DISC1 yellow, CRMP1 Lv dark green, CRMP1 Sv light
green, TRIOBP-1 blue, NPAS3 purple). Each category of diagnosis has a separate
part.

The presence of multiple aggregating proteins alone is not
correlated to diagnosis, but certain combinations seem to overlap.

Combination of CRMP1 Sv with CRMP1 Lv is present suicide
victims and controls, while combination of CRMP1 Sv with either NPAS3
or TRIOBP-1 is present only in suicide victims. So far, co-aggregation
of CRMP1 with DISC1 has been investigated previously3?2. Also, in
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suicide victims two individuals had intense NPAS3-specific bands, one
had DISC1 and one had TRIOBP-1, while the rest (7 out of 16 total)
had no intense bands for proteins of interest. As for controls, three
individuals had combination of proteins: DISC1 with TRIOBP1, CRMP1
Sv with CRMP1 Lv, and NPAS3 with TRIOBP-1. Also, two control
individuals had CRMP1 Sv-specific bands, one had DISC1 and one had
NPAS3, while majority of samples (11 out of 18 total) had no intense
bands for proteins of interest. Interestingly, there was no combination
of proteins present in patients with MDD. Three MDD patients had
intense bands specific for NPAS3 and three had no intense bands for
other proteins. Finally, in patients with AD diagnosis there was one
individual with combination of NPAS3 with TRIOBP-1 and two
individuals with only NPAS3, while the rest (3 out of 6) had no no
intense bands for proteins of interest.

Nevertheless, it is important to note that this is a small set of
patients, and conclusions need to be drawn after processing a larger
set of samples. The most interesting protein combinations were also
assessed for signs of co-aggregation in cell culture assays, described
in Chapter 4.2.4.

4.1.5 Investigation of key proteins across different brain
regions, with a focus on suicide victims

To further analyze the presence of the proteins of interest —
DISC1, CRMP1, and TRIOBP-1 — additional brain regions from the
same patients used in the previous set of experiments were
investigated. Brain samples were mainly collected from the cerebral
cortex, focusing on key regions. As a reminder, key functions of
analyzed brain regions are included in Table 7.

Table 7: Brain regions analyzed in this thesis and their key function

Brain region Key function
IC integrating sensory, emotional, and
cognitive information
FC Central for movement, speech,
reasoning, and integrating memories
TC processing sensory input for memory,
language, and emotion
PC integrating sensory information and
aids spatial awareness and navigation
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BA 3, 1and 2
(somatosensory cortex)

processing touch

BA4 (motor cortex)

aids voluntary movement

BA6 (the premotor cortex
and supplementary motor
cortex)

sensory-guided movement and aiding
in the planning of complex actions

BA9 (frontal cortex)

supports memory and reasoning

BA17 (occipital lobe)

handles visual processing

BA36 and BA37

support memory and facial recognition

PiFC

smell and epileptogenic activity

SFG, LOG

self-awareness, laughter, and

emotional regulation

Compared to previous research for this thesis, these experiments
included adding TCE in acrylamide gels, which allowed quantification of

total proteins after electrophoresis under UV light. The total protein
staining is shown in Appendix Figure 65-68. Also, a loading control

across different membranes was introduced. It was the pooled sample

(PC and TC region from the right hemisphere of patient R, FC, and

BA17 from patients with AD diagnosis (Al and A2), and BA17 from the
control individual (C5). The samples were analyzed with anti-DISC1,
anti-CRMP1 antibodies, and anti-B actin antibodies, with normalization

according to the loading control.
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Figure 29: Intense bands were observed for CRMP1 and DISC1 in different
brain regions, not correlating to diagnosis status. The samples were collected
from suicide victims (S), control individuals (C), and patients with either AD (A), SZ,
or MDD (D) diagnosis. Analysis of samples included Western blot with either anti-
CRMP1, anti-DISC1, or anti-B actin antibodies and appropriate secondary antibody
for visualization (A-E). Samples were anonymized and randomly loaded on
acrylamide gels. Visualization was performed with an ECL kit and on a ChemiDoc MP
Imaging System. Intensity of DISC1- and CRMP1-specific bands was quantified with
Image Lab software (Bio-Rad) and normalized to total protein (G). Additionally, the
value of protein of interest/total protein for each sample was normalized to loading
control. Samples were grouped based on the diagnosis status, and regions. Columns
represent different proteins (DISC1, CRMP1 Sv or CRMP1 Lv), while rows represent
different diagnosis status or control: control (CTRL), suicide victims (S), and patients
with AD or MDD diagnosis. Data on the graphs is presented as AVE +/- SEM and
statistically analyzed with one-way ANOVA with Tukey's multiple comparisons test.
All sample groups were compared, but only the pairs with significant differences are
shown on the graph, with p values marked as follows. Abbreviations: L: left
hemisphere or R: right hemisphere, BAx: Brodmann area number x, FC: frontal
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cortex, LOG: lateral orbitofrontal gyrus, PC: parietal cortex, SFG: superior frontal
gyrus, TC: temporal cortex, PiFC: piriform cortex.

A high DISC1 level in whole protein fraction was detected in at
least one individual in all investigated diagnosis groups (marked as a
red asterisk in Figure 29 A-F), however no statistically significant
difference was observed. In control group, FC region showed an intense
DISC1-specific bands in whole protein fraction (Figure 29 E, F, G).
Increase for DISC1 bands was also seen in samples of PiFC, TC and BA
3, 1,2 collected from suicide victims (Figure 29 C, D, F, G). PC had
increased level of DISC1 in patients with MDD diagnosis (Figure 29
F), while no region showed an increase in DISC1 level in patients with
AD.

Regions BA3, 1, 2, BA4, BA 17 and PC showed increased CRMP1
in whole protein samples collected from control individuals (Figure 29
A, B, G). As PC region showed increased CRMP1 in patients with AD
diagnosis (Figure 29 B, G), these elevations may reflect normal
physiological expression. In contrast, CRMP1 increases in the FC and
TC were specific to patients with Alzheimer's disease (Figure 29 A, B,
G). Given that both FC and TC are regions critical for cognitive and
emotional functioning, elevated CRMP1 in these areas may contribute
to the cognitive decline and emotional dysregulation observed in AD.
Levels of CRMP1 were generally low in whole protein samples from
patients with MDD diagnosis.

Similarly, a second set of membranes was prepared for specific
staining with anti-TRIOBP-1 antibody, followed by anti-f actin stain.
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Figure 30: Intense bands were observed for TRIOBP-1 in different brain
regions, not correlating to diagnosis status. The samples were collected from
suicide victims (S), control individuals (C), and patients with either AD (A), SZ, or
MDD (D) diagnosis. Analysis of samples included Western blot with anti-TRIOBP-1
and anti-B actin antibodies and appropriate secondary antibody for visualization (A-
E). Samples were anonymized and randomly loaded on acrylamide gels. Visualization
was performed with an ECL kit and on a ChemiDoc MP Imaging System. Intensity of
TRIOBP-1-specific bands was quantified with Image Lab software (Bio-Rad) and
normalized to total protein (F). Additionally, the value of TRIOBP-1/total protein for
each sample was normalized to loading control. Samples were grouped based on the
diagnosis status, and regions. Data on the graphs is presented as AVE +/- SEM and
statistically analyzed with one-way ANOVA with Tukey's multiple comparisons test.
All sample groups were compared, but only the pairs with significant differences are
shown on the graph. Abbreviations: L: left hemisphere or R: right hemisphere, BAXx:
Brodmann area number x, FC: frontal cortex, LOG: lateral orbitofrontal gyrus, PC:
parietal cortex, SFG: superior frontal gyrus, TC: temporal cortex, PiFC: piriform
cortex.

Total TRIOBP-1 levels were detected in at least one individual in
all investigated diagnosis groups and bands with high intensity are
marked with red asterisk in Figure 30 A-J). In some membranes, two
bands were identified by the anti-TRIOBP-1 antibody (Figure 30 A-C),
one at 75 kDa, corresponding to full-length TRIOBP-1 previously
described in the literature34¢¢ and other double bands at lower
molecular weight, at 48 kDa, which could correspond to other proteins
from the TRIOBP family, like TRIOBP-2, due to size and location of the
region against which this antibody was raised. For this analysis, the
focus was only on bands detected at 75 kDa. In control group, high
level of TRIOBP-1 was detected in regions FC and PiFC (Figure 30 B,C,
F, and G). In suicide victims, regions with high TRIOBP-1 levels were
FC, TC and LOG (Figure 30 C and H).

The analysis of multiple brain regions highlights significant
individual variability, with elevated levels of DISC1, CRMP1 and
TRIOBP-1 in specific regions for certain individuals, no consistent
diagnostic patterns.

4.1.6 Aggregation of key proteins across different brain
regions, with a focus on suicide victims

To better understand the role of these proteins, the analysis was
extended to investigate the insolubility of DISC1, CRMP1, and TRIOBP-
1 across multiple brain regions. This is built on earlier results from I/A
proteins in the IC, providing a broader perspective on how these
proteins behave in diverse brain regions.
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DISC1 insolubility was tested by staining purified protein fraction
with an anti-DISC1 antibody. Like the homogenates (total proteins),
the total protein level in the 'aggregate' (I/A proteins) samples was
checked using stain-free imaging. The band intensity was quantified
after visualization and used for later normalization of specific protein
bands. After visualization, the samples were transferred from gel to
membrane and specifically stained with anti-DISC1 and anti-CRMP1
antibodies.
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Figure 31: Intense bands were observed for DISC1 in different brain regions
in I/A protein fraction, not correlating to diagnosis status. The samples were
collected from suicide victims (S), control individuals (C), and patients with either AD
(A), SZ, or MDD (D) diagnosis. Analysis of samples included Western blot with anti-
DISC1 antibody and appropriate secondary antibody for visualization (A-F). Samples
were anonymized and randomly loaded on acrylamide gels. Visualization was
performed with an ECL kit and on a ChemiDoc MP Imaging System, while the band
signal intensity was quantified with Image Lab software (Bio-Rad). Additionally, the
samples were normalized to a loading control (LC) containing pooled samples. The
samples with highly intense bands are marked with a red asterisk (*). Intensity of
DISC1-specific bands was quantified with Image Lab software (Bio-Rad) and
normalized to total protein (G-3). Additionally, the value of DISC1/total protein for
each sample was normalized to loading control. Samples were grouped based on the
diagnosis status, and regions with high intensity are marked with a red asterisk (*).
Data on the graphs is presented as AVE +/- SEM and statistically analyzed with one-
way ANOVA with Tukey's multiple comparisons test. All sample groups were
compared, but only the pairs with significant differences are shown on the graph.
Abbreviations: L: left hemisphere or R: right hemisphere, BAx: Brodmann area
number x, FC: frontal cortex, LOG: lateral orbitofrontal gyrus, PC: parietal cortex,
SFG: superior frontal gyrus, TC: temporal cortex, PiFC: piriform cortex.

When DISC1 aggregation/insolubility was assessed in the IC
region, high-intensity 75 kDa DISC1 bands were detected in two
suicide victims, one MDD patient, and one control, independent of age

or postmortem interval, suggesting individual variability in DISC1
aggregation unrelated to these factors. Similarly, the detected I/A
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DISC1 signal shows far more inter-sample variability than the total
proteins in the same, I/A protein, fraction (Figure 31 A-F), indicating
that variability in the detected protein signal is not solely a result of
changes in total protein insolubility.

Specific DISC1 bands with high intensity were detected in I/A
protein fraction collected from PiFC region in both a suicide victims and
controls (Figure 31 A, C, F, G). However, it is important to note how
values for I/A DISC1 in control group are higher than in suicide group.
Since PiFC connects to brain areas involved in emotion and impulse
control, this may reflect dysregulation linked to mood disorders and
suicidality. However, since there is a high level of DISC1 in controls as
well, it is more likely that region has naturally high expression DISC1.
Additionally, LOG region showed high level of I/A DISC1 in control
group. However, there were no statistically significant changes.

In this analysis, all quantified protein signals, both from the
whole protein fraction (homogenates) and the insoluble/aggregated
(I/A) fraction, were normalized to total protein levels, allowing for the
calculation of aggregation levels as the ratio between I/A and whole
protein fractions.
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Figure 32: DISC1 aggregating signal varies by diagnosis. Data on the graphs
represents average aggregating signal (ratio between I/A and whole protein fraction)
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for protein DISC1. The values are grouped by diagnosis: suicide victims, controls
(CTRL), patients with previous MDD and AD diagnosis (A-D). High values are marked
with a red asterisk (*). Increased aggregating signal is detected in LOG region
collected from control individuals and distinct regional patterns in suicide victims,
patients with MDD and AD diagnosis.

Unexpectedly, the highest DISC1 aggregation signals is seen in
previously healthy control individuals, particularly in the LOG, as
indicated by the red asterisk in (Figure 32 A). In comparison, suicide
victims and patients diagnosed with MDD show similar levels of DISC1
aggregation, with the highest signals in the TC and BA 3, 1, and 2 for
suicide victims (Figure 32 B), and in the FC and LOG for MDD patients
(Figure 32 D). In contrast, individuals diagnosed with AD exhibit
overall low DISC1 aggregation, with the TC region showing the highest
signal among them (Figure 32 C).

In summary, DISC1 protein was detected in the whole protein
fraction across all diagnostic groups, but no statistically significant
differences were observed. In control individuals, strong DISC1 bands
were most prominent in the FC, while suicide victims showed increased
levels in the PiIFC, TC, and somatosensory cortex (BA 3, 1, 2). In
patients with MDD, elevated DISC1 levels were observed in the PC,
whereas no regional increases were detected in patients with AD. In
the I/A protein fraction, high-intensity 75 kDa DISC1 bands were found
in two suicide victims, one MDD patient, and one control in the IC, with
variability not attributable to age or post-mortem interval. Notably,
high I/A DISC1 levels were also observed in the PiFC of both controls
and suicide victims, and in the LOG of controls. Overall, controls
exhibited higher I/A DISC1 levels than suicide victims, though
differences were not statistically significant, suggesting that regions
like PiFC may naturally express high DISC1 irrespective of pathology.
When examining the DISC1 aggregation signal (ratio of I/A to total
DISC1), controls displayed the highest values, particularly in the LOG.
Suicide victims and MDD patients had similar overall aggregation
levels, but with distinct regional peaks: suicide victims in TC and BA 3,
1, 2, and MDD patients in FC and LOG. AD patients exhibited the lowest
DISC1 aggregation overall, with the TC showing relatively higher
values among them.

To conclude, these findings indicate that DISC1 aggregation
depends on region and analyzed individual. The unexpectedly high
levels observed in healthy controls underscore the importance of
interpreting protein aggregation in context, as presence alone may not
indicate pathology. Nevertheless, distinct regional patterns in suicide
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victims and MDD patients suggest potential roles for DISC1 in emotion,

impulse control, and sensory integration.

The insolubility of CRMP1 was assessed next, as it showed
interesting results in samples from the IC region, especially regarding

possible co-aggregation with DISC1.
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Figure 33: Intense bands were observed for both CRMP1 variants in different
brain regions in I/A protein fraction, not correlating to diagnosis status. The
samples were collected from suicide victims (S), control individuals (C), and patients
with either AD (A), SZ, or MDD (D) diagnosis. Analysis of samples included Western
blot with anti-CRMP1 antibody and appropriate secondary antibody for visualization
(A-F). Samples were anonymized and randomly loaded on acrylamide gels.
Visualization was performed with an ECL kit and on a ChemiDoc MP Imaging System.
Additionally, the samples were normalized to a loading control (LC) containing pooled
samples. The samples with highly intense bands are marked with a red asterisk (*).
Intensity of CRMP1-specific bands was quantified with Image Lab software (Bio-Rad)
and normalized to total protein (G - J). Additionally, the value of CRMP1/total protein
for each sample was normalized to LC. Samples were grouped based on the diagnosis
status and brain region. Columns represent different proteins (CRMP1 Sv or CRMP1
Lv), while rows represent different diagnosis status or control: control (CTRL), suicide
victims (S), and patients with AD or MDD diagnosis. The samples with highly intense
bands are marked with a red asterisk (*). Data on the graphs is presented as AVE
+/- SEM and statistically analyzed with one-way ANOVA with Tukey's multiple
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comparisons test. All sample groups were compared, but only the pairs with
significant differences are shown on the graph, with p values marked as follows: p <
.05 (*) and red ling, p <.001 (**), p <.001 (***). Abbreviations: L: left hemisphere
or R: right hemisphere, BAx: Brodmann area number x, FC: frontal cortex, LOG:
lateral orbitofrontal gyrus, PC: parietal cortex, SFG: superior frontal gyrus, TC:
temporal cortex, PiFC: piriform cortex.

Highly intense CRMP1 Lv bands are detected in I/A protein
fraction collected from TC region of control samples (Figure 37 A and
G, right), while highly intense CRMP1 Sv bands are detected in LOG
region of suicide victims (Figure 37 C and H, left). In patients with
AD diagnosis, TC region has high level of I/A CRMP1 Lv (Figure 37 B
and I, right). Interestingly, regions FC and LOG from patients with
MDD had more I/A CRMP1 Lv compared to other brain regions, with
statistical significance (p < .05, Figure 37 E and J, right). Abnormal
CRMP1 Lv accumulation in areas responsible for emotional regulation
and self-awareness (LOG) and cognitive functions (FC) is interesting
as, both regions were previously reported as impaired in MDD 354470,
However, it is important to note how values of I/A CRMP1 Lv and Sv
are lower in patients with MDD (Figure 37 J) than other tested groups,
with control samples having the highest values (Figure 37 G),
indicating that CRMP1 aggregation probably is not a primary feature of
MDD pathology compared to other disorders.

As previously, the relative amount of I/A CRMP1 Sv and Lv was
quantified by normalizing CRMP1 band intensity from aggregating
samples to CRMP1 band intensity detected in “homogenate” (total
protein) samples, grouped by diagnosis and shown as on the graphs
(Figure 34 and 35).
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Figure 34: CRMP1 Sv aggregation patterns highlight somatosensory
elevation in suicide. Data on the graphs represents average aggregating signal
(ratio between I/A and whole protein fraction) for protein CRMP1 Sv. The values are
grouped by diagnosis: suicide victims, controls (CTRL), patients with previous MDD
and AD diagnosis (A-D). High values are marked with a red asterisk (*).

High CRMP1 Sv aggregation signals are observed in the TC of
both control individuals (Figure 38 A) and patients diagnosed with
MDD (Figure 38 D). Additionally, the PiFC shows elevated aggregation
in MDD patients (Figure 38 D). Interestingly, values of CRMP1 Sv
aggregating signal are higher in suicide victims, with region BA 3, 1, 2
having the highest signal (Figure 38 B), suggesting a possible link
between CRMP1 aggregation and altered sensory processing in suicide
victims, which was also referenced in previous research?82.>11, Patients
with AD diagnosis have no high values for aggregating signal of CRMP1
Sv.
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Figure 35: CRMP1 Lv aggregation signal peaks in LOG of MDD patients. Data
on the graphs represents average aggregating signal (ratio between I/A and whole
protein fraction) for protein CRMP1 Lv. The values are grouped by diagnosis: suicide
victims, controls (CTRL), patients with previous MDD and AD diagnosis (A-D). High
values are marked with a red asterisk (*).

Patients diagnosed with MDD exhibited the highest CRMP1 Lv
aggregation signal compared to other diagnostic groups. Within this
group, the LOG showed the most prominent signal (Figure 35 D).
Elevated CRMP1 Lv aggregation was also observed in the TC and BA17
in both control and AD groups (Figure 35 A and C). In contrast, no
brain regions from suicide victims showed increased CRMP1 Lv
aggregation signal (Figure 35 B).

In summary, CRMP1 levels in the whole protein fraction were
elevated in several brain regions of control individuals, including the
somatosensory cortex (BA 3, 1, 2), motor cortex (BA 4), visual cortex
(BA 17), and PC, with the PC also showing increased levels in AD
patients, which could suggest a physiologically high expression. In
contrast, elevated CRMP1 in the FC and TC was specific to AD and may
relate to cognitive and emotional decline. MDD samples showed
generally low CRMP1 in this fraction. In the I/A fraction, intense CRMP1
Lv bands were detected in the TC of controls and AD patients, while
suicide victims showed high CRMP1 Sv in the LOG. MDD patients had
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significantly elevated I/A CRMP1 Lv in the FC and LOG, but overall
lower values compared to other groups, suggesting aggregation may
not be central to MDD pathology. Aggregation signal analysis revealed
high CRMP1 Sv in the TC of controls and MDD patients, and in the PiFC
of MDD. Suicide victims showed the strongest CRMP1 Sv aggregation
in the somatosensory cortex, possibly linking CRMP1 aggregation to
altered sensory processing.

Overall, CRMP1 expression and aggregation show specific
patterns depending on regions. Elevated levels of CRMP1 in control and
AD samples likely reflect normal physiological expression, while
increased aggregation in the frontal and orbital regions of MDD patients
may relate to emotional and cognitive dysfunction. Notably, high
CRMP1 Sv aggregation in the somatosensory cortex of suicide victims
may point to altered sensory processing. These findings suggest
CRMP1 aggregation is not a core feature of MDD but may contribute to
specific symptom domains across disorders.

Besides the CRMP1 and DISC1, insolubility/aggregation of
TRIOBP-1 was tested in other brain regions from the same patients
used in previous experiments. The pooled sample was used as a
loading control across different membranes (BA3, 1, 2 from a control
individual C9 and suicide victim S9, BA17 from a control individual C7,
BA4 region from a patient with SZ and S13). As with “homogenates”
(total protein), the level of total protein in “aggregate” (I/A protein
fraction) samples was checked with a TCE stain.
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gels. Visualization was performed with an ECL kit and on a ChemiDoc MP Imaging
System. Intensity of TRIOBP-1-specific bands was quantified with Image Lab
software (Bio-Rad) and normalized to total protein (G - J). Additionally, the value of
CRMP1/total protein for each sample was normalized to LC. Samples were grouped
based on the diagnosis status and brain region: control (CTRL), suicide victims (S),
and patients with AD or MDD diagnosis. The samples with highly intense bands are
marked with a red asterisk (*). Data on the graphs is presented as AVE +/- SEM and
statistically analyzed with one-way ANOVA with Tukey's multiple comparisons test.
All sample groups were compared, but only the pairs with significant differences are
shown on the graph, with p values marked as follows: p < .05 (*) and red line, p
<.001 (**), p <.001 (***). Abbreviations: L: left hemisphere or R: right hemisphere,
BAx: Brodmann area number x, FC: frontal cortex, LOG: lateral orbitofrontal gyrus,
PC: parietal cortex, SFG: superior frontal gyrus, TC: temporal cortex, PiFC: piriform
cortex.

Elevated levels of I/A TRIOBP-1 were observed in the BA17 and
LOG of suicide victims (Figure 36 C and H), and in the primary motor
cortex (BA4) and PiFC of patients with MDD (Figure 36 D and J). In
control samples, the TC showed the highest I/A TRIOBP-1 levels
(Figure 36 A and G). Notably, a statistically significant increase in I/A
TRIOBP-1 was found in the FC of AD patients when compared to their
TC and BA17 regions (Figure 36 B and I), highlighting region-specific
aggregation in AD.

As in previous examples, the aggregating signal of protein
TRIOBP-1 was quantified by normalizing TRIOBP-1 band intensity from
I/A protein fraction to TRIOBP-1 band intensity detected in
“homogenate” (total protein) samples, grouped by diagnosis and
shown as on the graph (Figure 37).
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Figure 37: Region-specific TRIOBP-1 aggregation patterns across diagnostic
groups, with elevated signal in the FC of AD patients. Data on the graphs
represents average aggregating signal (ratio between I/A and whole protein fraction)
for protein TRIOBP-1. The values are grouped by diagnosis: suicide victims, controls
(CTRL), patients with previous MDD and AD diagnosis (A-D). High values are marked
with a red asterisk (*).

A strong TRIOBP-1 aggregation signal was observed in BA9,
BA36, and BA37 regions in control samples (Figure 37 A); in the FC
of suicide victims (Figure 37 B); and in BA3, BA1, and BA2 of patients
with MDD (Figure 37 D). Notably, the FC of AD patients showed the
highest TRIOBP-1 aggregation signal (Figure 37 C), not only
compared to other brain regions within the AD group, but also relative
to all other groups analyzed. Given the critical role FC plays in
executive function, working memory, and decision-making, the
accumulation of aggregated TRIOBP-1 in this region may interfere with
cytoskeletal integrity or intracellular trafficking, contributing to the
disruption of neuronal function and accelerating cognitive decline.

In summary, TRIOBP-1 was detected across all diagnostic
groups, with strong signals in the FC and PiFC of controls, and in the
FC, TC, and LOG of suicide victims. In the I/A fraction, elevated
TRIOBP-1 was observed in BA17 and LOG of suicide victims, and in BA4
and PiFC of MDD patients. Controls showed the highest I/A TRIOBP-1
levels in the TC, while AD patients exhibited a significant increase in

121



I/A TRIOBP-1 in the FC compared to their own TC and BA1l7.
Aggregation-specific analysis revealed strong TRIOBP-1 signals in BA9,
BA36, and BA37 of controls; the FC of suicide victims; BA3, BA1, and
BA2 of MDD patients; and most prominently, in the FC of AD patients,
where levels surpassed all other regions and groups. These results
align with the role FC has in cognitive decline in AD 479, TC and occipital
regions in emotional processing and suicide °6470, and sensorimotor
areas in MDD 48, Moreover, strong aggregation TRIOBP-1 in the FC in
AD suggests a disrupted cytoskeletal or intracellular function of
TRIOBP-1, which can lead to cognitive impairment.

It is important to note that the first exposure that consistently
revealed proteins in data analysis was chosen. As a result, the different
antibodies are not directly comparable; comparisons can only be made
within the same membrane. For instance, some proteins can show
more I/A in specific samples than in others, which leads us to
categorize these as aggregating. In contrast, the levels of other
proteins can be more consistent across the samples. However, it is
hard to conclude if this indicates that all samples exhibit protein
aggregation or if they are merely at background levels.

The insolubility profiles of DISC1, CRMP1, and TRIOBP-1 reveal
significant inter-individual variability and region-specific differences. As
all tested proteins exhibit some aggregation in healthy controls,
highlighting the need for better methods to screen participants in the
analysis. Nevertheless, results from these additional regions provide a
clearer picture of pathology per individual than results from the IC
region only.

4.1.7 Insolubility of proteins in the human brain affected by SZ
and AD, with a focus on DISC1

Previous studies of DISC1 insolubility in brain samples from
patients diagnosed with SZ focused on one, or three at most, regions
from the same patients due to limited availability of samples. As part
of this project, 20 regions from different parts of a single patient’s brain
with diagnosis of SZ and AD (later referred to as patient R) were
investigated. Samples from previously healthy individuals (C) and
patients with AD were also collected and analyzed as control samples.
The samples were blinded for me during the experiment. There was no
significant difference in sex, age or PMI for analyzed individuals.
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The I/A protein fraction, referred to in the figures as
"aggregates," was purified. Portions from each region of the same
patient were combined to create a "pooled" sample, resulting in a
standardized control sample likely to contain all the proteins of interest.
The hypothesis was that patient R would exhibit one or more
aggregating proteins in his brain; therefore, the sample was tested
against comparable pools of individuals to determine if any I/A protein
was over-represented in patient R compared to the controls. Each
pooled sample was stained for DISC1, CRMP1, and TRIOBP-1 proteins,
previously implicated in SZ, while the loading control was B-actin.
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Figure 38: DISC1 shows increased insolubility in the SZ sample and one AD
case, while CRMP1 is most insoluble in SZ. TRIOBP-1 remains consistent
across samples, except in the control. I/A protein fractions were purified from
various post-mortem brain tissue samples. Pooled I/A fractions from five regions of
patient R’s brain (the FC, LOG, OC, primary motor cortex, and the somatosensory
cortex) were then compared to equivalent I/A protein pools from six other
individuals: three with AD (A1-A3), and three control individuals (C1-C3). Samples
were stained with anti-DISC1 (A), -CRMP1 (B), -TRIOBP-1 (C), and -B-actin (D)
antibodies.

Among the three proteins of interest, patient R exhibited an
intense band for DISC1, which was not observed in other samples
except for one patient with AD (marked as A3, Figure 38 A).

CRMP1 was represented in all samples, with the band in the
sample from patient R being the most intense (Figure 38 B). The
isoform of TRIOBP-1 close to 75 kDa was detected in all samples, with
the most intense band in the C3 sample. The isoform between 63 and
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48 kDa was present in almost all samples, missing in only one patient
with AD, Al (Figure 38 C).

DISC1 was further analyzed in “homogenates” (total protein)
from all regions available for patient R, 1 sample from the control, and
1 from the AD group. B-actin was used as a loading control.
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Figure 39: Total level of DISC1 varies across 20 regions from the SZ patient,
AD patient, and in the control. Samples from the left and right hemispheres (A1
and A2) were collected from patient R, who had SZ and AD diagnoses. Samples
were also collected from control patient (B) and AD patient (C). The total protein
level was analyzed in original, unpurified “homogenates” (total protein) of each brain
sample with anti-DISC1 and anti- actin antibodies during Western blot. Additionally,
the samples were normalized to a loading control (LC), which contains pooled
samples used in previous figure 40, which is also shown in the images. Abbreviations:
L: left hemisphere or R: right hemisphere, BAx: Brodmann area number x, FC: frontal
cortex, LOG: lateral orbitofrontal gyrus, PC: parietal cortex, SFG: superior frontal
gyrus, TC: temporal cortex, R — SZ patient, C — control, A — AD patient.

In the left hemisphere of patient R, bands specific for DISC1 were
detected only in BA6a, FC, and BA36, 37. At the same time, the loading
control was consistent except for a highly intense band in the FC

(Figure 39 A1l). As for his right hemisphere, the DISC1 presence was
variable, with the most intense band for DISC1 seen in the FC, BA9,
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and PC, and notably, the bands for B-actin had variable intensity
(Figure 39 A2). In samples obtained from the control group, DISC1
bands were detected in all samples, with the most intense band found
in BA36 BA37 in the left hemisphere, and the loading control remained
consistent (Figure 39 B). In the AD patient, intense DISC1 bands were
detected in BA21 from both hemispheres and the TC of the right
hemisphere, with lower intensity in BA4 from the right hemisphere and
the TC from the left hemisphere (Figure 39 C). The loading control
was consistent, except for a highly intense band in the TC from the
right hemisphere. The relative total level of DISC1 from these samples
was calculated by quantifying DISC1 band intensity and normalizing it
to the band intensity of B-actin.

All regions from patient R’s brain were further investigated for
DISC1 insolubility using the previously described process. As controls,
the available regions for one C and one AD were also investigated.
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Figure 40: I/A DISC1 varies across different brain regions, regardless of
diagnosis. Samples from the left and right hemispheres (A1 and A2) were collected
from patient R, who had SZ and AD diagnoses. Samples were also collected from
control patient (B) and AD patient (C). The DISC1 signal from regions available for
all three analyzed individuals (purple - SZ patient R, black - control, blue - AD
patient A) was compared and shown in graph D. I/A protein fractions were purified
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from each tissue sample and stained with anti-DISC1 antibody during Western blot
analysis. Additionally, the samples were normalized to a LC, which contains pooled
samples used in the previous figure (Figure 41). Abbreviations: L: left hemisphere
or R: right hemisphere, BAx: Brodmann area number x, FC: frontal cortex, LOG:
lateral orbitofrontal gyrus, PC: parietal cortex, SFG: superior frontal gyrus, TC:
temporal cortex, R - SZ patient, C - control, A — AD patient.

DISC1 was detected in almost all samples, except for the PC in
both hemispheres, BA9 and SFG in the right hemisphere (Figure 40
A1-2). Interestingly, the band intensity varied between the regions,
with the most intense bands being in the BA 36,37, and 4 in the left
hemisphere (Figure 40 Al). As for controls, samples from a
previously healthy individual had the most intense band specific for
DISC1 in BA36,37, and BA21 (Figure 40 B). The patient with AD had
the most intense band in the TC from the right hemisphere (Figure 40
C). Out of all samples, there were 5 regions present in all three
patients: BA36, 37 from the left hemisphere, BA6a, and TC from both
hemispheres. Band intensity for DISC1 from I/A protein fraction was
normalized to the total level of DISC1 in those samples (described in
the previous paragraph), and a relative DISC1 signal was obtained (
Figure 40 D). The DISC1 signal was higher in samples from patient R
for BA6a in both hemispheres and the TC in the left hemisphere
compared to C and AD. C had the highest DISC1 signal for BA36, 37 in
the left hemisphere. As for AD, the highest DISC1 signal was in the TC
from the right hemisphere.

As DISC1 variability was observed in SZ patient R, the samples
from different brain regions of individuals from control and AD groups
were also analyzed for DISC1. New individuals were included: control
C4 and a patient SZ2 with only SZ diagnosis. As previously described,
for each patient, a “pooled” sample was created and stained not only
for DISC1 but for CRMP1 and TRIOBP-1, while B-actin remained as
loading control.
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Figure 41: Pooled samples of control, AD, and SZ patients show variable
levels of I/A and total protein DISC1, CRMP1, and TRIOBP-1. Samples were
pooled to represent a homogenous sample of control individuals C3 and C4, patient
R, SZ2 patient, and patients with AD diagnosis A1-3. Homogenate (total protein
fraction) and aggregate (I/A proteins) samples were stained with anti-DISC1 (A), -
CRMP1 (B), -TRIOBP-1 (C), and -B actin.

DISC1 bands varied across samples in I/A fraction, with the
highest intensity observed in A6 and C3, while low intensity was
detected in sample Al and A4 (Figure 41 A left). Surprisingly, DISC1
band in SZ2 samples was low intensity. However, DISC1 bands in
“homogenates” (total protein) were detected in all samples, with the
most intense band in a sample from an SZ2 patient. The loading control
was also inconsistent, with low-intensity bands detected in the C4
sample (Figure 41 A right). Variability was also observed in the
intensity of bands specific to CRMP1. A6 and Al had the most intense
bands for CRMP1 in the “aggregate” (I/A proteins) fraction (Figure 41
B left), while the bands in “homogenates” (total proteins) had high
intensity for almost all samples, except for A1, A4, and C2, and loading
control was consistent (Figure 43 1 right). Meanwhile, the bands with
high intensity were detected in aggregate fraction from Al and C2
samples after TRIOBP-1 stain (Figure 41 C left). In homogenates,
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TRIOBP-1 bands were detected in all samples, with highly prominent
bands in samples A4, SZ2 and R, and the loading control was consistent
(Figure 41 C right).

4.2 Protein aggregation in cell models

Besides investigating protein aggregation with purifying I/A
protein fraction from human brain tissue, the proteins of interest were
encoded in plasmids with tags and over-expressed in SH-SY5Y cells.
The cells were investigated by immunocytochemistry and fluorescent
microscopy. Protein insolubility was investigated with a modified
protocol for purifying I/A protein fraction and Western blot after
overexpression of proteins in HEK293.

The first set of experiments focused on investigating the role of
the V3041 mutation in the aggregation of NPAS3 under normal and
stressed conditions. Additionally, the tendency for aggregation of
NPAS3 regions was also investigated.

The second set of experiments was based on work done with
human brain samples, where multiple proteins were seen to aggregate
in the same individuals, with or without diagnosis. Therefore, specific
combinations of proteins of interest were further investigated in a cell
system after co-transfection with fluorescent microscopy.

4.2.1 Quantification of NPAS3 wt and NPAS3 V3041 under
normal and stress conditions

To investigate the aggregation propensity of wild-type (wt) and
V3041 NPAS3, they were over-expressed in SH-SY5Y cells and their
cellular localization was analyzed with fluorescent microscopy. The cells
were analyzed in normal conditions and under oxidative stress caused
by treatment with sodium arsenite (50 uM). The plasmid expression
was verified in HEK293 cell lysates with Western blot.
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Figure 42: Both versions of NPAS3 can localize in the cytoplasm of SH-SY5Y
cells under normal and stressed conditions. Plasmids with wt and V3041 NPAS3
versions were overexpressed in SH-SYS5Y cells containing the 933 aa of NPAS3 and
HA tag. Each plasmid was imaged in normal (Al for NPAS3 wt and A2 for NPAS3
V3041I) conditions, without any treatment. The plasmids were then treated with 50
MM sodium arsenite to induce oxidative stress in cells (B1 and B2 show NPAS3 wt
under stress conditions, while B3 and B4 show NPAS3 V3041 under stress
conditions). For each row of fluorescent images, there is a schematic of the expressed
NPAS3 variant, with significant regions marked only by color (pink: bHLH1, basic
helix-loop-helix domain, green: PAS1 and PAS2 domains, Per-Amt-Sim domain, blue:
TAD, C-terminal activator domain). Both NPAS3 wt and mutated version NPAS3
V3041 are primarily localized in the nucleus in normal (A1 for NPAS3 wt and A2 for
NPAS3 V304I) and stressed conditions (B1 for NPAS3 wt and B3 for NPAS3 V304I).
However, they can both be found in the cytoplasm under stress conditions (B2 for
NPAS3 wt and B4 for NPAS3 V304I). The staining of actin cytoskeleton (phalloidin)
and DAPI (nucleus) are also shown and all images are taken at 60x. The shown
images are representative of 10 photos for each plasmid under each condition.
Expression of the NPAS3 wt and V3041 plasmids is confirmed in lysates from HEK293
cells by Western blot with specific anti-HA antibody (C). A mock transfection with no
plasmid and cells transfected with only a vector were used as a negative control,
while the loading control was B-actin.
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Both wt and V3041 NPAS3 inserted in the pCI vector with HA tag
were primarily localized in the nucleus (Figure 42 A for normal
conditions: A1 for NPAS3 wt and A2 for NPAS3 V304I; Figure 42 B
for stressed conditions: B1 and B2 for NPAS3 wt, B3 and B4 for NPAS3
V3041I), regardless of treatment, as expected based on its function as
a transcription factor. Under stress conditions, NPAS3 wt and V304I
were observed in the cytoplasm (Figure 42 B2 and A4). Similarly,
when observed in the cytoplasm, other aggregating proteins usually
localized in the nucleus (e.g. TDP-43 in ALS31%) are assumed to be in
an early stage of aggregation.

The plasmids express correct proteins, as the bands in the
Western blot match the expected size (~103 kDa). No specific bands
for NPAS3 were observed for transfected cells or cells transfected only
with the empty vector pCI (Figure 42 C).

To further analyze NPAS3 cytoplasmic localization, the
quantitative blinded assay in SH-SY5Y cells assessed the localization.
Briefly, the plasmids for transfection (6-8 tubes with NPAS3 wt and 6-
8 tubes with NPAS3 V304I) were blinded for me by another researcher
in our lab, and they remained coded throughout the entire process,
including transfection, immunocytochemistry, fluorescent microscopy,
and data analysis. After the quantification of protein localization was
done (8-10 cells per plasmid and condition) and submitted, the
samples were decoded. As previously, the cells were analyzed under
both normal and stress conditions.
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Figure 43: No significant differences are observed between NPAS3 wt and
V3041 localization, either under normal circumstances or when stressed.
Stress conditions were evoked by 50 uM sodium arsenite treatment and 8-10 cells of
each plasmid were quantified, for each condition separately. The untreated
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experiment was run in parallel as a control. Both versions of NPAS3, with and without
mutation, show a slight decline in nuclear localization (A1) and an increase in mixed
phenotype (A2) under stress. Cytoplasmic localization remains similar (A3). Data for
both versions of NPAS3 were combined to show the general effect of stress (B).
Compared to controls, there is a significant decrease in nuclear localization and an
increase in the mixed phenotype of both NPAS3 variants under stress conditions.
Data on graphs present the proportion of cells showing specific localizations (nuclear,
cytoplasmic, or a mix of both). They are presented as AVE +/- SEM (n=2 plasmids
with approximately 8-10 cells each, 2 experiments) and analyzed by one-way ANOVA
with Tukey's multiple comparisons test. p < .05 (*), p <.001 (**), p <.001 (**¥*),
ns non-significant.

While the majority cells showed clear nuclear or cytoplasmic
localization, there was a portion of analyzed cells where NPAS3 wt or
V3041 was expressed both in nucleus and cytoplasmic, what is referred
to in the analysis as "mixed” phenotype. There was no difference in
localization for either wt or V3041 NPAS3 in both conditions (Figure 43
A1-3). However, there is a significant decrease in nuclear localization
(Figure 43 B1) and an increase in mixed phenotype (Figure 43 B2)
when cells are under stress conditions.

4.2.2 Assessment of NPAS3 wt and V3041 aggregation over
long time periods

In addition to visual analysis, the aggregation propensity of
NPAS3 wt and V3041 can be assessed using an insolubility assay and
Western blot similar to the brain samples. As HEK293 cells grew faster
than SH-SY5Y cells and I needed a high humber of cells for follow up
analysis, HEK293 were transfected with either NPAS3 wt or NPAS3
V3041 and then cultured under normal conditions for 24, 48, and 72
hrs. The NPAS3 signal from the I/A fraction was normalized to the total
protein level in lysates.
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Figure 44: NPAS3 wt and V3041 show similar increases in aggregation 48
and 72 hrs after transfection. HEK293 cells were transfected with HA-tagged wt
or V3041 NPAS3 plasmid or left untransfected as a control. Cells were lysed 24, 48,
or 72 hours after transfection. Cell lysates were stained with anti-HA and anti- actin
antibodies to determine the total level of NPAS3. The level of total wt NPAS3 was
highest after 48 hrs, while the total level of V3041 NPAS3 was the highest after 72
hrs (A). The I/A protein fraction was stained with anti-HA to determine the level of
I/A NPAS3. The highest level of I/A NPAS3 wt was detected after 72 hrs, while the
level of I/A NPAS3 V3041 was high after 24 and 72 hrs (B). All bands were quantified
and normalized to the total NPAS3 level in cell lysates. There were no constant
differences between the NPAS3 wt and V304I over three independent experiments

(©).

The total level of both proteins varied in samples from different
time points. The band for wt NPAS3 was the most intense in cells lysed
after 48 hrs, while V3041 had the most intense band after 72 hrs, but
the band after 48 hrs was also intense, both compared to the band in
samples after 24 hrs. The loading control, B-actin, remained the same
in all samples (Figure 44 A).

Meanwhile, in the I/A fraction, NPAS3 wt had the most intense
band in cells lysed after 72 hrs. The I/A V3041 had prominent bands in
cells lysed after 24 and 72 hrs (Figure 44 B), however when the level
of NPAS3 in the I/A protein fraction was normalized to the total protein
level from cell lysates (Figure 44 B), there was no difference between
NPAS3 wt and V304I. Both NPAS3 wt and V3041 showed an increase in
insolubility after 72 hrs.
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The analysis with insolubility assay was followed with fluorescent
microscopy analysis. This time SH-SY5Y cells were used as they are
more similar to neurons than HEK293. Cells were transfected with
either NPAS3 wt or V3041 and fixed at 24, 48, and 72 hrs, followed by
immunocytochemistry and fluorescent microscopy.

Phalloidin HA (red), DAPI (blue),
A HA (NPAS3) (F-actin) Phalloidin (green)

1 NPAS3 wt 24 hrs

2 NPAS3 V304| 24 hrs
B

1 NPAS3 wt 48 hrs

2 NPAS3 V304I 48 hrs




72 hrs

2 NPAS3 V304|
100 pm

Figure 45: No constant difference in cell localization for NPAS3 wt and V3041
was observed in SH-SY5Y cells after 24, 48, or 72 hrs. Plasmids for either full-
length NPAS3 wt or V3041 with HA tag were transfected in SH-SY5Y cells and fixed
24, 48, and 72 hrs after transfection (A-C, respectively). NPAS3 wt after 24 hrs (A1),
48 hrs (B1), and 72 hrs (C1) are shown, as well as NPAS3 V3041 after 24 hrs (A2),
48 hrs (B2) and 72 hrs (C2). The cells were stained with anti-HA primary antibody
and goat anti-mouse 594 nm secondary antibody, while actin cytoskeleton
(phalloidin) and DAPI (nucleus) are also shown. The images were taken with 20x
objective; the white bar represents 100 um.

72 hrs

Both wt and V3041 NPAS3 showed nuclear or cytoplasmic
localization after 24 (Figure 45 Al and A2, respectively), 48 (Figure
45 B1 and B2, respectively), and 72 hrs (Figure 45 C1 and C2,
respectively).

While no visible aggregates were observed in any of the analyzed
cells, the increased cytoplasmic localization of both NPAS3 wt and
V3041 under stress conditions suggests that external stressors may
have a greater impact on protein stability than the V3041 mutation
alone, as previously reported4>3. To further investigate this, I focused
on dissecting individual NPAS3 regions to identify domains that may
influence localization or contribute to destabilization.

4.2.3 Aggregation assessment of each major NPAS3 region

Plasmids containing different NPAS3 regions tagged with either
HA or Flag tag were over-expressed in SH-SY5Y cells. The cells were
analyzed with fluorescent microscopy, and the cellular localization was
quantified using a blinded assay. The expression of NPAS3 wt and
V3041 was also confirmed in HEK293 cell lysates through Western blot
analysis. The regions closer to the N-terminus (bHLH1, bHLH1-linker,
bHLH1-PAS1, and bHLH1-PAS1-linker) in HA-tagged plasmids were
analyzed first.
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Figure 46: The PAS1 domain proves critical for NPAS3 cytoplasmic
localization. Plasmids with N-terminal NPAS3 regions were overexpressed in SH-
SY5Y cells. Plasmids included the following domains and linkers (L) with aa range:
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bHLH (1-111 aa), bHLH-L (1-156 aa), bHLH-PAS1 (1-208 aa), bHLH-PAS1-L (1-354
aa). For each row of fluorescent images, there is a schematic of the expressed NPAS3
region, compared to the scheme of full-length NPAS3. Plasmid with bHLH region (A1l
and A2) both localize in the nucleus. The addition of only the PAS1 domain results in
both nuclear (A3) and cytoplasmic (A4) localization, while the addition of PAS1
followed by the linker region shows cytoplasmic localization (A5). The cells were
stained with anti-HA primary antibody and goat anti-mouse 594 nm secondary
antibody, while actin cytoskeleton (phalloidin) and DAPI (nucleus) are also shown.
The images were taken with 60x objective, and the white bar represents 10 um.
Images shown here are representative of at least 10 cells per tested plasmid.
Expression of the NPAS3 fragments is confirmed in lysates from HEK293 cells by
Western blot with specific anti-Flag antibody (B). A mock transfection with no plasmid
is used as a negative control, while the loading control is B-actin.

After fluorescent microscopy, the plasmids containing the bHLH1
region (bHLH1 and bHLH1-linker, Figure 46 A1l-2) were primarily
observed in the cell nuclei, while the plasmids with added PAS1 domain
(bHLH1-PAS1 and bHLH1-PAS1-linker Figure 46 A3-4) showed more
cytoplasmic localization. The bHLH1-PAS1 region showed perinuclear
aggregates (Figure 46 A5) and may have a propensity to misfold or
aggregate under certain conditions. The Western blot of HEK293 cell
lysates, over-expressing previously mentioned plasmids, showed
bands matching the expected protein size (bHLH1 ~13, bHLH1-linker
~17, bHLH1-PAS1 23 and bHLH1-PAS1-linker 40 kDa) (Figure 46 B).

To further analyze the effect of the PAS1 region on NPAS3
localization, the SH-SY5Y cells over-expressing previously mentioned

plasmids (5-6 replicates) were analyzed with a quantitative blinded
assay.
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Figure 47: Quantitative analysis of localization patterns reveals
distinctiveness for each N-terminal region of NPAS3 in SH-SY5Y cells. The
shift between specific expression patterns is visible for N-terminal NPAS3 fragments
(A). Regions, including the bHLH region, are primarily expressed in the nucleus (B).
On the other hand, introducing the PAS1 domain leads to higher cytoplasmic
expression (C). Data are presented as AVE +/- SEM (n=5-6 plasmids with
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approximately 8 cells each) and analyzed by one-way ANOVA with Tukey's multiple
comparisons test. p < .05 (*), p <.001 (**), p <.001 (***).

The N-terminal NPAS3 plasmids are differently localized in SH-
SY5Y cells after over-expression, as shown in (Figure 47 A). The
plasmids containing the bHLH1 region (bHLH1 and bHLH1-linker) are
significantly more localized in the nucleus (Figure 47 B). In contrast,
the plasmids with the PAS1 domain (bHLH1-PAS1 and bHLH1-PAS1-
linker) are considerably more present in the cytoplasm (Figure 47 C),
suggesting that the PAS1 domain may play a role in retaining NPAS3
in the cytoplasm or interfering with its nuclear import. The presence
or absence of the linker regions flanking PAS1 did not appear to
influence this localization pattern.

Given the apparent instability of the bHLH1-PAS1 region, I aimed
to determine whether this domain alone could influence the stability
and subcellular localization of the full-length NPAS3 protein. The
regions bHLH1-PAS1 and bHLH1-PAS1-linker in Flag-tagged plasmid
were co-expressed in SH-SY5Y cells with full-length wt NPAS3 in
mCherry plasmid and analyzed with fluorescent microscopy.

mCherry (red),

mCherry Flag Flag (green),
(NPAS3 fl) (NPAS3 fragment) DAPI (blue)

A mCherry- NPAS3 fl+
Flag-bHLH-PAS1

B mCherry-NPAS3 fl +
Flag-bHLH-PAS1-L
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Figure 48: PAS1 domain does not affect nuclear localization of full-length
NPAS3 in SH-SY5Y cells. Flag-tagged constructs with PAS1 domain (NPAS3 208)
and PAS1 domain with linker (NPAS3 354) were co-expressed with full-length NPAS3
(NPAS3 fl), fused to mCherry (A and B) or mCherry plasmid alone, as control (C and
D). NPAS3 and NPAS3 354 showed cellular expression, with NPAS3 fl or control.
NPAS3 fl overlapped with nuclear stain (DAPI), as usual. The images were taken with
60x objective, and the white bar represents 10 um.

The full-length NPAS3 maintains its nuclear localization when co-
expressed with bHLH1-PAS1 (Figure 50 A) and bHLH1-PAS1-linker
(Figure 50 B) regions. As a control, the full-length NPAS3 was co-
expressed with the mCherry vector, which lacks significant gene
insertion, and this did not affect bHLH1-PAS1 (Figure 50 C) and
bHLH1-PAS1-linker (Figure 50 D) cytoplasmic localization.

The C-terminal regions (PAS-TAD and TAD) in plasmids with HA
tag were over-expressed in SH-SY5Y cells, and their localization in cells
was analyzed with fluorescent microscopy. The plasmid expression was
validated in HEK293 cell lysates with Western blot.
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Figure 49: The PAS and TAD domains show nuclear localization, typical for
NPAS3. Plasmids with C-terminal NPAS3 regions were overexpressed in SH-SY5Y
cells. Plasmids included the following domains and linker (L) with aa range: PAS-TAD
(111-933) and TAD (451-933 aa). For each row of fluorescent images, there is a
schematic of the expressed NPAS3 region, compared to the scheme of full-length
NPAS3. With (A1-2) or without (A3-4) PAS1 and PAS2 domains, there is a nuclear
localization of over-expressed plasmids in SH-S5Y5, typical for full-length NPAS3
described previously. The cells were stained with anti-HA primary antibody and goat
anti-mouse 594 nm secondary antibody, while actin cytoskeleton (phalloidin) and
DAPI (nucleus) are also shown. The images were taken with 60x objective, and the
white bar represents 10 ym. B Expression of the C-terminal NPAS3 fragments is
confirmed in lysates from HEK293 cells by Western blot with specific anti-HA
antibodies. A mock transfection and a pCI vector with no plasmid are used as a
negative control, while the loading control is B-actin.

PAS-TAD and TAD region were primarily observed in the nucleus
(Figure 49 Al and A3, respectively) of SH-SY5Y cells when over-
expressed. Still, in some cases, they localized in the cytoplasm (Figure
49 A2 and A4, respectively). The bands detected for these plasmids
by Western blot of HEK293 cell lysates (Figure 49 B) matched
expected sizes (~90 kDa PAS-TAD and ~54 kDa for TAD).

The cytoplasmic localization of PAS-TAD and TAD was further
investigated in the quantitative blinded assay in SH-SY5Y cells.
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Figure 50: Quantitative analysis of localization NPAS3 C-terminal region in
SH-SY5Y cells shows no significant differences among regions. Plasmids with
C-terminal NPAS3 regions were overexpressed in SH-SY5Y cells and analyzed with
fluorescent microscopy. The number of cells showing specific localization was
quantified (A). No change in the localization of plasmids with NPAS3 PAS-TAD or TAD
regions was observed. Specific localization is also shown separately: B Nuclear
localization, C Mixed phenotype and D Cytoplasmic localization. Data are presented
as AVE +/- SEM (n=5 for PAS-TAD and 7 for TAD with approximately 10 cells each)
and analyzed by one-way ANOVA with Tukey's multiple comparisons test. p < .05
(*), p <.001 (**), p <.001 (**x*),

Both regions, PAS-TAD and TAD, showed nuclear localization in
SH-SYS5Y cells (Figure 50 A and B). The mixed phenotype was rarely
observed (Figure 50 C), and very few cells exhibited cytoplasmic
localization (Figure 50 D).

In summary, change in NPAS3 localization from nuclear to
cytoplasmic in cells increases over time, with no major differences
between wt and V3041 variants. The PAS1 domain plays a crucial role
in cytoplasmic localization, while the C-terminal PAS-TAD and TAD
regions remain predominantly nuclear, mirroring full-length NPAS3
behavior.
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4.2.4 Protein co-aggregation in vitro analysis

The presence of multiple I/A proteins was detected in post-
mortem brain samples from suicide victims, patients with diagnosed
SZ, MDD, and AD, as well as in control samples. The hypothesis is that
these proteins either aggregate independently, without any physical
connection between their aggregates (here referred to as “parallel
aggregation”), or they are aggregating together, creating bigger
aggregates (here referred to as “co-aggregation”).

4.2.4.1 Validation of eGFP tagged-plasmids

To test the co-aggregation tendencies of proteins, they were
expressed by themselves with different tags in HEK293 cells and
investigated with Western blot in cell lysates. The tested vectors were
also published °°t, and the plasmids in eGFP plasmid were checked for
this thesis.
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Figure 51: DISC1, NPAS3, and CRMP1 Sv can be over-expressed in cells with
an eGFP tag. HEK293 cells were transfected with eGFP plasmids and analyzed with
anti-eGFP antibody and appropriate secondary antibody in Western blot after cell
lysis. A mock transfection with no plasmid is used as a negative control, while the
loading control is B-actin.

The bands for each interest protein were detected and matched
the expected protein size. Notably, NPAS3 showed low expression
when tagged with eGFP.

Moreover, their expression was tested after transfection of SH-
SY5Y cells and immunocytochemistry, firstly as single transfections of
either Flag and eGFP plasmids, and then later in co-transfection of
protein of interest in Flag-tagged plasmids with control eGFP fusion
protein. Control eGFP fusion protein is expressed from a plasmid that
encodes for an eGFP tag and less than 20 aa from the entry vector.
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Figure 52: CRMP1 Sv and CRMP1 Lv show a higher tendency to aggregation
when expressed with the eGFP tag, while other proteins show the same
expression patterns unrelated to the tag. CRMP1 Sv and Lv, DISC1, and NPAS3
wt with either Flag or eGFP tag were over-expressed in SH-SY5Y cells. Only CRMP1
Sv and Lv showed normal cellular localization and aggregation signs when expressed
with an eGFP tag. This effect was not observed with a Flag tag, in single transfection,
or when co-transfected. The remaining proteins kept their expression pattern across
single transfections regardless of tag and in co-transfections. The cells were stained
with anti-Flag primary antibody and goat anti-mouse 594 nm secondary antibody,
while DAPI (nucleus) is also shown. The images were taken with 60x objective, and
the white bar represents 10 pm. Images shown here are representative of minimum
of 10 cells per plasmid combination.

When over-expressed in SH-SY5Y cells after a single
transfection, a control eGFP plasmid was seen in the cytoplasm across
all tested cells. Interestingly, CRMP1 Sv with eGFP tag showed both
typical cytoplasmic localization (Figure 52 A2), previously described,
and, in some cases, signs of aggregation, shown on a representative
image on Figure 52 A3. However, CRMP1 SV was observed in the
cytoplasm only when the tag was switched to Flag (Figure 52 B1) or
co-expressed with the control eGFP plasmid (Figure 52 C1). A similar
effect was seen with CRMP1 Lv, which shows signs of aggregation when
expressed with eGFP tag (Figure 52 A4), which are gone when Flag
tag is introduced, without (Figure 52 B2) or with control eGFP (Figure
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52 C2). DISC1 maintained the same aggregation pattern across all
tested tags (Figure 52 A5 and B3) and co-transformed with the
control eGFP plasmid (Figure 52 C3). NPAS3 keeps expressing in the
nucleus, regardless of tag (Figure 52 A6, and B4) and when co-
transfected with control eGFP plasmid (Figure 52 C4).

In these experiments, the eGFP tag can associated with reduced
expression (e.g., NPAS3) and increased cytoplasmic aggregation (e.g.,
CRMP1 variants), effects I tried to mitigate by co-expression of tested
proteins with a control eGFP plasmid. In contrast, some proteins like
DISC1 and NPAS3 maintained consistent localization patterns
regardless of tag, emphasizing that tag impact can be protein-
dependent.

4.2.4.2 Co-aggregation of DISC1 and CRMP1

After testing the expression of Flag- and eGFP-tagged plasmids
in single transfections, the proteins of interest were co-transfected in
SH-SY5Y cells and analyzed by fluorescent microscopy. The first
combination investigated was DISC1 with the variants of CRMP1, one
of the most prominent combinations observed in human brain samples,
after purifying the I/A protein fraction.
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Figure 53: CRMP1 Lv is more prone to aggregation when co-expressed with
DISC1, unlike CRMP1 Sv, which ceases aggregation upon co-expression with
DISC1. DISC1 and CRMP1 Sv or Lv were over-expressed with either Flag or eGFP
tag in SH-SY5Y cells. When DISC1l-Flag is expressed with eGFP-tagged CRMP1
variants, only CRMP1 Lv shows signs of aggregation and possible co-aggregation.
The effect is also observed after tags are switched. The cells were stained with anti-
Flag primary antibody and goat anti-mouse 594 nm secondary antibody (red), while
DAPI (nucleus, blue) is also shown, and the signal from eGFP is shown in green. The
images were taken with 60x objective, and the white bar represents 10 um.

Only CRMP1 Lv showed a punctate pattern across cytoplasm
when co-expressed with DISC1, with Flag and eGFP tag (Figure 53 A2
and A4). CRMP1 Lv proved unstable with only the addition of the eGFP
tag (previous Figure 53 A4) but remained stable with the Flag tag
(previous Figure 53 B2). The higher aggregation tendency of CRMP1
Lv may be triggered by aggregation of DISC1, making it more unstable
and prone to aggregation. CRMP1 Sv kept cytoplasmic localization after
co-transfection with DISC1, regardless of tags (Figure 53 A1 and A3).
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The co-aggregation of DISC1 with variants of CRMP1, or control
eGFP plasmid, was also tested quantitatively by fluorescent microscopy
in SH-SY5Y cells.

ooy 1 | 5- _ .—|

© — 5o
5 = ns ns E 20
= -0 /i - =
Qo 44 -
£ B = o B 1.5
=20 = @ ]
=2 = 3 3
%% 50+ °g g %10-
° s 257 £o
fw Eg g 0.5+
S ER=EE L5
g zg &
o @
g 0= 0= a 0.0~
< < R R 2 x3 R ]
P & op 4 & ot B
o NG o % & NG
& & ot & N
& &8 & &8 S &8
& S & L S D
O < k<) & < < &
Q\') ® qx Q\'b ® qx “\v ® x
EN Q\'b§ & NP I
RN N £ N N & N N
F & & P& &
9 L ;9

Figure 54: The size of DISC1 aggregates can be reduced upon co-expression
with CRMP1, specifically CRMP1 Sv. Flag-tagged DISC1 was co-transfected with
a control vector containing only an eGFP tag or either CRMP1 Sv or CRMP1 Lv, also
eGFP-tagged, in SH-SY5Y cells. The cells were then analyzed by immunofluorescent
microscopy in a blinded, quantified manner. The results show an average of 10
coverslips per plasmid combination of 10 transfected cells examined per coverslip. A
percentage (%) of cells showing DISC1 aggregation out of the total observed
transfected cells was determined (A). Also, the mean number of DISC1 aggregates
per cell and their mean size were determined. *: p < 0.05, ns: not significant,
according to one-way ANOVA.

The percentage of cells with DISC1 aggregates (Figure 54 A)
and number of DISC1 aggregates per cell (Figure 54 B) remained the
same across all tested options. However, a drop in the average size of
DISC1 aggregates was seen when DISC1 was co-expressed with
CRMP1 Sy, unlike the control eGFP or CRMP1 Lv (Figure 54 C),
implicating CRMP1 Sv can reduce the size of DISC1 aggregates.

Insolubility/aggregation of DISC1 in Flag-tag vector, with or
without CRMP1 variants eGFP tagged, was also tested with a protein
insolubility assay combined with Western blot after over-expression in
HEK293 cells. Tested parameters included the percentage of cells
showing DISC1 aggregation patterns, the amount of DISC1 aggregates
per cell, the average size of DISC1 aggregates (in um), the rate of cells
showing signs of co-aggregation between DISC1 and CRMP1 variants,
the number of co-aggregates and the average size of co-aggregates
(in pm).
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Figure 55: CRMP1 Lv shows signs of aggregation, with and without DISC1,
when overexpressed in HEK293 cells, in contrast to CRMP1 Sv. HEK293 cells
were transfected with Flag-tagged full-length human DISC1 and CRMP1 Sv or Lv
variants or left untransfected as a control. The whole protein fraction (homogenates)
is normalized to B-actin (A), while the fraction with I/A proteins was purified too (B).
DISC1 and CRMP1 showed high insolubility when compared to CRMP1 Sv.

When DISC1 or variants of CRMP1 were over-expressed in
HEK293 cells, there was no significant difference in the intensity of
corresponding bands (Figure 55 A). As for their I/A, DISC1 and CRMP1
Lv showed bands with higher intensity when compared to bands
corresponding to CRMP1 Sv (Figure 55 B), also described in previous
researchs2i32z,

However, once the co-transfection was done, e.g., two plasmids
were simultaneously transfected in the same cell, there was a
significant drop in the intensity of the DISC1 band in the homogenate
fraction. Interestingly, the band for DISC1 was not detected in the I/A
protein fraction when expressed with CRMP1 Sv, unlike when the co-
transfection happened with CRMP1 Lv. Levels of loading control, B-
actin, remained the same across all samples (Figure 55 A). In the I/A
fraction, the DISC1, CRMP1 Sy, and Lv levels remained the same after
co-transfection (Figure 55 B).

4.2.4.3 Co-aggregation of NPAS3 with other proteins

The next set of experiments investigated the localization of
NPAS3 when co-expressed with proteins that aggregate significantly
(DISC1) or proteins seen to co-aggregate (CRMP1 Sv or Lv). NPAS3 is
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a transcription factor that mainly localizes in the nucleus. However,
after introducing external stress factors like sodium arsenite, it shows
nuclear and cytoplasmic localization. In this set of experiments, the
focus was on a full-length version of human NPAS3, referred to here
as NPAS3 wt, and the experiments were done in standard conditions,
without external stress factors.

Flag (red), eGFP
A Fla P
g eGF (green), DAPI (blue)

1 NPAS3 wt Flag
+ DISC1 eGFP

2 NPAS3 wt Flag
+ CRMP1 Sv
eGFP

3 NPAS3 wt Flag
+ CRMP1 Lv
eGFP

10 pm

! o
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CRMP1 LvFlag

Figure 56: NPAS3-Flag maintains nuclear localization following co-
expression with DISC1, CRMP1 Lv, and Sv in SH-SY5Y cells, independent of
the tag. When full-length wt NPAS3-Flag (seen as red) was co-expressed with DISC1
and CRMP1 Sv or Lv -eGFP (seen as green), NPAS3 was observed in the nucleus (Al-
4). The same effect was observed when the tags were switched, with NPAS3-eGFP
(green) and DISC1, CRMP1 Sy, or Lv -Flag (red) (B1-4). The cells were stained with
anti-Flag primary antibody and goat anti-mouse 594 nm secondary antibody (red),
while DAPI (nucleus, blue) is also shown. The images were taken with 60x objective,
and the white bar represents 10 um.

NPAS3-Flag is observed in the nucleus of SH-SY5Y cells after co-
transfection with proteins with eGFP tag (DISC1 and CRMP1 Lv and Sy,
Figure 56 A1-4). DISC1-eGFP and CRMP1 Lv-eGFP show clear signs
of aggregation (Figure 56 A1,3,4), as seen previously in single
transfections (Figure 56 A2-6). In contrast, CRMP1 Sv was seen in
the cytoplasm without clear signs of aggregation (Figure 56 A2).
When tags were switched, NPAS3-eGFP was observed in the nucleus
(Figure 56 B1-4), and DISC1- showed signs of aggregation (Figure
56 B1 and B4), while CRMP1 Sv and Lv were observed in the
cytoplasm (Figure 56 B2 and B3).

In summary, DISC1, CRMP1 Sv, and Lv did not affect the nuclear
localization of NPAS3 in normal conditions.
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4.3 Analysis of transgenic DISC1 Drosophila model
4.3.1 Analysis DISC1 expression in Drosophila model

The hfIDISC1 was inserted in w118 Drosophila melanogaster flies
and balanced on the 2nd (UAS-hfIDISC1-2"9) or 3™ (UAS-hfIDISC1-3")
chromosome. Expression in all neurons was facilitated after crossing
UAS lines with flies carrying pan-neuronal driver elav-GAL4. Western
blot was used to investigate expression in uncrossed UAS lines; lines
crossed with driver, driver elav-GAL4 line, and w1118 (CTRL). The body
and head homogenates were prepared from young (3-5 days old) male
flies and investigated separately. The bands specific to DISC1 were
guantified and normalized according to levels of B-actin in each sample,
giving out a relative value of DISC1 signal per sample.

A Body Head
1 2 3 1 2 3
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DISC1 CTRL
Anti- ——

actin e CTRL
Anti- B e ST S TG e S S SEE RS T2 olav-GALA
DISC1 |- e S A s

AnFI- -u- elav-GAL4
actin

Anti- NS AR R SR | UAS-hfIDISC1-
DIsC1 | s S LRI T i SR S | n
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Figure 57: In both chromosomes, hfIDISC1 is expressed with or without
elav-GAL4 driver in body and head homogenates. Homogenates of body (5
bodies without heads) and head (20 heads) samples were prepared from 3-5 days of
adult male flies. The following fly lines were investigated: w8 (CTRL), driver line
elav-GAL4, fly line with the hfIDISC1 insertion on 2" (UAS-hfIDISC1-2"9) or 3™ (UAS-
hfIDISC1-3™) chromosome, and fly lines with induced expression in crosses (elav-
GAL4-UAS-hfIDISC1-2™ and elav-GAL4-hfIDISC1-3). Each sample had three
technical replicates and all shown images are representative of three different
experiments. During Western blot analysis, samples were stained with anti-DISC1
and anti-B actin antibody (A). Band intensity was quantified, and specific DISC1 data
was normalized to B actin signal, providing a relative DISC1 signal shown on the
graph. DISC1 signal data are presented as AVE +/- SEM (n=9) for body (B) and head
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(C) samples. One-way ANOVA with Tukey's multiple comparisons test. All sample
groups were compared, but only the pairs with significant differences are shown on
the graph, with p values marked as follows: p < .05 (*), p <.001 (**), p <.001

hfIDISC1 expression was detected in both UAS lines, in the body
and head samples (Figure 57 A). Relative hfIDISC1 signal in the
samples from the body was the highest in elav-GAL4-UAS-hfIDISC1-
2nd - while UAS-hfIDISC1-3™ and their cross elav-GAL4-hfIDISC1-3"
had the same hfIDISC1 expression levels (Figure 57 B). This suggests
that the UAS-hfIDISC1-3™ line may exhibit leaky expression, which can
happen due to a promiscuous promoter element near the insertion site,
and in turn allows transcription without GAL4. While UAS constructs
typically require GAL4 for activation, such background expression has
been previously reported482:483,

In the head samples, flies carrying the hfIDISC1 on the 3T
chromosome had the highest hfIDISC1 expression even without the
driver, suggesting strong leaky expression likely due to insertion site
effects. Interestingly, after the driver was introduced (elav-GAL4-UAS-
hfIDISC1-3"), the signal lowered (Figure 57 C), possibly due to
transcriptional interference or titration of the transcriptional
machinery. In contrast, elav-GAL4-UAS-hfIDISC1-2" line had higher
expression of hfIDISC1 than UAS-hfIDISC1-2", which indicates a clear
GAL4-dependent upregulation. In conclusion, 2" chromosome
insertion is more suitable for controlled, GAL4-dependent expression.

4.3.2 hfIDISC1 insertion and expression influence on
neurotransmitters concentration

After noticing the difference in hAfIDISC1 expression, with and
without activation of localized expression induced by elav-GAL4 driver,
the hypothesis was that altered hfIDISC1 levels in the nervous system
could impact monoaminergic signaling. To test this, the monoamine
concentrations in head samples were measured using liquid
chromatography with tandem mass spectrometry (LC-MS/MS).
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Figure 58: hfIDISC1 driver lines on both chromosomes decrease
monoamines concertation: dopamine (DA), octopamine (OA), tyramine
(TA), glutamate (GLU), gamma-aminobutyric acid (GABA), and
acetylcholine (ACh), with increase in elav-GAL4-UAS-hfIDISC1-3" flies. The
concentration of DA, OA, and TA, was determined using quantitative analysis, while
the analysis for GABA, GLU, and ACh was semi-quantitative. Samples were prepared
from 16 heads in triplicates (n=9) collected at 09:00 in the morning from 3-5 days
old adult male flies. UAS lines had hfIDISC1 balanced on the 2nd (elav-GAL4-UAS-
hfIDISC1-2") or 37 (UAS-hfIDISC1-3™) chromosome. The driver elav-GAL4 was
introduced in lines carrying the gene: elav-GAL4-UAS-hfIDISC1-2™ and elav-GAL4-
UAS-hfIDISC1-3™, The controls were w18 and fly lines with only driver (elav-GAL4).
Data on the graphs is presented as AVE +/- SEM and statistically analyzed with one-
way ANOVA with Tukey's multiple comparisons test. All sample groups were
compared, but only the pairs with significant differences are shown on the graph,
with p values marked as follows: p < .05 (*), p <.001 (**), p <.001 (***),

Dopamine and octopamine levels (Figure 58 A and B) were
highest in flies expressing the hfIDISC1 on the 37 chromosome after
crossing with the driver line (elav-GAL4-UAS-hfIDISC1-3), compared
to flies with only the gene insertion (UAS-hfIDISC1-3") and other
hfIDISC1 Drosophila models. Flies expressing hfIDISC1 on the 2
chromosome (elav-GAL4-UAS-hfIDISC1-2") also exhibited higher
dopamine and octopamine levels than those expressing hfIDISC1 on
the 2" chromosome (elav-GAL4-UAS-hfIDISC1-2"9). Interestingly, the
driver line alone (elav-GAL4) also showed elevated levels compared to
the hfIDISC1 models.

Tyramine levels (Figure 58 C) were elevated in flies expressing
hfIDISC1 with the driver line, regardless of whether the gene was

155



balanced on the 2" or 3™ chromosome (elav-GAL4-UAS-hfIDISC1-2"d
and elav-GAL4-UAS-hfIDISC1-3"), compared to flies carrying only the
gene insertion (UAS-hfIDISC1-2" and UAS-hfIDISC1-3). Flies
expressing hfIDISC1 on the 3™ chromosome (elav-GAL4-UAS-
hfIDISC1-3") also exhibited higher tyramine levels than controls.

Glutamate levels (Figure 58 D) remained consistent across
samples, except in the UAS lines (UAS-hfIDISC1-2" and UAS-
hfIDISC1-3"), which had lower glutamate compared to CTRL.

Acetylcholine levels (Figure 58 E) were generally similar among
groups, except for flies carrying hfIDISC1 on the 3™ chromosome (UAS-
hfIDISC1-3"), which exhibited lower acetylcholine levels than CTRL
and flies expressing hfIDISC1 on 2" chromosome (elav-GAL4-UAS-
hfIDISC1-2"9),

Although GABA levels (Figure 58 F) did not show statistically
significant differences, DISC1l-expressing flies (elav-GAL4-UAS-
hfIDISC1-2" and elav-GAL4-UAS-hfIDISC1-3") had higher GABA
concentrations compared to flies with only the gene insertion (UAS-
hfIDISC1-2" and UAS-hfIDISC1-3").

In conclusion, these results demonstrate that expression of
hfIDISC1 in Drosophila neurons alters levels of several
neurotransmitters, with the strongest effects observed when the
transgene is expressed from the 3™ chromosome.

4.3.3 Effect of hfIDISC1 expression on redox parameters

Given the role of DISC1 in mitochondrial trafficking, the redox
status was investigated in flies with hfIDISC1 balanced on 2" or 3
chromosome, before and after the expression was induced. Hydrogen
peroxide (H202) is a byproduct of cellular metabolism that, while
harmful at high levels due to oxidative stress, also contributes to cell
signaling and immune defense at lower concentrations. As controls, the
wt wlli8 (CTRL) flies were used, and the driver line by itself (elav-
GAL4). Using headless body or head extracts, H202 concentration was
indirectly measured. The stain used in this assay, DHE, mainly detects
superoxide, but by measuring total oxidation levels and comparing with
standard curve of DHE fluorescence with known H202 concentrations,
it can indirectly estimate H20:2 levels.
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Figure 59: hfIDISC1 insertion elevates H20:2 levels while crossing reduces
them. Samples were prepared from 32 heads (A) and 5 headless bodies (B) in
triplicates (n=9) from 3-5 days-old adult male flies. UAS lines without driver had
hfIDISC1 balanced on 2™ (elav-GAL4-UAS-hfIDISC1-2") or 3™ (UAS-hfIDISC1-3™)
chromosome. The driver elav-GAL4 was introduced in lines carrying the gene: elav-
GAL4-UAS-hfIDISC1-2™ and elav-GAL4-UAS-hfIDISC1-3. The controls were w118
(CTRL) flies and lines with only driver (elav-GAL4). Data on the graphs is presented
as AVE +/- SEM and statistically analyzed with one-way ANOVA with Tukey's multiple
comparisons test. All sample groups were compared, but only the pairs with
significant differences are shown on the graph, with p values marked as follows: p <
.05 (*), p <.001 (**), p <.001 (***),

H.0> levels were similar in the driver fly line (elav-GAL4), UAS-
hfIDISC1-2"% and UAS-hfIDISC1-3™ flies. However, it significantly
increased compared to crossed (elav-GAL4-UAS-hfIDISC1-2" or UAS-
hfIDISC1-3") or CTRL flies. The same phenomenon was observed in
the headless body (Figure 59 A) and head (Figure 59 B) samples.

Cells regulate and degrade H202 through antioxidant enzymes
like catalase, glutathione peroxidase, and peroxiredoxins, whose
activity is influenced by oxidative conditions. Therefore, the non-
enzymatic glutathione (GSH) levels were measured, assessing both its
active form (GSH) and its oxidized, inactive form (GSSG).
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Figure 60: GSH and GSSG levels in flies expressing the hfIDISC1 after
crossing with the driver line were higher than in other groups in both body
and head samples. Samples were prepared from 32 heads (B and D) and 5 headless
bodies (A and C) in triplicates (n=9) from 3-5 days-old adult male flies. Samples
from the body are shown under A and C, while the samples from the head are shown
under B and D. UAS lines without driver had hfIDISC1 balanced on 2" (elav-GAL4-
UAS-hfIDISC1-2") or 3™ (UAS-hfIDISC1-3) chromosome. The driver elav-GAL4 was
introduced in fly lines carrying the gene: elav-GAL4-UAS-hfIDISC1-2™ and elav-
GAL4-UAS-hfIDISC1-3™. The controls were w!!8 (CTRL) flies and lines with only
driver (elav-GAL4). Data on the graphs is presented as AVE +/- SEM and statistically
analyzed with one-way ANOVA with Tukey's multiple comparisons test. All sample
groups were compared, but only the pairs with significant differences are shown on

the graph, with p values marked as follows: p < .05 (*), p <.001 (**), p <.001
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GSH levels in body samples (Figure 60 A) of elav-GAL4-UAS-
hfIDISC1-2" and elav-GAL4-UAS-hfIDISC1-3™ lines were significantly
higher compared to w118 (CTRL), driver (elav-GAL4) or gene insertion
(UAS-hfIDISC1-2" and UAS-hfIDISC1-3") lines. GSH levels in the head
samples (Figure 60 B) followed a similar trend but without statistical
significance. GSSG levels in body samples (Figure 60 C) varied, with
it being the highest in flies with insertion of the hfIDISC1 on the 2" or
34 chromosome crossed out with driver line (elav-GAL4-UAS-
hfIDISC1-2" and elav-GAL4-UAS-hfIDISC1-3™). There was a
significant decrease in levels of GSSG in head samples (Figure 60 D)
from the driver line (elav-GAL4) when compared to flies with gene
insertion (UAS-hfIDISC1-2" and UAS-hfIDISC1-3), suggesting that
GSH/GSSG could be as a compensatory mechanism to counteract the
redox imbalance induced by hfIDISC1 expression.

As this aligns with the known role of DISC1 in mitochondrial
function, it is possible that dysregulation of DISC1 in neurons could
disrupt cellular redox homeostasis enough to result in SZ phenotypes.

4.3.4 Social interaction network for hfIDISC1 Drosophila models

Since CMlIs, such as SZ, heavily affect the interpersonal
relationships of patients with other people and AfIDISC1 has been
implicated in development of these illnesses, the effect of hfIDISC1
insertion in flies on social phenotypes was investigated.

For this, the arena assay was implemented where SIN can be
created based on a video recording of 12 flies per fly line, with over 20
recording for each fly line. Parameters of SINs were determined at
global and at local level.
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Figure 61: SIN in flies expressing hfIDISC1 have lower centrality measures.
All measurements were performed in replicates (n>15) using elav-GAL4, UAS-
hfIDISC1-2™ and UAS-hfIDISC1-3™ male flies and flies from crosses elav-GAL4-
hfIDISC1-UAS-hfIDISC1-2" and elav-GAL4-hfIDISC1-UAS-hfIDISC1-3™. The controls
were w!li8 (CTRL) flies. Parameters global efficiency (A) and clustering coefficient,
weighted either by count (number) (B) or duration (sec) (C), were statistically
analyzed using one-way ANOVA with Tukey’s multiple comparison post hoc test.
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Parameters betweenness centrality (D, E) and closeness centrality (F, G), weighted
either by count (number) or duration (sec), were statistically analyzed with Kruskal-
Wallis. p < .05 (*), p <.001 (**), p <.001 (***),

In all tested fly lines, the observed global efficiency, a measure of
fly group connectivity based on distance, was high (Figure 61 A).

The control group of flies with w118 background (CTRL) had the
highest clustering coefficient, indicating the degree of connectivity
among flies within a local network and the probability that their
neighboring flies will also establish connections. The clustering
coefficient for elav-GAL4 was lower compared to flies with gene
insertion (UAS-hfIDISC1-3" and UAS-hfIDISC1-37) or when the gene
was expressed in elav-GAL4-UAS-hfIDISC1-3" flies. The effect is more
pronounced if the duration of the interaction is taken as a weight than
it is for the number of interactions (Figure 61 B and C), suggesting
that GAL4 expression alone may influence neuronal network properties
and should be considered when interpreting results.

Betweenness centrality, a metric assessing each fly's significance
in preserving group cohesion, was the highest for elav-GAL4,
regardless of weights (count and duration) compared to other groups.
When flies were expressing hfIDISC1, the betweenness centrality was
higher than in flies with only gene insertion, the same for both weights
(Figure 61 D and E).

Closeness centrality, a metric quantifying the average shortest
paths between flies in the network, was highest in the control group
(CTRL) and driver line (elav-GAL4). In UAS-hfIDISC1-2"4: closeness
centrality was lower than in elav-GAL4-UAS-hfIDISC1-2", However,
with the 3™ chromosome, the effect was reversed, flies expressing the
hfIDISC1 after crossing with the driver line (elav-GAL4-UAS-hfIDISC1 -
3r) had lower closeness centrality than flies with only gene insertion
(UAS-hfIDISC1-3"). With count as weight (Figure 61 F), these results
are more obvious than with duration as weight (Figure 61 G).
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5 Discussion

Throughout this thesis, the aggregation of specific proteins
implicated in CMIs and their potential for co-aggregation was assessed
by post-mortem human brain samples, in vitro in mammalian cell
culture, and in vivo fly models.

5.1 Co-aggregation in human brain and cell models

Protein aggregation has been extensively studied in NDs, but its
role in CMIs remains poorly understood. Several studies have
suggested that abnormal protein aggregation in the human brain may
disrupt neuronal function, impair synaptic signaling, and induce cellular
stress responses308-323,453,

As first part of this thesis, aggregation patterns of CRMP1, DISC1,
NPAS3 and TRIOBP-1 were investigated in IC brain region. The IC plays
a key role in emotional regulation and cognitive processing, making it
relevant for CMIs#*¢. Moreover, the IC is less prone to severe structural
changes than other regions, such as the hippocampus or prefrontal
cortex, in conditions like AD or MDD. The samples were collected from
suicide victims, MDD and AD patients, and controls to assess whether
aggregation is disease-specific.

DISC1, CRMP1, and TRIOBP-1 were consistently detected in total
protein fraction, while NPAS3 was largely absent, likely due to its
developmental expression pattern333389.39439459  Although NPAS3 was
detected in I/A fractions across all groups, the signal was variable and
could not be quantified due to lack of protein loading control, making
it unclear whether group differences exist. DISC1 insolubility also
showed high inter-individual variability, with prominent bands detected
in specific cases across diagnostic groups, including controls, meaning
that aggregation levels may not be solely dependent on diagnosis.
Similarly, prominent CRMP1 Lv and Sv bands appeared I/A protein
fraction collected from several individuals without a clear diagnostic
pattern, and TRIOBP-1 insolubility remained generally low. In
conclusion, while protein aggregation can occur in CMIs, it may be
influenced by individual-specific factors rather than serving as a
consistent biomarker of diagnosis.

Based on the intensity of specific bands in I/A fractions versus
the bands in whole protein fraction, aggregation signal was determined
for each protein.
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Interestingly, NPAS3 aggregating signal appeared elevated in
individuals diagnosed with AD, compared to controls, suicide victims,
and patients with MDD. A slight increase was also observed in MDD
samples. However, these changes did not achieve statistical
significance. DISC1 aggregation signals were unexpectedly highest in
controls, particularly in the LOG, while suicide victims and MDD
patients showed region-specific increases. AD patients had the lowest
aggregation overall, which was different than previous findings 320:321,
Importantly, whereas earlier studies combined data from all patients
with CMIs and compared it to the controls, my thesis acknowledges
that this pathology is not present in every patient with CMIs, but is
more specific to a subset of individuals. CRMP1 variants also showed
differential patterns of insolubility, where CRMP1 Sv aggregation was
highest in suicide victims (notably in BA 3,1,2), while CRMP1 Lv
aggregation peaked in MDD patients, particularly in the LOG and FC.
Controls also showed high aggregation across several regions,
suggesting a possible baseline level of aggregation or age-related
changes not necessarily linked to pathology. Likewise, TRIOBP-1
aggregation was variable and region-specific. Highest levels were
detected in the FC of AD patients, while suicide victims showed
elevations in LOG and BA17. Notably, several control subjects and two
individuals with MDD also exhibited high TRIOBP-1 aggregation signals.
To conclude, the insolubility and potential aggregation of mentioned
proteins in the IC does not align consistently with tested diagnosis and
it appears to occur in a subset of individuals. Moreover, it reinforces
the idea that protein insolubility may represent a shared pathological
mechanism in a biologically defined subgroup rather than a hallmark
of any single disorder.

Another major result shown in this part of thesis is that one protein
rarely aggregates alone in brain. Multiple co-aggregation events
occurred in suicide victims, controls, and AD patients, but not MDD.
For example, CRMP1 Sv co-aggregated with NPAS3 or TRIOBP-1 only
in suicide victims. Given CRMP1’s critical role in axon guidance,
neuronal migration, and synapse formation3*!, its aggregation
alongside NPAS3 or TRIOBP-1 suggests a potential disruption in
cytoskeletal organization and intracellular signaling pathways. Since
CRMP1 forms hetero-oligomeric complexes with other CRMPs35t and
undergoes phosphorylation33237,  disease-specific modifications may
influence its aggregation propensity. DISC1 alone in SH-SY5Y or HEK
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cells exhibited robust aggregation tendencies, consistent with its
known propensity to form pathological aggregates in CMIs320,321,383,396-
401,404,502 "\When co-expressed with CRMP1 Sv, DISC1 aggregation was
unaffected. However, CRMP1 Lv co-aggregated with DISC1l. The
difference is likely due to structural differences between CRMP1 Sv and
Lv, as CRMP1 Lv has an N-terminal extension332, The aggregation-prone
nature of CRMP1 Lv, particularly when co-expressed with DISC1, aligns
with prior findings of CRMP1 aggregation propensity32?2 and its
involvement in axon guidance and cytoskeletal dynamics332. Observed
CRMP1 Lv's instability with the eGFP tag further emphasizes its
structural sensitivity. There may be a synergistic relationship between
DISC1 and CRMP1 Lv, where DISCl1 aggregates may serve as
nucleation sites for CRMP1 Lv aggregation, which could impair
cytoskeletal dynamics and synaptic plasticity. On the other hand, the
reduced size of DISC1 aggregates was observed after co-transfection
with CRMP1 Sv. It is possible CRMP1 Sv can exert a stabilizing effect,
which has strong therapeutic implications.

Another significant result is DISC1 co-aggregation with TRIOBP-1,
which reflects their shared involvement in cytoskeletal organization
and neuronal integrity3893%459,  Aggregation of TRIOBP-1 has been
shown to impair neurite outgrowth323464 and its interaction with DISC1
may exacerbate this effect, contributing to neuronal dysfunction.
Separately, NPAS3 maintained its nuclear localization when co-
expressed with DISC1, CRMP1, or TRIOBP-1. As NPAS3 has a critical
role in transcriptional regulation and is conserved across different
species?7428429 it is probably more resilient to aggregation-mediated
dysfunction. Interestingly, previous studies*%453 and our results have
shown that oxidative stress or mutations can alter NPAS3 localization
and aggregation propensity, suggesting that extensive combined
genetic factors may trigger its aggregation in CMIs.

In summary, it is possible that a combination of proteins
aggregating severely contributes to CMIs, emphasizing the need for
future research in this field. Limitations of this experiment and
proposals for future experiments will be discussed later.

5.2 Protein aggregation in CMIs varies across the

brain regions
Research in this thesis was expanded to other brain regions,
beyond IC region, from the same individuals, if available.

165



Levels of DISC1, CRMP1 Sv and Lv, and TRIOBP-1 in whole protein
fractions across different brain region were variable and not correlating
with diagnosis. However, when the I/A protein fraction was analyzed,
it was obvious how protein aggregation is not uniform but rather varies
across brain regions. CRMP1 aggregation was observed in controls
(BA17, TC, PC), suicide victims (LOG), and AD patients (TC). In MDD,
elevated CRMP1 Lv was seen in LOG and FC, though overall CRMP1
aggregation was lower.

Furthermore, multiple brain regions showed high levels of DISC1
and TRIOBP-1 aggregation, especially in control samples. Interestingly,
high levels of TRIOBP-1 aggregation were detected in LOG from suicide
victims, same as CRMP1. Accumulation of aggregates LOG could
heighten emotional reactivity and impulsivity, contributing to suicidal
behavior.

Additionally, for this part of project, multiple regions from one
patient with SZ were investigated. In the SZ patient, high DISC1 and
CRMP1 were found in BA3, 1, 2 and LOG, but this was not consistent
across SZ cases. A second SZ patient (SZ2) showed high DISC1
expression in total protein but no aggregation in I/A fraction. While
impairments in LOG are more connected to emotions, impairments in
BA3, 1, 2 could lead to sensory dysfunction, tactile hallucinations, and
impaired motor processing. For TRIOBP-1, none of the analyzed brain
regions showed high levels of aggregation. However, all shown
aggregation signals were at least 10 times higher in samples from
patients with diagnosed SZ compared to other tested groups, especially
for DISC1. Hence, protein aggregation probably fits better in the
pathology of SZ than MDD or suicide. Nevertheless, across all
investigated samples, there were high levels of aggregating proteins in
control, which future research needs to answer. Region specificity was
also tested in a separate experiment, where 20 tissue samples (10
regions from each hemisphere) from a patient R with diagnhosed SZ and
AD were analyzed. As a reference, multiple brain regions from one
control and one AD patient were used. Initially insolubility of DISC1
was tested, followed up with CRMP1 and TRIOBP-1. Among the three
proteins of interest, representative sample of patient R exhibited an
intense band for DISC1 in I/A protein fraction. Region BA36, 37 showed
high DISC1 aggregation signal for both patient R and control, while in
TC aggregation signal for DISC1 was high both of patient R and AD
patient. Hence, the observed aggregation pattern suggests that while
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DISC1 accumulation in BA36, 37 may not be disease-specific and its
presence in TC could be associated with pathological processes linked
to neurodegeneration. However, high DISC1 aggregation signal was
observed in region BA6a in both hemispheres. Based on this, DISC1
aggregation may not be restricted to regions traditionally associated
with cognitive and emotional processing but could also impact motor-
related cortical areas.

However, I/A DISC1 was not detected in new SZ patients (SZ2),
even though high levels of DISC1 were seen in total protein fraction.
This means that DISC1 expression may remain elevated, but its
propensity to aggregate varies between patients or disease stages. The
absence of detectable aggregation in SZ2 could indicate differences in
post-translational modifications, chaperone activity, or cellular
mechanisms regulating protein solubility.

As protein aggregation was observed to be region-specific for
both suicide and SZ, it may also be resemble the patterns observed in
NDs, where aggregation tends to follow specific pathways rather than
occurring ubiquitously316318319,  Moreover, the co-occurrence of
previously mentioned proteins and their insolubility in specific brain
regions shows a potential interplay between these proteins in CMIs.

5.2.1 Limitations in post-mortem human brain analysis with
implications for future research

A notable limitation of this approach is the absence of systematic
validation for brain tissue integrity. The brain tissue used in this study
was collected relatively quickly after death, with an average PMI of 5
hrs, and subsequently cryo-frozen. Usually, low PMI is correlated to
high quality of brain tissue. However, tissue degradation can occur at
any point during collection, transfer, or storage. Many brain banks
perform pH measurements on fresh and frozen brain tissue, as pH
levels correlate with RNA integrity. Also, RNA integrity itself is assessed
by human brain banks using the RNA Integrity Number (RIN), which
ranges from 1 to 10 and is typically determined via capillary
electrophoresis with instruments such as the Agilent Bioanalyzer>12. A
high RIN score (e.g., greater than 7) is essential for transcriptomics
and expression analyses. Additionally, ensuring a high RIN score could
indicate that the tissue was well-preserved prior to protein purification.
Hence, in future research either pH level or RIN score could be
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determined when brain tissue arrives in the laboratory, before protocol
for purification of I/A protein fraction. This is particularly important
since the homogenization and long purification processes could
exacerbate protein degradation if the initial tissue quality is
compromised. To check for protein degradation, samples could be
stained for dihydropyrimidinase-related protein-2, a degradation-
sensitive markers3, Franzen et al. showed a higher ratio of fragmented
dihydropyrimidinase-related protein-2 to full-length version is
connected to higher tissue degradation.

One of the main things shown in this thesis is the variability of
protein aggregation among different individuals with CMIs and in
controls. Identifying a subset of CMIs patients with protein aggregation
as underlying mechanism based on biochemical approaches could
improve diagnostic accuracy and pave the way for targeted treatments,
rather than a one-size-fits-all approach. A possibility for future
research could be creating a “selection process”. Individuals with CMIs
should firstly be assessed for level of general protein insolubility, before
checking proteins of interest. Ideally, the assessment would be done
in multiple brain regions within the same individual, establishing a
standardized threshold to classify individuals as "aggregation-positive"
when their values exceed this limit. Future studies should prioritize the
LOG, PiFC, and TC, due to their frequent and diagnosis-specific
patterns of protein aggregation. The LOG stood out for its high
aggregation signals of DISC1, CRMP1 Lv, and TRIOBP-1, especially in
MDD and suicide victims, suggesting a role in emotional dysregulation
and impulsivity. The PiFC showed elevated DISC1 and CRMP1 Sv
aggregation, particularly in MDD, linking it to olfactory processing and
mood-related circuitry. The TC consistently showed aggregation across
proteins and diagnostic groups, making it a promising region for
investigating common molecular pathways in CMIs. Additionally, the
somatosensory cortex (BA 3, 1, 2) remains a valuable region for further
exploration, particularly in suicide victims and SZ, due to high DISC1
and CRMP1 Sv aggregation, potentially reflecting altered sensory
processing and tactile perception. Lastly, regions like the FC and BA4
(motor cortex) also warrant investigation, given their involvement in
MDD and SZ and emerging evidence of DISC1 and TRIOBP-1
aggregation, respectively. These areas may help disentangle motor
and executive dysfunctions associated with CMIs. Generally, if
individuals with high overall protein insolubility show different
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aggregating proteins compared to those with low insolubility—within
the same diagnostic group—this method could provide a more
straightforward way to identify subgroups where aggregation may
have pathological significance. Ultimately, this analysis could highlight
novel therapeutic targets or biomarkers. In literature, a suggested way
to probe individuals with CMIs who could be affected by protein
aggregation is based on the intensity of their symptoms or treatment
resistance*3. In the case of SZ, 70% of patients are responding to
currently available treatment. The rest of the patients are resistant to
conventional drugs such as haloperidol but still respond to clozapine.
Those patients are diagnosed with TRS and they usually exhibit intense
cognitive symptoms, which makes them a potential subset with protein
aggregation pathology. Less than 10% of patients with treatment-
resistant SZ are resistant to clozapine, making them non-responsive to
any currently available treatment. They also exhibit the worst clinical
picture and should be investigated for signs of protein aggregation.
Isolating this subset of patients based on clinical features may be
effective. Still, it requires a well-trained clinician(s) for accurate
diagnosis and an extensive follow-up on treatment, which can be
affected by multiple factors like a support system, socioeconomic
status, genetic mutations that affect drug metabolism, and others.
Hence, a biochemical approach to distinguish different variants of SZ
and other CMIs is essential. So far, high levels of ubiquitination and
insolubility have been correlated with patients with poor cognitive
performance and high resistance to clozapine, one of the significant
antipsychotics. So, in future “selection process”, levels of ubiquitination
can also be included, complementary to the general protein insolubility
analysis. Nevertheless, these kind of analysis on human brain tissue
are informative, but in long-term, analysis also need to be done on
tissues more accessible than brain, such as cerebrospinal fluid, as
those samples can be collected from living patients. If described
phenomenon is detectable in peripheral tissues in the same manner as
in brain tissue samples, it could move the whole research onto the
peripheral tissues, and the CMIs could be tracked minimally invasively,
during treatment, or even in clinical studies. An optimistic future end
goal would be even to guide treatment strategies for CMIs.

Acknowledging that the proteins of interest were also detected in
the I/A fraction of control individuals is essential. One potential
explanation for this finding is that the experimental methodology
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requires further optimization. Incomplete removal of the supernatant
during the I/A protein purification process or inadequate pellet
resuspension may have influenced the results. The protocol used for
I/A protein purification was validated by previous research in brain
tissue material from transgenic DISC1 rats3204¢4, Briefly, both high- and
low-stringency protocols were tested in removing soluble proteins
while retaining aggregated forms. Incomplete supernatant removal
and inadequate pellet resuspension were observed to cause minor
protein loss, but did not significantly impact the presence of accurate
I/A aggregates. Moreover, to confirm that soluble proteins are not
contaminating the purified I/A fraction, the I/A protein fraction can be
stained for soluble housekeeping protein, like B-actin. However, it is
essential to note that TRIOBP-1 binds B-actin in normal conditions, so
it is possible TRIOBP-1 “pulls” B-actin in its aggregates, which could be
seen as a low signal of B-actin in I/A protein fraction. So, other proteins
like Glyceraldehyde-3-phosphate dehydrogenase could be used
instead. Alternatively, this observation may indicate a baseline level of
protein aggregation that is physiologically normal and efficiently
managed by cellular clearance mechanisms. This interpretation is
supported by demographic data, as controls, AD, and MDD patients
were significantly older than suicide victims, suggesting that
accumulated I/A proteins result from age-related declines in protein
clearance. Notably, suicide victims, despite their younger age,
exhibited similar signs of impaired clearance, highlighting the potential
role of protein aggregation in cellular dysfunction and its broader
impact on psychiatric pathology. Previously cited research 4 also
showed that I/A TRIOBP-1 levels correlate with brain pH, suggesting
that post-mortem changes affect aggregation, adding to how some
aggregation is physiologically normal and influenced by cellular
clearance. Finally, another suggestion to account for the presence of
I/A proteins in control samples, would be to normalize the aggregation
signal observed in patients with CMIs to the baseline levels of protein
aggregation typically occurring in the brain.

For the individuals included in this project, no difference in PMI,
age, sex, and social factors was connected to aggregating signals.
However, future analyses should incorporate correlation methods like
Pearson’s to explore potential relationships. Moreover, additional data
on substance or alcohol abuse, medication history, and other relevant
health information would provide a clearer picture of their physiological
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state before death. Samples collected for specific research can be at
least analyzed for substances (alcohol, drugs, etc.) that were present
in the individual at the time of death, so that can provide more
information if medical history is not available. This would be especially
significant for individuals used as a control since protein aggregation
was observed in some control individuals, and it could be a
consequence of other pathological mechanisms. Another essential
aspect addressed by previous research*“ is the effect of ethnicity,
which was impossible to include in this project since all analyzed
individuals were Caucasians from Hungary. Briefly, previous research
detected high levels of I/A TRIOBP-1 levels in patients with SZ and
African American descent, compared to patients with SZ and Caucasian
American descent. For MDD, the situation was reversed. This variation
further supports the notion that protein aggregation is not purely
pathological but involves genetic or environmental factors. Hence, in
individuals with a genetic predisposition or chronic exposure to
environmental stressors, the accumulation of protein aggregates could
overwhelm the proteostasis network, disrupt neuronal cell function,
and potentially lead to the development of CMIs.

When samples from IC of suicide victims, control individuals, and
patients with either AD or MDD were analyzed for the first time,
normalization between membranes was challenging. The starting
material was the same for all samples (10% of tissue homogenized in
a buffer), and the same amount of sample was loaded on all gels. In
homogenates, the protein signal was normalized to the B-actin signal
for each sample since the actin signal also varied for each individual.
The signal after staining for B-actin was uneven and, in some cases,
hard to detect. Hence, a part of the whole protein fraction
(homogenate) should have been taken for standard protein
quantification, with the buffer used for homogenization serving as a
blank. A significant problem was normalization of ban intensity of I/A
protein fractions across different membranes. The signal of I/A protein
fraction from AD patients could have been normalized to
phosphorylated tau, a known aggregating protein in the pathology of
this disease. However, it also depends on the type of AD since
phosphorylated tau is not involved in all cases. For CMIs, no equivalent
reference protein has been identified, yet. However, in the follow up
analysis with different brain regions, total protein content was
determined, both in the homogenate (whole protein fraction) and the
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aggregate (I/A protein fraction). This approach involves visualizing
total proteins in gels using TCE, which binds to proteins and fluoresces
under UV light. Compared to antibody-based immunodetection, total
protein staining is less sensitive but also less prone to signal
oversaturation. Additionally, because it relies on the entire protein load
as a loading control, it is less influenced by variations in individual
protein expression due to experimental conditions. In this project,
applying this method showed no differences in total protein
quantification in homogenates loaded on different gels. However, to
ensure accuracy, this method should be validated with samples of
known protein concentration. Additionally, total protein quantification
in homogenates should be compared to B-actin signal quantification in
the same samples. Protein quantification before transferring proteins
onto the membrane can be useful, but only if the transfer is complete.
In some cases, incomplete transfers can lead to inaccurate
quantification. Ideally, proteins should be quantified after transfer
using total protein stains like Ponceau or a stain-free approach, where
the TCE signal is visualized under UV light. If total protein visualization
on the membrane is not possible, the remaining protein signal on the
gel after transfer should be subtracted from the pre-transfer signal to
estimate the amount transferred. Another option is to quantify protein
concentration using commercial kits. However, this would require using
part of the already limited I/A material, reducing the number of specific
proteins available for Western blot analysis. If a large number of
proteins need to be analyzed, Western blot becomes a limiting method,
and a more effective approach would be mass spectrometry analysis
of proteins in the I/A material.

Finally, to determine if these proteins play a diagnhostic or
mechanistic role in CMIs, it would be interesting to analyze post-
translational modifications. During purification of the I/A protein
fraction, samples can be collected after resuspension in lysis and
sarkosyl buffer from the supernatant after centrifugation. Mass
spectrometry-based proteomics can identify novel post-translational
modifications across patient-derived samples. In contrast, specific
known post-translational modifications for each protein can be
investigated with modification-specific antibodies in Western blot. If a
particular post-translational modification site is identified as diagnosis-
specific, including functional studies through CRISPR-mediated gene
editing or site-directed mutagenesis would be interesting. A novel
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method, single-cell proteomics, might provide more insights into cell-
type-specific expression or modifications, which are often overlooked
in tissue analyses. Another approach that should not be ignored is
network-based analyses integrating transcriptomic and proteomic
data, which could help identify functional pathways enriched in CMIs.

5.3 Aggregation of NPAS3, beyond the V3041 mutation

NPAS3 is a transcription factor implicated in neurodevelopment
and psychiatric disorders. Although the V3041 mutation has been linked
to SZ4°3, its impact on protein aggregation is poorly understood. This
section investigates whether NPAS3 aggregation occurs beyond this
mutation and explores the factors influencing its dynamics.

Specifically, the localization, aggregation propensity, and critical
regions of the transcription factor NPAS3 wt under normal and stress
conditions were investigated. Both NPAS3 wt and V3041 are primarily
localized to the nucleus under normal conditions, consistent with their
role as a transcription factor described in previous research.
Interestingly, under oxidative stress induced by sodium arsenite, both
protein variants exhibited a notable increase in a mixed phenotype
(nuclear and cytoplasmic localization). The cytoplasmic localization was
therefore interpreted as a possible early stage of aggregation, an
approach previously described for other proteins such as TDP-43 and
FUS.

The lack of significant differences between the wt and mutant
variants in localization suggests that the V3041 mutation does not
drastically alter the protein's distribution in normal conditions.
However, the increase in mixed localization under stress conditions
highlights a potential vulnerability of NPAS3 to cellular stress, which
may be relevant to the pathology of CMIs. Also, when the time factor
was introduced, both NPAS3 wt and V304I exhibited an increase in
insolubility. The V3041 variant showed higher insolubility at 24 hrs;
however, by 48 and 72 hrs, both variants demonstrated similar levels
of insolubility, indicating that the mutation does not consistently affect
NPAS3 aggregation under these experimental conditions. The transient
increase in insolubility of V3041 at 24 hours is interesting since it may
indicate an early stage of aggregation, which disrupts NPAS3's
interaction with other proteins and leads to CMIs pathology.

Analysis of NPAS3 fragments revealed that the PAS1 domain is
critical for cytoplasmic localization, while the bHLH and C-terminal
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regions predominantly localize to the nucleus. The introduction of the
PAS1 domain increased cytoplasmic localization and, in some cases,
led to aggregate formation, meaning PAS domains mediate both
localization and aggregation. However, it is important to note that the
perinuclear accumulation observed for the bHLH1-PAS1 region may not
represent true protein aggregates. Such signals could instead reflect
protein-filled vesicles or vacuoles, such as autophagosomes or
lysosomes, accumulation of overexpressed protein in the endoplasmic
reticulum or Golgi—both of which cluster near the nucleus—or even
artifacts resulting from overexpression or fixation. Therefore, to draw
more definitive conclusions, further validation is needed, such as
testing the insolubility of the bHLH1-PAS1 region or performing co-
localization studies with aggregate-associated markers like ubiquitin.
The cytoplasmic localization observed for PAS1-containing fragments
underlines its dual role in regulating protein interactions and cellular
responses, which are influenced by stress and metabolic conditions.
Despite the PAS1 domain's influence on cytoplasmic localization, co-
expression experiments with full-length NPAS3 showed no disruption
of nuclear localization. Hence, while individual regions may influence
NPAS3 localization, the full-length protein retains a dominant nuclear
localization pattern.

To conclude, the results of this thesis do not support the idea that
mutation V304I can solely lead to NPAS3 aggregation. However, it may
subtly alter NPAS3's interaction network or stability, for instance, by
slightly altering binding affinities, folding kinetics, or subcellular
localization, which could influence aggregation propensity under
certain cellular conditions or in combination with other stressors. Given
the strong association between NPAS3 mutations and CMIs such as SZ
and BiPD, further studies are needed to determine whether this
mutation affects transcriptional activity and targets expression. The
observation that PAS1 domains influence aggregation propensity
suggests that mutations or stress-induced modifications in these
regions could predispose NPAS3 to aggregation, potentially disrupting
its normal function in neurogenesis and metabolism.

Also, post-translational modification O-GIcNAc could affect the
aggregation of NPAS3, so utilizihg methods like Fluorescence
Resonance Energy Transfer can provide more information about the
effect of stress factors on O-GIcNAc dynamic while monitoring NPAS3
localization.
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5.3.1 Limitations of cell-based assays with implications for
future research

In this thesis, SH-SY5Y and HEK293 cell lines were used and
there is a definitive need for replication results in other cell lines and
more advanced cells cultures, like primary neuronal cultures, or
induced pluripotent stem cell (iPSC)-derived neurons, which can better
replicate complex environment of the brain, before moving on with
other experiments.

Protein aggregation for this thesis involves punctate staining
patterns examining overexpressed proteins in cells with
immunofluorescence microscopy. However, it is unclear whether these
structures are aggregates or represent an alternative localization, such
as proteins sequestered within cellular vacuoles or organelles. To
address this, the aggregation of proteins investigated in this thesis was
additionally confirmed by a biochemical protocol, which purified I/A
proteins and followed by Western blot in a similar manner as brain
samples were analyzed.

Given the resolution limitations inherent in conventional
fluorescent microscopy, there is also the possibility that punctate
patterns arise from technical artifacts or the overlapping localization of
proteins within the imaging plane. Several images shown here are
overlapping, which should be avoided in future research. Future studies
should also employ confocal microscopy, which offers higher resolution
and can perform three-dimensional reconstruction of cellular
structures. Confocal imaging would enable precise delineation of the
spatial distribution and morphology of the puncta, thus enhancing the
accuracy of aggregate identification. Additionally, on a confocal
microscope, it is possible to perform a colocalization analysis using
markers for other cellular compartments, such as lysosomes (e.g.,
LAMP1) or endoplasmic reticulum (e.g., calnexin), to investigate
whether the puncta are associated with these organelles.

Another approach to distinguish between these possibilities is
investigating aggresome formation, a cellular response to misfolded
proteins. Aggresomes are dynamic structures characterized by the
recruitment of aggregated proteins to a perinuclear region, encased by
vimentin filaments, and often associated with markers such as
vimentin, HDAC6, and y-tubulin. The formation of aggresomes can be
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further validated experimentally using the proteasome inhibitor MG-
132, which enhances the accumulation of misfolded proteins and
promotes aggresome assembly. This experimental setup can help
confirm whether observed puncta align with the characteristics of
aggresomes or represent other cellular phenomena.

To further elucidate the potential mechanisms underlying the
formation of punctuated patterns, it will be essential to investigate
whether the overexpression of these proteins influences key cellular
pathways, including proteasomal degradation, autophagy, or
apoptosis. These pathways represent the primary mechanisms for
maintaining cellular homeostasis and responding to protein misfolding
or aggregation. The ubiquitin-proteasome system is responsible for
degrading the majority of short-lived, damaged, or misfolded proteins
in eukaryotic cells. In contrast, autophagy primarily targets long-lived
proteins, aggregated proteins, and even damaged organelles,
particularly under cellular stress or nutrient deprivation
conditions307,308,328,329 To discern the role of these pathways in our
system, assays like proteasome activity assay and/or staining for
autophagy markers and apoptosis indicators can be used. Specifically,
proteasome activity assay involves using fluorescent substrates that
report on proteasome function or monitoring the stabilization of
proteasomal targets. MG-132 treatment can serve as a control to
observe changes in proteasome inhibition. Co-staining proteins of
interest and autophagy markers could provide more information about
possible colocalize of our proteins with autophagic structures. Staining
for apoptosis markers could show if overexpression of proteins of
interest triggers apoptosis. Given that similar stimuli can trigger both
autophagy and apoptosis, pharmacological tools that specifically
modulate these pathways (e.g., autophagy or apoptosis inhibitors)
could be used with imaging and biochemical assays to provide more
information.

The system used for investigating protein co-aggregation in this
thesis involved double transfection of plasmids containing human
genes for CRMP1, DISC1, NPAS3, and TRIOBP-1, leading to their
overexpression in cells. For future experiments employing this double
transfection approach, evaluating the transfection rate for each
plasmid individually and in combination will be essential. Additionally,
testing multiple transfection reagents to determine which provides the
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highest transfection efficiency for both plasmids would further optimize
the system and improve the reliability of the results. Future
experiments should also address endogenously expressed proteins.
One approach could involve transfecting DISC1 or TRIOBP-1 into cells
to induce aggregation through overexpression and then examine the
interaction with endogenous CRMP1 using specific staining techniques.
A more advanced strategy would be to utilize systems where the
expression of DISC1 or TRIOBP-1 can be precisely regulated, such as
Tet-On inducible systems. This would allow for controlled protein
expression, enabling the study of CRMPl's role under more
physiological conditions. Additionally, to confirm direct interactions
between DISC1 and CRMP1 or other tested proteins, co-
immunoprecipitation should be done. Meanwhile, technique such as
Fluorescence Resonance Energy Transfer can show the dynamic of
protein interactions. Moreover, the experiments were conducted under
normal conditions. Future studies should explore the impact of
stressors, such as oxidative stress, on co-aggregation dynamics,
particularly for NPAS3. Also, it would be interesting to investigate the
downstream effects of co-aggregation on cellular function, with assays
like MTT for cell viability and apoptosis assays, live-cell imaging for
cytoskeletal dynamics tracking, Seahorse XF Analyzer for
mitochondrial function assays and RNA-Seq to detect transcriptional
changes associated with cytoskeletal or mitochondrial stress.

5.4 Behavioral and molecular effects of hfIDISC1

expression in Drosophila

Studying the role of specific proteins implicated in CMIs often
necessitates the development of animal models. These models serve
as versatile tools for examining the impact of the human DISC1 protein
on animal behavior within the intricate network of hormones and
neurotransmitters that regulate brain function. This approach offers
critical insights into mental illnesses' molecular mechanisms, bridging
the gap between genetic abnormalities and observable behavioral
phenotypes.

Thanks to their short lifespan and rapid reproduction, Drosophila
melanogaster models address common challenges of traditional animal
models, such as low statistical power, high costs, and lengthy breeding
times+77-480, Genetic flexibility and a well-mapped nervous system make
Drosophila excellent tools for studying the molecular and cellular
processes behind complex behaviors and diseases. While flies and
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humans may seem vastly different initially, they share many
fundamental evolutionary pathways and mechanisms. Their laboratory
use is also unrestricted due to minimal ethical and safety concerns.

Moreover, Drosophila lacks an endogenous DISC1 gene, making
it an ideal model for studying the human DISC1 without the
confounding effects of endogenous protein. In transgenic mouse and
rat models, determining whether observed effects are primarily due to
the introduced human DISC1 or interactions with the endogenous
Disc1l is often challenging. In contrast, Drosophila eliminates this
ambiguity while many interaction partner genes are conserved,
allowing research of DISC1 aggregation mechanisms in a simplified yet
biologically relevant system.

Furthermore, by using the GAL4-UAS system, which is a genetic
tool widely used in Drosophila research, cell-specific expression of
cloned genes*!482 such as the hfIDISC1 can be achieved. Unlike
mammalian models, the GAL4-UAS system in Drosophila enables the
clean expression of human DISC1 without interference. The GAL4
generally has minimal to no effects on the cells*®2, however in this
thesis it showed effect in some experiments (will be discussed in more
details below).

For this thesis, transgenic Drosophila lines with inserted hfIDISC1
under the UAS promoter were created, with gene balanced on the 2
(UAS-hfIDISC1-2") or 3™ chromosome (UAS-hfIDISC1-37). A cell-
specific expression in neuronal cells driven by elav-GAL4 was used to
study endophenotypes related to SZ. Both UAS-hfIDISC1 lines
exhibited distinct behavioral and biochemical phenotypes, likely
attributable to DISC1 expression rather than insertion effects, as
evidenced by consistent phenotypes and detectable DISC1 in both
strains.

The expression of the AfIDISC1 was confirmed by Western blot
with specific anti-DISC1 antibody in lysates collected from fly heads
and bodies separately. hfIDISC1 expression was highest in elav-GAL4-
UAS-hfIDISC1-2" for body samples and in UAS-hfIDISC1-3™ line for
head samples, surprisingly decreased in elav-GAL4 cross. The detected
hfIDISC1 expression in UAS lines (UAS-hfIDISC1-2" and UAS-
hfIDISC1-3™) is probably due to a typical ,leaky gene“ phenomenon,
an unintended or basal expression of a gene under a UAS promoter,
even in the absence of the GAL4 driver. This may induce phenotypes
in UAS lines and/or create unintended effects that are difficult to
explain about crosses.
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The next set of analyses included measuring monoamine
concentration in the heads, with and without activating localized
expression induced by elav-GAL4 driver. Notably, dopamine and
octopamine levels were highest in flies expressing hfIDISC1 on the 3™
chromosome (elav-GAL4-UAS-hfIDISC1-37, purple bar with black
crossing), suggesting that the chromosomal location of the gene can
influence neurotransmitter synthesis regulation. This aligns with the
known role of DISC1 as a scaffolding protein that integrates various
cellular signaling pathways 373374, The elevated dopamine and
octopamine levels may reflect disruptions in these pathways,
potentially leading to altered neurotransmitter homeostasis.
Interestingly, flies expressing hfIDISC1 on the 2" chromosome (elav-
GAL4-UAS-hfIDISC1-2") also exhibited higher dopamine and
octopamine levels than controls. However, the increase was less
pronounced than in the 3™ chromosome model. This further
emphasizes the influence of gene location and suggests potential
variability in DISC1-mediated effects based on its integration site.
Tyramine levels were elevated in all DISC1-expressing models (both
2nd and 3™ chromosomes), showing how DISC1 dysregulation can
impact catecholaminergic pathways. The significant increase in
tyramine in the elav-GAL4-UAS-hfIDISC1-3@ model compared to
controls may indicate a broader role for DISC1 in modulating biogenic
amines beyond dopamine and octopamine. The results in this thesis
show that glutamate levels were generally stable across groups but
reduced in flies with UAS-hfIDISC1 insertions (UAS-hfIDISC1-2" and
UAS-hfIDISC1-3) compared to CTRL. This suggests that gene
insertion might suppress glutamatergic activity, though the
mechanisms remain unclear. Acetylcholine levels showed slight
variation but were lower in UAS-hfIDISC1-3" flies compared to CTRL
and elav-GAL4-UAS-hfIDISC1-2" flies, pointing towards a subtle, gene
location-dependent effect on cholinergic pathways, warranting
additional investigation. While GABA levels did not differ significantly
across groups, flies expressing DISC1 (elav-GAL4-UAS-hfIDISC1-2
and elav-GAL4-UAS-hfIDISC1-3™) tended to have higher GABA
concentrations compared to UAS-only lines, aligning with the known
complexity of DISC1’s role in neuronal signaling37337¢ which suggests it
may modulate inhibitory neurotransmission under certain conditions.
Dopamine in Drosophila affects learning by modifying synapses
between odor-responsive Kenyon cells and MBONs, reinforcing
approach or avoidance behaviors. Specific dopaminergic neurons
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encode positive or negative valence, targeting distinct mushroom body
compartments. Beyond memory formation, dopamine also regulates
memory expression based on factors like hunger or internal state,
enabling the mushroom body to integrate sensory inputs with context
for adaptive behavior. The DISC1 has also been implicated in
modulating dopaminergic signaling373374, suggesting it may influence
synaptic plasticity and behavior by regulating dopamine-dependent
pathways. The observed changes in neurotransmitter levels and
synaptic plasticity in DISCI1-expressing flies suggest that similar
dopamine and related pathway disruptions could underlie cognitive and
behavioral deficits in SZ.

Both UAS-hfIDISC1-2" and UAS-hfIDISC1-3™ lines exhibited
consistent alterations in redox parameters: elevated H202 levels and
reduced GSH concentrations, with no significant changes in GSSG
compared to controls. These changes could imply that the
overexpression of DISC1 impairs mitochondrial function, leading to
increased oxidative stress as indicated by higher H202 levels and the
oxidation of GSH to GSSG. Given the dual role of H202 in cellular
signaling and as an indicator of oxidative stress, these disruptions may
also impair redox-sensitive pathways, potentially influencing
neurotransmitter systems involved in regulating behavior.

Social deficits are a core feature of SZ, profoundly impacting
patients' quality of life and interpersonal relationships®-57. Given the
involvement of DISC1 in SZ, this study aimed to investigate its role in
shaping social behaviors using Drosophila as a model. By applying SIN
analysis, it is possible to examine the effect of DISC1 expression on
social organization and interaction dynamics, providing insights into
the molecular basis of social impairments in mental illness. It is
important to note GAL4 line showed different clustering coefficient than
UAS or elav-UAS lines, hence it is possible driver elav-GAL4 can affect
SIN and should be considered when discussing the results of lines with
driver (elav-GAL4-UAS-hfIDISC1-2™ or elav-GAL4-UAS-hfIDISC1-3").
The expression of DISC1 did not significantly alter the global efficiency
of the SIN, suggesting that the flies maintained tightly knit groups
despite genetic modifications. This finding indicates that the locomotor
phenotypes of the two transgenic lines were not severe enough to
disrupt this parameter. Additionally, the experimental setup (12 flies
and 25 minutes of recording) was adequate to ensure all flies had the
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opportunity to interact. However, at the local level, UAS-hfIDISC1 lines
exhibited a lower clustering coefficient than controls. This finding
implies a disruption in the formation of tight social clusters, resulting
in more diffuse or random interactions among individuals. The
observed reduction in clustering may point to impairments in social
organization, potentially linked to the underlying genetic modification.
A lower closeness centrality in the UAS-hfIDISC1-2" line suggests
reduced efficiency in accessing other individuals within the network,
potentially reflecting delays in the flow of information or influence.
Interestingly, the UAS-hfIDISC1-3" line did not exhibit changes in
closeness centrality but showed increased betweenness centrality. This
finding suggests that these flies facilitated more efficient
communication between different parts of the network, possibly
compensating for other deficits in social structure. The observed
alterations in social network parameters, such as reduced clustering
and changes in centrality measures, may reflect underlying disruptions
in the neurotransmitter systems influenced by DISC1. Since in
Drosophila, social interactions are predominantly mediated through
olfactory communication+74%5, by influencing dopaminergic signaling,
DISC1 may alter how sensory inputs, internal states, and memory
processes are integrated. For example, reduced clustering could
indicate that flies with altered DISC1 expression struggle to maintain
stable, cohesive interaction patterns. Such difficulties may arise if
glutamatergic or cholinergic excitatory drive is diminished, making it
harder for individuals to form tight-knit groups, or if GABAergic
inhibition is imbalanced, leading to less predictable social engagement.

The results highlight the effect of DISC1 expression on specific
SIN parameters, emphasizing the importance of independently
examining local and global measures. Applying SINs in Drosophila
offers a novel and powerful approach to studying social behavior
deficits, particularly in the context of SZ-related phenotypes.
Traditional behavioral assays, while informative, often lack the
resolution to capture the complexity and dynamics of social interactions
in a networked context. SIN analysis, in contrast, provides quantitative
insights into both global and local patterns of interaction, enabling the
identification of specific disruptions in social organization and
communication pathways. The findings from this study, such as the
altered clustering coefficient and centrality measures in DISCI-
expressing flies, underscore the relevance of SIN parameters in
capturing subtle but critical aspects of social dysfunction. Nevertheless,
SIN analysis has the potential to advance our understanding of social
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deficits beyond what traditional assays can provide. For example,
measures like clustering coefficient and centrality highlight group-level
dynamics and offer insights into individual roles within the network,
such as "hubs" that may mediate communication or "isolates" that
reflect social withdrawal. These nuances mirror the heterogeneity of
social impairments observed in SZ and can guide the development of
more targeted therapeutic strategies.

In conclusion, no direct correlation was observed between DISC1
levels and the phenotypes' severity. As a complex scaffolding protein
regulating various cellular pathways 374, disruptions in additional
proteins likely contribute to the manifestation of these phenotypes.

5.4.1Limitations of transgenic DISC1 Drosophila model with
implications for future research

Creation of transgenic DISC1 Drosophila model was done by
Department of Genetics, University of Cambridge, however the gene
insertion was never confirmed by sequencing of the UAS lines, to
confirm the accuracy and integrity of the insertion. Moreover, the main
issue described in this part of thesis is the "leaky gene" expression in
the UAS-hfIDISC1 lines, where DISC1 was detected even without the
GAL4 driver. Hence, it is difficult to distinguish the effects of targeted
gene expression from background activity. In the future, lines should
be analyzed with quantitative techniques like Real Time Quantitative
PCR, or reporter assays to identify, and, if present, quantify leakage of
the inserted gene. Future strategies to mitigate this effect would
include using a stronger or more specific GAL4 driver or a Gal80, a
GAL4 inhibitor, to suppress basal activity until explicitly activated.

Additionally, the chromosomal location of the hfIDISC1 insertion
(2" vs. 37 chromosome) significantly affected dopamine, octopamine,
and other neurotransmitter levels, adding an additional layer of
variability. Since integration site effects were not systematically
controlled, it remains unclear whether differences in neurotransmitter
levels and behavioral phenotypes result from DISC1 expression or from
chromosomal positioning effects. Moreover, hfIDISC1 was expressed in
all neuronal cells of Drosophila. Based on results of neurotransmitter
analysis, future research should consider expressing hfIDISC1 in
specific neurons, like mushroom body, to better understand the link
between DISC1-mediated oxidative stress and behavioral phenotypes.
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Another thing not included were stress conditions or account for
endogenous protein levels, both of which could impact DISC1-related
effects. Given that stress and internal states influence dopamine
signaling and social behavior, the lack of these variables limits the
generalizability of the findings.

Further, while social deficits were assessed, the specific
mechanisms linking DISC1 expression to social network alterations
were not fully explored. Since DISC1 aggregation has been identified
in brain samples from patients with mental iliness and in transgenic rat
models, future research should focus on investigating DISC1
aggregation in these fly lines. Additionally, replicating these findings in
rodent models will be essential to validate the results and enhance their
translational relevance.

As for used methods, an example is the method for indirect
measurement of H202 in AfIDISC1 models. Elevated H202 levels were
particularly noted when fly lines containing the hfIDISC1 (UAS) were
crossed with the elav driver line. This thesis employs DHE, which is not
an ideal probe for directly detecting H202, as it primarily targets
superoxide. To improve specificity, follow-up analyses with mass
spectrometry, could help differentiate between superoxide-specific
DHE oxidation and non-specific oxidation byproducts potentially
influenced by H202.

5.5 Contribution to the field

This thesis made several critical advancements to the field of
researching protein aggregation in CMIs.

The aggregation of NPAS3, DISC1, TRIOBP-1, and CRMP1 was
shown in brains affected by CMIs and in control samples. However, the
aggregation was not observed in all CMIs patients and it was observed
in controls, suggesting that protein aggregation is a molecular subtype
rather than a universal feature and potentially can be used as a
biomarker for specific psychiatric subgroups.

Moreover, their aggregation patterns were region-specific, with
DISC1 and CRMP1 accumulating in somatosensory areas (BA3,1,2) in
SZ patients, linking them to sensory dysfunction, while TRIOBP-1 and
CRMP1 aggregation in the LOG of suicide victims suggested a role in
impulsivity and emotional regulation. Hence, it was shown that protein
aggregation in CMIs probably follows defined pathways rather than
occur randomly.
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Additionally, protein co-aggregation, first hypotheses based on
analysis of post-mortem brain samples, later investigated in more
details in SH-SY5Y and HEK293 cells, was a key finding, particularly
between DISC1 and CRMP1 Lv or DISC1 and TRIOBP-1, suggesting
that protein-protein interactions can contribute to CMIs pathology. It
was also strongly suggested that CRMP1 Sv may stabilize DISC1
aggregation, which in future could lead to development of potential
therapeutic interventions aimed at modulating protein interactions
rather than individual protein aggregation.

As for the influence of genetic mutations, NPAS3 V3041 did not
significantly alter aggregation under normal conditions, but under
oxidative stress, both wild-type and V3041 showed increased
cytoplasmic localization. This finding reinforces the gene-environment
interaction model of CMIs, where stress acts as a trigger for
aggregation in genetically predisposed individuals.

Moreover, Drosophila was validated as a viable model for studying
DISC1, with insights into neurotransmitter dysregulation and social
deficits. As created Drosophila DISC1 model showed alterations in
dopamine, octopamine, and social behaviors, it did indeed mimic key
features of SZ. The chromosomal location of hfIDISC1 insertion had a
strong effect on biochemical and behavioral phenotypes, which is an
important experimental variable for transgenic Drosophila and other
animal models in psychiatric research. However, studying DISC1 or
other proteins implicated as aggregating in CMIs in flies might yield
clues about the cellular dysfunctions contributing to SZ and other CMIs.
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6 Conclusion

While protein aggregation is generally associated with NDs, it is
also emerging as a potential mechanism in CMlIs, as it can contribute
to cellular dysfunction. In this thesis protein aggregation was explored
by the combined analysis of post-mortem brain samples, cell models,
and a transgenic Drosophila model. This approach offers a novel
perspective for investigating the molecular mechanism of CMIs, paving
the way for further studies into biomarkers and diagnostic tools and,
hopefully, therapeutic target(s).

Key findings from this thesis include:

1. Shared or overlapping pathological mechanisms in CMIs
as multiple proteins often aggregate within the same individuals.
Moreover, it appears that protein aggregation in brains affected
by CMIs is region-specific.

2. Genetic predisposition alone is not necessarily to drive
protein aggregation. While the NPAS3 V3041 mutation does
not independently induce aggregation, environmental stressors
such as oxidative stress can act as a trigger.

3. Misfolded proteins may contribute to cellular stress and
CMIs pathology, as co-aggregation analysis indicates
interactions between CRMP1 and either DISC1 or TRIOBP-1,
forming a potential aggregation network.

4. Disrupted DISC1 function affects neurotransmitter
regulation and social behavior, as demonstrated by altered
biochemical and behavioral profiles in a transgenic Drosophila
model.

These findings further support the investigation of protein
aggregation as a mechanism for a subset of patients with CMIs
diagnosis. Identifying proteins with the potential for aggregation and
co-aggregation suggests a shared molecular mechanism, which could
serve as novel diagnostic or therapeutic interventions.

Future research on protein aggregation in CMIs should build upon
these findings by considering regional variability and the potential for
parallel aggregation in patient tissues. Expanding analyses to a larger
cohort and incorporating samples from living patients will be essential
to capturing the full picture of aggregation. Additionally, the observed
interactions between misfolded proteins suggest that future studies
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should explore co-aggregation networks as potential drivers of cellular
stress and pathology in psychiatric disorders. Developing transgenic
Drosophila models for other aggregating proteins and assessing their
effect could provide further mechanistic insights into how protein
aggregation contributes to CMIs. These approaches will refine our
understanding of proteinopathies in CMIs and pave the way for novel
diagnostic and therapeutic strategies.
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7 Appendix

Homogenates

75+ bhl ‘

Figure 62: Comparable protein levels across all used samples. The samples
were collected from suicide victims (S), control individuals (C), patients with either
AD (A), SZ, or MDD (D) diagnosis. TCE was added to hand-casted acrylamide gels
and proteins were visualized under UV light on ChemiDoc MP Imaging System, while
the band signal intensity was quantified with Image Lab software (Bio-Rad). The gel
was transferred on membrane later used to investigate proteins DISC1 and CRMP1.
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Figure 636: Comparable protein levels across all used samples. The samples
were collected from suicide victims (S), control individuals (C), patients with either
AD (A), SZ, or MDD (D) diagnosis. TCE was added to hand-casted acrylamide gels
and proteins were visualized under UV light on ChemiDoc MP Imaging System, while
the band signal intensity was quantified with Image Lab software (Bio-Rad).
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Figure 67: Comparable levels of total protein in I/A protein fraction, not
correlating to diagnosis status. The samples were collected from suicide victims
(S), control individuals (C), patients with either AD (A), SZ (SZ) or MDD (D)
diagnosis. Analysis of samples included Western blot with anti-CRMP1 antibody, and
appropriate secondary antibody for visualization. Samples were anonymized and
randomly loaded on acrylamide gels. Visualization was performed with ECL kit and
on a ChemiDoc MP Imaging System, while the band signal intensity was quantified
with Image Lab software (Bio-Rad). Additionally, the samples were normalized to a
loading control (LC) which contains pooled sample. Abbreviations: L: left hemisphere
or R: right hemisphere, BAx: Brodmann area number x, FC: frontal cortex, LOG:
lateral orbitofrontal gyrus, PC: parietal cortex, SFG: superior frontal gyrus, TC:
temporal cortex, PiFC: piriform cortex.
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