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1. Introduction 

1.1 Major depressive disorder (MDD) 

1.1.1. Diagnosis of major depressive disorder 

Based on estimations, over 300 million people, 4.4% of the World’s population suffer 

from major depressive disorder (MDD) (1). Nowadays, two major diagnostic manuals 

help healthcare professionals formulate the diagnosis: the Diagnostic and Statistical 

Manual of Mental Disorders, fifth edition (DSM-5) (2), and the International 

Classification of Diseases, eleventh revision (ICD-11) (3). Diagnosis criteria of MDD 

consist of the presence of at least one of the two major symptoms - depressed mood or 

hopelessness most of the day and diminished interest or pleasure in activities - during a 

2-week period, along with at least four additional symptoms (2, 3). These additional 

symptoms could be related 1) to psychomotor functions: psychomotor agitation or -

retardation, 2) to cognitive functions and thoughts: feelings of worthlessness or excessive/ 

inappropriate guilt, diminished ability to concentrate/ think/ decision making or recurrent 

thoughts of death, 3) and to physical alterations: significant weight change, insomnia or 

hypersomnia, and loss of energy (2, 3). In addition to the listed symptoms, significant 

distress preventing normal functioning, and the exclusion of the possibility that the 

symptoms are caused by any substance or medication, are required for MDD diagnosis. 

Since psychotic disorders could also be manifested in depressive episodes, patients with 

a history of mania or hypomania are excluded, similarly if schizophrenia (SCZ) or other 

psychotic disorders better explain the persistent symptoms. Depression severity varies on 

a wide scale and it is determined based on the number and intensity of the present 

symptoms and could be classified as mild, moderate, or severe (2). Age and sex stratifies 

depression as 1.5 to 3 times more women than men are affected by MDD, and the 

prevalence is higher in 18-29 years old than in above 60 years old individuals (2). 

Although, the differences in the prevalence in men and women could not necessarily 

reflect the frequency of the disorder, but could be derived from diagnosis criteria (4-7). 

1.1.2. Biological background of depression 

Considering the effects of the first clinically advantageous antidepressants, which 

increased the concentrations of serotonin and noradrenaline in synapses, theories of 

imbalances in monoamine systems, emerged to explain MDD’s biological basis (8). The 
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time gap between the biological changes caused by antidepressants and the manifestation 

of their therapeutic effects, as well as their limited effectiveness, suggested that 

depression could, however, not be explained solely based on neurotransmitter imbalances 

(8). The heterogeneity of depressive symptoms also suggests the conjunction of various 

biological mechanisms behind the development of depression. With years of research, 

numerous biological and environmental theories of its pathophysiology were revealed, 

such as alteration in synaptic plasticity, structural and functional brain remodelling, 

hypothalamic-pituitary-adrenal (HPA)-axis dysfunction, and inflammatory hypothesis 

(9). While these hypotheses cannot explain all facets of the biological basis of MDD, they 

can reveal the complex mechanisms in the development and progression of the disorder 

(9). 

The heritability of MDD is estimated at around 30-40% (7, 10, 11), with higher genetic 

contribution explained by family- and twin-based studies (12), than by polymorphisms-

phenotype association analyses in unrelated individuals (13). Results from heritability 

studies suggest the contribution of a wide spectrum of genetic- and epigenetic factors with 

small effects (13), in addition to the influencing role of environmental factors, such as 

nutrition (14), seasonality (15), or socioeconomic status (16). Moreover, certain 

personality traits have also been associated with increased vulnerability to developing 

MDD (17). For example, individuals with neuroticism are more likely to experience 

increased negative emotions and they may be more prone to develop depressive 

symptoms (17). Based on those, studies suggest predisposing roles for genetic and 

biological factors in response to various environmental stimuli, in terms of susceptibility 

or resilience for the appearance of depressive symptoms (9, 18). 

1.2. The role of stress in depression 

Among the various environmental factors, stress has a major role in the onset of 

depressive symptoms in certain individuals, implying that there are biological or genetic 

factors that increase one’s vulnerability to stress, and lead to the appearance of MDD 

(19). Currently used animal models of depression also support this phenomenon, where 

invoked stress could usually provoke depressive-like symptoms (20). In response to 

psychological stress, the same “fight or flight” mechanisms are activated, as in case of 

physical stress, involving the activation of the HPA-axis and the sympathetic nervous 
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system (21). The rapid response to stress stimuli is evolutionary advantageous as it 

promotes the individual’s survival, however when the excitatory state becomes constant 

in chronic stress conditions, this beneficial coping mechanism might become 

disadvantageous. 

Depressive symptoms could be the results of stress effects on neuronal networks via loss 

of synaptic connections involving excitatory glutamate- and inhibitory GABA neurons 

(22) or could be derived through neuroinflammatory mechanisms and altered brain 

homeostasis (23). During normal stress responses, the produced cortisol decreases 

inflammatory mechanisms, in order to increase the prospect of survival when facing 

threatening situations (23). However, in case of prolonged stress exposure, 

overstimulation of the HPA-axis causes constant release of cortisol, which could result in 

the resistance of glucocorticoid receptor (GR) for this steroid hormone due to a decrease 

in its sensitivity (19, 23-25). Along with that, the overstimulation of the sympathetic 

nervous system results in increased production of proinflammatory cytokines (26) partly 

via the activation of the transcription factor, nuclear factor-κB, resulting in the increased 

secretion of proinflammatory cytokines, such as tumor necrosis factor α (TNFα) and 

interleukin-6 (IL-6) (27). This elevation of inflammatory compounds - which was also 

observed in the nervous system (28), not just in the peripheral blood flow - provides the 

basis for the inflammatory theory of depression. Researchers showed an association 

between elevated concentrations of cortisol and cytokines (TNF-α, IL-6, interferon γ 

(IFN-γ), and transforming growth factor β (TGF-β)) in sera of patients with depression 

when compared to controls (29, 30). The increased concentration of proinflammatory 

mediators was particularly associated with treatment-resistant cases of depression, where 

multiple attempts of pharmaceutical therapies with currently available antidepressants 

could not achieve recovery (31).  

Animal studies, where chronic stress exposures were used for the initiation of depressive-

like behaviour, revealed blood-brain barrier (BBB) hyperpermeability, which was caused 

and maintained by elevated concentrations of proinflammatory cytokines (TNFα, IL-17α, 

and IL-23α) (32). Additionally, in chronically stressed mice with increased permeability 

of the BBB, the cerebrovascular volume was also decreased (33). Based on these results, 

the BBB has become a target of interest behind stress-associated depression (34). 
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1.3. The potential role of the blood-brain barrier (BBB) in depression 

Due to its exceptional requirements, the central nervous system (CNS) establishes a 

unique microenvironment, which is maintained by various barriers, such as the BBB, the 

blood-cerebrospinal fluid (CSF) barrier, and the arachnoid barrier, connecting and 

separating surrounding tissues and fluids (35). Among them, the BBB - formed 

predominantly by endothelial cells (ECs) of brain capillaries - possesses the largest 

surface area (36). Owing to the particular role of the endothelial cells in the BBB, their 

morphological-, structural- and surface-forming characteristics differ from other ECs of 

the human body (35). With astrocytes, pericytes, microglia, neurons, fibroblasts, 

mesenchymal and smooth muscle cells (SMCs), they form region-specific neurovascular 

units (NVU) in the CNS (37). 

The molecular features of the NVU comply with the biological function of the BBB, 

which is sealing the paracellular routes, hampering unsupervised diffusion, and 

controlling the transport across the barrier. Endothelial cells express: 1) tight junction 

(TJ) molecules (like claudin-1, -3, -5, -12), occludin, and junctional adhesion molecules 

(JAMs), 2) adherens junction (AJ) molecules, e.g. cadherin–catenin complexes, 3) and 

other accessory associated proteins, including zonula occludens-1, -2, -3 (ZO-1, ZO-2, 

ZO-3), and cingulin (35). Besides the junctional molecules, efflux transporters, such as 

P-glycoprotein, and drug-metabolizing enzymes (e.g. CYP450) also contribute to the 

maintenance of normal brain homeostasis (35). 

During or after stress, the physiological homeostasis of the CNS could be impaired as a 

result of alterations in the structure and function of the BBB. The negative effect of stress 

on the integrity of the BBB is a widely observed phenomenon in case of psychiatric 

disorders, such as autism spectrum disorder (ASD), SCZ, or MDD (38). In rodents, it was 

shown that stress could influence the permeability of the BBB by affecting the expression 

of its most abundant tight junction protein (39), claudin-5 (33, 40-44). The integrity 

change of the BBB after experiencing stress is usually accompanied by elevated 

inflammatory activity, and in the initiation of neuroinflammatory processes in the CNS 

(45), as well as in the elevated concentration of proinflammatory molecules in the 

periphery (41-43). In addition to the use of human post-mortem samples from individuals 

diagnosed with MDD (41-43), most of the studies reported results from rodents. 

Researchers showed that chronic stress effects in stress susceptible mice were 
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accompanied by decreased claudin-5 protein level at the BBB, elevated IL-6 

proinflammatory cytokine level in the periphery and in the nucleus accumbens, and by 

the appearance of depressive-like behaviour (41, 43). It was also suggested that IL-6 could 

cross the more permeable BBB, which was not possible in stress-resilient animals with 

intact BBB due to the molecular size of this cytokine (41, 43). Considering that another 

proinflammatory cytokine, TNF-α reduced the mRNA level of Cldn5 in vitro in mice- 

and in human brain endothelial cells (46), the disruption of the BBB might be caused by 

inflammation. In support, there are glucocorticoid-response elements in the promoter 

region of the CLDN5 gene in mice (46) and in humans (47) as well, which implies that 

stress might also have a direct effect on the expression of its protein through cortisol. 

Altogether, these results suggest that the BBB has a central role in stress- and 

inflammation-associated depression. 

1.4. Genetic studies 

Studying the biological background of MDD in humans is challenging because of the 

wide spectra of symptoms and the lack of available non-invasive study protocols. The use 

of genetic data however provides the opportunity to reveal the heritable part of 

depression’s pathophysiology and the potential susceptibility factors contributing to the 

development of this disorder. In order to elucidate the exact mechanisms of action of 

currently used antidepressants, genes encoding proteins of the monoamine systems (e.g. 

MAOA, COMT, SLC6A2, SLC6A4) were constant candidates of genetics studies of 

depression (11). Yet, the crucial role of these genes in the aetiology of MDD remains 

unconfirmed. With new theories, the focus of the research broadened, emphasising the 

different biological and genetic backgrounds of distinct subtypes of the disorder (13). 

While numerous studies aimed to reveal genes and their polymorphisms that contribute 

to the development of depressive symptoms there were no studies looking for the 

connection among stress effects, inflammation, and the BBB in humans. Considering the 

previously reported results from rodents and the knowledge gap in terms of stress effects, 

BBB- and inflammation-related processes, our aims were to investigate these factors 

using genomic approaches in the etiopathology of stress-associated depression.  
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2. Objectives 

Based on the above, our aims were to translate previous results from animal experiments 

to human genetics (48), and to reveal the contribution of BBB- and inflammation-related 

factors in stress-associated depression (49). 

In the first study, our goal was to translate results from previous animal studies (41, 43) -

, in which Cldn5 downregulation, elevated concentration of IL-6, together with its 

infiltration to the area of the nucleus accumbens (in the ventral striatum of the basal 

ganglia (50)) were detected along with the appearance of depressive-like symptoms in 

stress susceptible mice, after experiencing stress effects, - to human genetics. In order to 

model this, we selected two functional polymorphisms (rs885985 from CLDN5 and 

rs1800795 from IL6) and investigated whether the 3-way interaction among the single 

nucleotide polymorphisms (SNPs) and recent stress contribute to depressive symptoms. 

Based on results from animal experiments and the functionality of the selected SNPs, our 

hypothesis was that the minor alleles of SNPs on CLDN5 (G) and on IL6 (C) contribute 

to depressive symptoms after experiencing recent stress. According to the above, we 

performed: 

1. 3-way interaction analysis to investigate, whether CLDN5 and IL6 polymorphisms 

had combined effects on depressive symptoms in interaction with recent stress in 

the whole UK Biobank cohort; 

2. main effect analyses for  rs885985 of CLDN5 and  rs1800795 of IL6, separately 

on current depressive symptoms; 

3. epistasis (rs885985 of CLDN5 x rs1800795 of IL6) analysis to exclude a 

significant effect of the interaction between polymorphisms without a stressor; 

4. gene-environment interaction analyses of rs885985 of CLDN5 and rs1800795 of 

IL6 with recent stress to show that both IL6 and CLDN5 polymorphisms are 

required to mediate significant effects of recent stress on depression symptoms; 

5. 3-way interaction tests with a distal stressor (childhood adversities) and the 

corresponding depression phenotype (lifetime depression) to investigate the 

temporal differences in stress exposure; 

6. sex-stratified analyses to identify potential sex-specific effects; 

7. validation analyses of significant results on the independent NewMood (NM) 

cohort to confirm findings. 
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In the second study, we aimed to demonstrate the contributing role of genes involved in 

maintaining the functionality of the BBB and regulating inflammatory processes in stress-

associated depression. To achieve this, we decided to: 

1. conduct genome-wide by environment interaction analysis (GWEIS) on 

depressive symptoms in interaction with stress during adulthood in the UK 

Biobank cohort; 

2. conduct the GWEIS in male- and female subcohorts, separately; 

3. identify BBB-related genes and their expected enrichments among the significant 

gene-level results of the GWEIS; 

4. identify inflammation-related genes and their expected enrichments among the 

significant gene-level results of the GWEIS; 

5. compare the number of BBB-related significant genes with genes previously 

associated with neuroticism, based on the consideration that this trait was 

connected to elevated stress sensitivity; 

6. replicate significant BBB- and inflammation-related results in the independent 

NM cohort. 
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3. Methods 

3.1. Populations and genetic samples 

3.1.1. UK Biobank 

UK Biobank (application no. 1602) data collection was conducted in accordance with the 

Declaration of Helsinki and approved by North West Centre for Research Ethics 

Committee (11/NW/0382) (51, 52). The genotyping procedures for 488,000 participants, 

aged between 39 and 72 years, was performed using UKB Axiom Array and Affymetrix 

UK BiLEVE Axiom Array (53). 

3.1.2. NewMood 

Data collection (in accordance with the Declaration of Helsinki) under the NewMood 

Study [New Molecules in Mood Disorders, LHSM-CT-2004-503474, Sixth Framework 

Program of the European Union (54)] was performed in Budapest, Hungary [approved by 

the Scientific and Research Ethics Committee of the Medical Research Council 

(ad.225/KO/2005; ad.323-60/2005-1018EKU and ad.226/KO/2005; ad.323-61/2005-

1018 EKU)] and in Manchester, United Kingdom [approved by the North Manchester 

Local Research Ethics Committee (REC reference no.: 05/Q1406/26)]. Genotyping was 

performed on 1,820 volunteers aged between 18 and 60 years. 

3.2. Genetic quality control procedures 

Both cohorts, used in this study underwent standardized quality control (QC) steps (55), 

a priori to the principal component analysis (PCA) and the statistical analyses. This 

comprised excluding participants of high relatedness, mismatching sex or extreme 

heterozygosity, filtering for minor allele frequency (MAF > 0.01), Hardy-Weinberg 

equilibrium tests (HWE > 0.00001), excluding participant with > 0.01 missingness per 

markers rate, and calculation of linkage disequilibria. Ten principal components (PCs) 

were derived from each cohort after the conduction of QC steps. In the first study, the 

usage of the preselected functional SNPs of CLDN5 (rs885985) and IL6 (rs1800795) 

limited the number of participant to n = 277,501 in UKB and to n = 1,638 in the NM 

cohorts. After the QC steps on all polymorphisms (positioned based on GRCh37/hg19 

genome assembly), 6,258,585 SNPs remained in the UKB, and 3,474,630 SNPs in the 
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NM cohorts. SNPs that passed QC were used in the GWEIS. Genetic data were derived 

from blood samples in the UKB, and from saliva samples in case of the NM study. 

3.3. Phenotypes 

3.3.1. UK Biobank 

In the first study, in order to model and approximate accurately the results of previous 

animal studies on depressive-like phenotype after experiencing stress with the highest 

possible number of participants, we utilized self-reported answers (Table 1.) on 

questionnaire on proximal stress factors [UKB Field ID 6145 (“Illness, injury, 

bereavement, stress in last 2 years”)] and a derived score of current depressive symptoms 

(56) by taking the sum of Field ID 2050 (“Frequency of depressed mood in last 2 weeks”), 

Field ID 2060 (“Frequency of unenthusiasm/disinterest in last 2 weeks”), Field ID 2070 

(“Frequency of tenseness/restlessness in last 2 weeks”), and Field ID 2080 (“Frequency 

of tiredness/lethargy in last 2 weeks”). Lifetime depression status was determined based 

on ICD-10 disease codes of F32 (“Depressive episode”, Field ID 130894) or F33 (“Major 

depressive disorder, recurrent”, Field ID 130896). Questionnaire on childhood adversities 

(Field IDs 20487, 20488, 20489, 20490 and 20491) was used to include early life stress 

in the analyses. 
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Table 1. Phenotypes of the UK Biobank used in the first study 

Field code Name Assessment method 
Assessment 

time 

2050 
Frequency of depressed mood in 

last 2 weeks 
Self-reported 

answers (Prefer not to 

answer, Do not know, 

Nearly every day, 

More than half the 

days, Several days, 

Not at all) 

Initial 

assessment visit 

(2006-2010) 

2060 

Frequency of 

unenthusiasm/disinterest in last 

2 weeks 

2070 

Frequency of 

tenseness/restlessness in last 2 

weeks 

2080 
Frequency of tiredness/lethargy 

in last 2 weeks 

6145 
Illness, injury, bereavement, 

stress in last 2 years 

Self-reported 

answers (Prefer not to 

answer, None of the 

above, Financial 

difficulties, Marital 

separation/ divorce, 

Death of a spouse or 

partner, Death of a 

close relative, Serious 

illness, injury or 

assault to yourself 

130894 
Date F32 first reported 

(depressive episode) 
Diagnostic code from 

primary care, hospital 

admissions and other 

registries 

1941-2022 

130896 
Date F33 first reported 

(recurrent depressive disorder) 
1952-2022 

20487 
Felt hated by family member as 

a child 
Self-reported 

answers (Prefer not to 

answer, Never true, 

Rarely true, 

Sometimes true, 

Often, Very often 

true) 

Online mental 

health self-

assessment 

questionnaires 

(2016) 

20488 
Physically abused by family as a 

child 

20489 Felt loved as a child 

20490 Sexually molested as a child 

20491 
Someone to take to doctor when 

needed as a child 

As for revealing the importance of blood-brain barrier (BBB) and inflammation-related 

genes in stress-associated depression, a depression phenotype, closer to the wide variety 

of MDD diagnosis was used based on Patient Health Questionnaire (PHQ9) (57). 

Contrary to the first study, where our aim was the translation of depressive-like phenotype 

of mice to humans, during the second study, we intended to use a phenotype that modelled 

human depression with more complexity and consequently the derived results could 

provide a more precise basis for human drug target research. PHQ9 depression values 

were derived as a mean value from “Depression in the last 2 weeks” questionnaire (Data 

Fields: 20507, 20508, 20510, 20511, 20513, 20514, 20517, 20518, 20519). Along with 
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PHQ9 depression, traumatic events during adulthood (age > 16) were assessed during the 

“Online follow-up” phase of UKB study (Data Fields: 20521, 20522, 20523, 20524, 

20525) and were used in the GWEIS as mean values of stress factors (Table 2.). The 

usage of PHQ9 depression reduced the number to participants to n = 109,360, however 

an improved approximation to stress-associated depression could be reached with this 

model. 

Table 2. Phenotypes of the UK Biobank used in the second study 

Field code Name 
Assessment 

method 

Assessment 

time 

20507  Recent feelings of inadequacy 

Self-reported 

answers (Prefer 

not to answer, Do 

not know, Nearly 

every day, More 

than half the days, 

Several days, Not 

at all) 
Online mental 

health self-

assessment 

questionnaires 

(2016) 

20508 
Recent trouble concentrating on 

things 

20510 Recent feelings of depression 

20511 Recent poor appetite or overeating 

20513 
Recent thoughts of suicide or self-

harm 

20514 
Recent lack of interest or pleasure in 

doing things 

20517 
Trouble falling or staying asleep, or 

sleeping too much 

20518 
Recent changes in speed/amount of 

moving or speaking 

20519 
Recent feelings of tiredness or low 

energy 

20521 
Belittlement by partner or ex-partner 

as an adult Self-reported 

answers (Prefer 

not to answer, 

Never true, Rarely 

true, Sometimes 

true, Often, Very 

often true) 

20522 
Been in a confiding relationship as an 

adult 

20523 
Physical violence by partner or ex-

partner as an adult 

20524 
Sexual interference by partner or ex-

partner without consent as an adult 

20525 Able to pay rent/mortgage as an adult 

3.3.2. NewMood 

For replication purposes, the available depression questionnaire in the NM cohort of 

depressive symptoms, based on the “Brief Symptom Inventory” (BSI) (“thoughts of 

ending your life”, “feeling lonely”, “feeling blue”, “feeling no interest in things”, “feeling 

hopeless about the future”, “feelings of worthlessness”) (58), plus 4 items (“poor 

appetite”, “trouble falling asleep”, “thoughts of death or dying”, “feelings of guilt”); and 

“The List of Threatening Experiences” questionnaire (59) for assessing recent negative 

life events in the previous 1 year were used. Two items from the background questions 
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asking about early parental loss and the reduced form of Childhood Trauma Questionnaire 

(60) were used to determine early stress adversities. Lifetime depression status was 

assessed self-reportedly. Item scores divided by answered questions were used for current 

depressive symptoms and childhood stressors. All answers were self-reported, along with 

basic sociodemographic factors, such as age and sex. In the first part of the research work, 

available information on rs885985 of CLDN5 and rs1800795 of IL6 reduced the number 

of participants to n = 1,638. During GWEIS, phenotypic information limited the usage of 

the whole NM dataset, as n = 1,753 participants provided information on current 

depressive symptoms and recent stressors. 

3.4. Polymorphisms selection in order to model the interaction effects of CLDN5 and 

IL6 in stress-associated depression 

Selection of the polymorphisms were based on functionality and previous literature data. 

Rs885985 in CLDN5 gene is located on the reverse strand of chromosome 22, at position 

19,511,925 (GRCh37/hg19) and has two common variations: alleles A and G (61). 

Functionality of rs885985 is manifested in coding for two types of open reading frames: 

A allele encodes for a STOP codon, while G allele encodes for a glutamine (62). The 

frequencies of the alleles are high (MAF of G = 44% in European reference population 

(63)), and in physiological conditions a 218 amino acids-long claudin-5 protein is 

translated, regardless of the genotype. Although, during in vitro conditions, a longer 

claudin-5 isoform, with 303 amino-acids could be translated due to the presence of G 

allele, which - contrary to the shorter isoform, encoded by the A allele - could not be 

transported and be built into the cell membrane (62). These findings suggest the 

possibility of altered translation of CLDN5 gene in pathological conditions, and distinct 

capabilities for building into the membrane of epithelial cells, and by that, this 

polymorphism could even influence the permeability of the BBB. 

Functional polymorphism, promoter region variant rs1800795 of IL6 gene is located at 

22,766,645 position on chromosome 7 (GRCh37/hg19), encoding G and C alleles (61), 

with MAF of C = 42% in European reference population (63). Its clinical significance is 

exhibited in being a risk factor in various conditions and diseases (64-66), among them 

stress-associated depression (67), too, and its minor allele (C) was associated with higher 

level of IL-6 plasma concentration (68, 69). 
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3.5. Statistical analyses 

Gene-environment interaction analyses were applied, using Plink 2.0 (70, 71) and R (72) 

software. During the first study, - in order to reveal their potential contributions to stress-

associated depression in humans - alleles in rs885985 of CLDN5 and rs1800795 of IL6 

were examined additively (with covariates age, sex, genotyping array (in UKB) and the 

first 10 PCs), in different arrangements such as in main effect-, epistasis- and interaction 

analyses with stress, separately and simultaneously, too. These analyses were also 

conducted in male- and in female subjects, in order to reveal any sex differences. 

Bonferroni method for correction for multiple testing were applied (0.05/ [12 tests * 3 

type of division * 2 cohort] = 0.0007), utilizing p = 0.0007 as significance threshold. 

Significant results were replicated in the independent NM cohort. 

For the second study, genome-wide by environment interaction analyses (GWEIS) were 

applied to the whole set of SNPs in additive models. Analyses were also conducted in 

male- and female subgroups, as well as in NM cohort for replication purposes. Age, sex 

genotyping array (in UKB), the first 10 PCs and the above listed stress factors were 

incorporated in linear regression analyses of depression phenotypes. Summary statistics 

from GWEIS were further analysed with MAGMA implemented in FUMA software with 

SNP-wise mean model (73) in order to derive gene-level results. As correction for 

statistical biases, conventional Bonferroni correction in gene-level analyses (p < 2.59 * 

10-6; calculating based on 19,296 genes included in the study) and standard GWAS 

significance threshold (p < 5 * 10-8) during the SNP-level analyses were applied in order 

to reveal significant results. 

Chi-square statistics were applied to the gene-level GWEIS results, in order to compare 

the observed and expected numbers of BBB- and inflammation-related genes among the 

significant results in order to measure the difference between the observed and expected 

ratios of BBB- and inflammation-related genes. 

Additional t-statistics on age distribution and visualization of the results were prepared 

with “tidyverse” (74), “jtools” (75), “ggplot2” (76), “wesanderson” (77), “CMplot” (78) 

and “interactions” (79) R packages. 
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3.6. Genes connected to blood-brain barrier (BBB) 

In order to identify genes from the GWEIS results, that could be connected to BBB, we 

used gene expression enrichment data from cells, taking part in BBB formation, based on 

human post-mortem midbrain samples of control subjects (80). In this study, 

differentially expressed genes were determined for cells of the BBB (endothelial cells 

(ECs)), ependymal cells, pericytes, smooth muscle cells (SMCs), mesenchymal stem cells 

(MSCs), fibroblasts and astrocytes), using the examined cells as the basis of the 

comparison and for the determination of positive enrichment of a given gene (80). Based 

on this expression data, altogether 1,364 genes were considered as BBB-related in our 

gene-level results. We used the ratio of BBB-related genes among all genes included in 

the GWEIS (1,364 BBB-related genes/ 19,296 genes involved in the GWEIS) as baseline, 

to determine the enrichment of BBB-related genes among the significant gene-level 

results, by chi-square statistics. 

3.7. Genes connected to inflammatory processes 

Genes from 162 previously collected MSigDB C2 curated gene sets of inflammatory 

factors (81), along with genes from inflammation-related Hallmark gene sets (82, 83) 

were considered as inflammation-related genes in our analyses. Based on that, altogether 

4,420 genes were determined as inflammation-related from the gene-level GWEIS 

results. The enrichment of inflammation-related genes among the significant GWEIS 

results were calculated by chi-square statistics using 4,420/19,296 as baseline ratio. 

3.8 Genes previously associated with neuroticism 

We compared significant gene-level results to neuroticism-related genes (84, 85), which 

were previously associated with this phenotype. Neuroticism is a personality trait, used 

to measure emotional stability (86). Its high score has been identified as a risk factor for 

depression, because it is characterized by elevated stress experiences and responses (87). 

Based on the referenced association studies and meta-analysis (84, 85), altogether 467 

genes were considered neuroticism-related in our gene-level results. We compared these 

neuroticism-related genes to the significant genes in the GWEIS in order to reveal the 

overlapping candidates that play role in the development of stress-associated depression 

and neuroticism, too.  
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4. Results 

4.1. Translating previous results from animal studies onto the human genetic level 

using rs885985 of CLDN5 and rs180795 of IL6 

4.1.1. Descriptive statistics 

Minor allele frequencies (MAF) of rs885985 (CLDN5; MAF (G) = 0.43) and rs1800795 

(IL6; MAF (C) = 0.43) in both cohorts were in accordance with MAF values in 

1000Genomes European reference population (63). The average score of current 

depressive symptoms and recent negative life events in both cohorts were relatively low, 

without inconsistences between male- and female subgroups (Table 3.). UKB and NM 

cohorts significantly differed in age (t = 92.82; p < 2.2 * 10-16). 

Table 3. Characteristics of continuous variables in the two cohorts. RLE - number of 

recent negative life events during previous 2 years in UKB and during previous 1 year in 

NM cohorts; min - minimum value of the given variable; max - maximum value of the given 

variable; mean - average score of the given variable; SE - standard error of mean; current 

depression refers to a 4-item based depressive symptoms score in the UKB and to depressive 

symptoms score based on BSI questionnaire in the NM cohort 

UK Biobank 
   

whole cohort male subjects female subjects 
 

min max mean SE mean SE mean SE 

age 39 72 56.88 0.02 57.14 0.02 56.66 0.02 

current depression 1 4 1.40 0.00 1.36 0.00 1.43 0.00 

RLE 0 6 0.57 0.00 0.54 0.00 0.60 0.00 

NewMood 
   

whole cohort males females 
 

min max mean SE mean SE mean SE 

age 18 60 30.88 0.39 32.86 0.63 29.93 0.49 

current depression 0 4 0.56 0.02 0.50 0.05 0.58 0.03 

RLE 0 8 1.09 0.04 0.99 0.08 1.14 0.05 
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4.1.2. Significant 3-way interaction results among rs885985 of CLDN5, rs1800795 of 

IL6 and recent stress on current depressive symptoms in UK Biobank 

During 3-way interaction analyses, highly significant associations (β = 0.0093; 

p = 0.0003) were revealed among the investigated polymorphisms (rs885985 of CLDN5 

and rs1800795 of IL6) and recent stress on current depressive symptoms in the UKB 

cohort (Table 4.). Stratifying the cohort by sex, provided distinct results for male- 

(β = 0.0141; P = 0.0002) and female (β = 0.0055; p = 0.1208) subgroups. 

Table 4. Results of 3-way interaction analyses of rs885985 in CLDN5 and rs1800795 in 

IL6 on current depression symptoms in interaction with recent negative life events in the 

UK Biobank. n - number of participants included in the analysis; β– regression coefficient; SE 

– standard error of β; t – T-statistics; p - asymptotic p-value. Results surviving correction for 

multiple testing (p < 0.0007) are marked in bold. 

group n β SE t p 

whole cohort 277501 0.0093 0.0026 3.5922 0.0003 

male subjects 128752 0.0141 0.0038 3.6905 0.0002 

female subjects 148749 0.0055 0.0035 1.5514 0.1208 

Based on the outcome of the 3-way interaction analysis with recent stress, minor allele 

carrier status on rs885985 of CLDN5 (G) and on rs1800795 of IL6 (C) represented risk 

factors for stress-associated depression. As expected, β values were small, however, the 

increased effect size in men and the disappeared significance in women suggested sex-

differences in the role of the investigated SNPs in stress-associated depression. 

Correlation between current depressive symptoms and recent stress were significant 

without considering genetics (R = 0.16; p < 0.001), although including rs885985 of 

CLDN5 and rs1800795 of IL6 into the analyses resulted in better-fit linear models in the 

whole cohort (R = 0.18; p < 0.001) and in men (R = 0.21; p < 0.001) (Figure 1). 
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Figure 1. Linear regression models of the combined effect of CLDN5 and IL6 

polymorphisms on current depressive symptoms in interaction with recent stress. Results 

from the whole UKB cohort showed better-fit models when including polymorphisms of CLDN5 

and IL6 into the analyses, than without genetic variables. Regression lines were derived from 

correlation between current depressive symptoms and recent negative life events (left side of the 

figure) and from 3-way interactions with alleles of rs885985 in CLDN5 and of rs1800795 of IL6 

(right side of the figure, framed with a dashed line). From top to bottom: A. results of the whole 

UKB cohort; B. results in male subjects of the UKB; C. results in female subjects of the UKB. 
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4.1.3. Further characterisation of the potential contributing role of rs885985 of 

CLDN5 and rs1800795 of IL6 in recent stress-associated depression 

Additional analyses with the preselected SNPs (Table 5.) reinforced the importance of 

the combined contributing role of rs885985 (CLDN5) and rs1800795 (IL6), as none of 

the results from other analyses survived correction for multiple testing (p < 0.0007). 

These results indicated that minor allele carrier status solely on CLDN5 or on IL6 

polymorphisms with or without considering the interacting effect of stress, did not 

represent risk factors for current depressive symptoms. 

Table 5. Results of analyses with rs885985 of CLDN5 and rs1800795 of IL6 on current depressive 

symptoms as outcome variable. CLDN5 - rs885985 polymorphism of CLDN5; IL6 - rs1800795 

polymorphism of IL6; RLE - number of recent negative life events during previous 2 years; n - number of 

participants included in the analysis; β– regression coefficient; SE – standard error of β; t – T-statistics; p 

- asymptotic p-value. None of the results survived correction for multiple testing (p < 0.0007). 

whole UK Biobank cohort 

  n β SE t p 

CLDN5 on current depression 277501 -0.0013 0.0014 -0.9231 0.3559 

CLDN5 on current depression x RLE 277501 0.0010 0.0014 0.7168 0.4735 

IL6 on current depression 277501 0.0033 0.0014 2.3563 0.0185 

IL6 on current depression x RLE 277501 -0.0008 0.0014 -0.5658 0.5715 

epistasis with CLDN5 and IL6 277501 0.0010 0.0020 0.4976 0.6188 

male subgroup of UK Biobank 

  n β SE t p 

CLDN5 on current depression 128752 -0.0013 0.0020 -0.6335 0.5264 

CLDN5 on current depression x RLE 128752 0.0034 0.0020 1.7087 0.0875 

IL6 on current depression 128752 0.0030 0.0020 1.4745 0.1404 

IL6 on current depression x RLE 128752 0.0023 0.0020 1.1724 0.2410 

epistasis with CLDN5 and IL6 128752 -0.0012 0.0029 -0.4335 0.6646 

female subgroup of UK Biobank 

  n β SE t p 

CLDN5 on current depression 148749 -0.0013 0.0020 -0.6774 0.4981 

CLDN5 on current depression x RLE 148749 -0.0009 0.0019 -0.4639 0.6427 

IL6 on current depression 148749 0.0036 0.0020 1.8471 0.0647 

IL6 on current depression x RLE 148749 -0.0033 0.0019 -1.7119 0.0869 

epistasis with CLDN5 and IL6 148749 0.0029 0.0028 1.0348 0.3008 
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4.1.4. Distal stress did not appear to have role in the contributing effects of rs885985 

of CLDN5 and rs1800795 of IL6 on depression 

In order to reveal the potential effects of distal stress, 3-way interaction analyses were 

conducted with childhood adversities on lifetime depression status with the preselected 

polymorphisms of CLDN5 and IL6. Based on the non-significant results, alleles on 

rs885985 of CLDN5 and rs1800795 of IL6 did not contribute to develop depression after 

experiencing adversities during childhood (Table 6.), confirming the distinct role of 

timing in case of stress exposure. 

Table 6. Results of 3-way interaction analyses of rs885985 in CLDN5 and rs1800795 in IL6 on 

current depression symptoms in interaction with childhood adversities in the UK Biobank. . n - 

number of participants included in the analysis; OR– odds ratio; SE – standard error of OR; Z – 

Wald Z-score; p - asymptotic p-value. None of the results survived correction for multiple 

testing (p < 0.0007). 

group n OR SE Z p 

whole cohort 277 501 1.0083 0.0385 0.2148 0.8299 

males 128 752 0.8740 0.0724 -1.8608 0.0628 

females 148 749 1.0701 0.0456 1.4871 0.1370 

4.1.5. Replication of significant findings in the independent NewMood cohort 

Replication of significant results from the UKB, on 1,638 participant of the NM cohort 

resulted in trend level significance of 3-way interactions on current depressive symptoms 

with the same direction of effect (β = 0.0553 (SE = 0.0333); t = 1.6593; p = 0.0972) 

among rs885985 (CLDN5), rs1800795 (IL6) and recent stressors. 
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4.2. Contribution of blood-brain barrier (BBB)- and inflammation-related genes to 

stress-associated depression 

4.2.1. Descriptive statistics and SNP-level results 

In order to determine the involvement of BBB- and inflammation-related genes in human 

stress-associated depression, at first genome-wide by environment interaction analyses 

(GWEIS) were conducted on PHQ9 depression scores in interaction with adult traumatic 

events (ATE) scores. Contrary to our first study, where we aimed to utilize data from the 

highest possible number of participants with the most accurate approximation of rodent’s 

depressive-like phenotype in humans and conducted the analyses on a 4-item depression 

score, in this study, we applied the analyses on PHQ9 depression, which was considered 

to be more close to the wide variety of symptoms in MDD diagnosis. Correlation between 

the two types of current depressive scores was at moderate level (Pearson’s R = 0.50) 

though, the usage of PHQ9 allowed proceeding towards prospective biomarker and drug 

target research in human depression. Altogether 109,360 participants of the UKB cohort 

provided information on current depression status and on adult traumatic events score 

through filling out PHQ9 and the accompanying stress events questionnaires (Table 7.). 

Table 7. Characteristics of continuous variables in the two cohorts. PHQ9 depression - 

depression score derived from Patient Health Questionnaire; ATE stress - number of stress 

events during adulthood (age > 16); current depression - depression score derived using BSI 

questionnaire; RLE - number of recent negative life events during previous year; min - minimum 

value of the given variable; max - maximum value of the given variable; mean - average of the 

given variable; SE - standard error of mean 

UK Biobank 

 
  all participants male subjects female subjects 

 min max mean SE mean SE mean SE 

age 39 72 56.19 0.02 56.84 0.04 55.66 0.03 

PHQ9 depression 1 4 1.31 0.00 1.27 0.00 1.34 0.00 

ATE stress 0 4 0.40 0.00 0.34 0.00 0.48 0.00 

NewMood 

   all participants male subjects female subjects 

 min max mean SE mean SE mean SE 

age 18 60 32.56 0.25 34.15 0.45 31.92 0.30 

current depression 0 4 0.84 0.02 0.68 0.04 0.91 0.03 

RLE 0 8 1.21 0.03 1.07 0.05 1.26 0.04 
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In total 788 SNPs remained significant after correction for multiple testing (p < 5 * 10-8) 

in the GWEIS on depressive symptoms in interaction with adult stressors in the whole 

UKB cohort. The most significant rs117435652 (β = 0.0636; p = 4.40*10-15) was 

considered as an intron variant (61) in LRRC4C (Leucine Rich Repeat Containing 4C) 

gene on chromosome 11, which encodes for a postsynaptic adhesion molecule and plays 

a role in axon growth (88). 

Conducting the GWEIS in male subjects resulted in 412 significant SNPs, with an 

intergenic polymorphism, rs74297459 on the 7th chromosome as the most significant 

result (β = 0.0265; p = 2.15*10-12), while in female subjects 631 SNPs remained 

significant with lead SNP rs76262850 (β = 0.0763; p = 1.43*10-11) mapped as a regulatory 

region variant on chromosome 11 (61). 
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4.2.2. Significant gene-level results on PHQ9 depression in interaction with stressors 

during adulthood 

At gene-level, after correction for multiple testing, 63 genes remained significant (p < 

2.591 * 10-6) in the whole cohort (Figure 2.). Sex-stratified analyses resulted in 44 

significant genes in male subjects and 45 significant genes in female subjects. 

 

 

Figure 2. Manhattan plot of gene-based GWEIS results on PHQ9 depression score in 

interaction with stressors during adulthood (49). The x-axis represents the chromosomal 

location of genes across the genome. The y-axis represents the −log10 of the gene-based p-values, 

converted from the interaction between each genetic variant in a gene and adult traumatic events 

score on PHQ9 depression values in the UKB cohort. The horizontal line indicates the gene-level 

genome-wide significance threshold (p = 2.591 × 10−6). Points above this line denote genes with 

significant interaction effects (n = 63). The most significant gene CSMD1 (Z stat = 7.3461; p = 

1.02 × 10−13) was found on chromosome 8. 
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4.2.2.1. Blood-brain barrier (BBB)-related genes among the significant results of 

GWEIS in the whole cohort 

From 63 significant genes, altogether 17 genes were considered as BBB-related (Figure 

3.), based on enrichment results from gene expression data in cells of the BBB from 

human midbrain samples (80). With that, a 3.82-times enrichment (Pearson’s χ2 (1, n = 

19,296) = 38.04; p = 6.94*10-10) could be detected among the significant results, 

compared to the expected ratio of the BBB-related genes from all genes included in the 

GWEIS. 

 

Figure 3. Manhattan plot of gene-based GWEIS results of blood-brain barrier related genes 

on PHQ9 depression score in interaction with stressors during adulthood in the whole UK 

Biobank cohort (49). The x-axis represents the chromosomal locations of the genes, while on the 

y-axis -log10 p values of the given genes can be found. The horizontal line indicates the gene-level 

significance threshold (p = 2.591 * 10-6). BBB-related genes, highly expressed in cells of the BBB 

in human post-mortem midbrain samples (80) are marked in blue. Symbols of significant BBB-

related genes are written in the Manhattan-plot. From 63 significant genes, 17 can be connected 

to BBB. The most significant gene was CSMD1 (Z-score = 7.3461; p = 1.02 * 10-13). 

The most significant gene was CSMD1 (Z-score = 7.3461; p = 1.02*10-13), which was 

considered as a BBB-related gene with enrichment in ependymal cells (80). BBB-

relatedness of a subset of genes could be reinforced by available results from scientific 

literature (Table 8.).  
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Table 8. List of significant BBB-related genes from GWEIS on PHQ9 depression in interaction with 

stressors during adulthood in the whole UK Biobank. Gene - name of the gene; Chr - chromosome 

where the gene was positioned; ZSTAT - Z-score (converted from the gene-based p-value); p - p-value 

of the gene. In the column named “Connection with BBB”, additionally to the cell type of BBB, where 

the given gene was enriched, relevant results from currently available literature data - in terms of the 

connection between the given gene and the blood-brain barrier - were referenced. 

Gene Chr ZSTAT P Protein name Connection with BBB 

CSMD1 8 7.3461 1.02 * 10-13 

CUB and sushi 

domain-containing 

protein 1 

Highly expressed in ependymal- (80) and endothelial 

cells (89) of the BBB; CSMD1 ↓ C4A,  C3 

complement factors ↑ BBB permeability ↑ (90) 

PTPRD 9 5.5748 1.24 * 10-8 

Protein Tyrosine 

Phosphatase 
Receptor Type D 

Expressed in ependymal- (80) and smooth muscle 
cells (89) of the BBB; BACE1 (expressed in BBB 

endothelial cells (91)) ↑ PTPRD ↑ STAT3 

phosphorylation ↓ (92) glioma ↑ (93)  

RBMS3 3 5.3203 5.18 * 10-8 

RNA Binding Motif 

Single Stranded 

Interacting Protein 
3 

Expressed in fibroblasts (89), endothelial cells, 

pericytes and SMCs (80) 

PRKG1 10 5.1736 1.15 * 10-7 

Protein Kinase 

CGMP-Dependent 

1 

Expressed in ependymal cells, pericytes and SMCs 

(89) of BBB (80); part of the inflammation-related 

gene sets (81) 

DGKB 7 5.0301 2.45 * 10-7 
Diacylglycerol 

Kinase Beta 
Expressed in BBB astrocytes and pericytes (80, 89) 

CHRM3 1 5.0282 2.48 * 10-7 

Cholinergic 

Receptor 
Muscarinic 3 

Expressed in BBB ependymal cells, MSCs (80) and 

fibroblasts (89) 

PTPRG 3 4.9339 4.03 * 10-7 

Receptor-type 

tyrosine-protein 
phosphatase gamma 

Highly expressed in BBB endothelial- (89), 

ependymal cells, fibroblasts, pericytes and SMCs (80) 

THSD7B 2 4.9297 4.12 *10-7 

Thrombospondin 

type-1 domain-

containing protein 
7B 

Expressed in fibroblasts, pericytes (89) and SMCs 

(80) 

KCNJ6 21 4.9117 4.51 * 10-7 

Potassium Inwardly 

Rectifying Channel 
Subfamily J 

Member 6 

Expressed in BBB endothelial cells (80) 

PRR16 5 4.8267 6.94 * 10-7 Proline Rich 16 Expressed in fibroblasts, pericytes and SMCs (80) 

ADAMTS6 5 4.7719 9.12 * 10-7 

ADAM 

Metallopeptidase 

With 
Thrombospondin 

Type 1 Motif 6 

Expressed in endothelial cells (89) and SMCs (80) 

ASIC2 17 4.7319 1.11 * 10-6 
Acid Sensing Ion 

Channel Subunit 2 
Expressed in MSCs (80) 

GABBR2 9 4.7032 1.28 * 10-6 

Gamma-

Aminobutyric Acid 

Type B Receptor 
Subunit 2 

Expressed in astrocytes (80) 

CLIC5 6 4.6948 1.33 *10-6 
Chloride 

intracellular 

channel protein 5 

Expressed in BBB endothelial cells (80, 89); enriched 

in BBB endothelial cells in mouse (in GFAP+ cells) 

(94) 

DLGAP1 18 4.6757 1.46 * 10-6 
Disks large-

associated protein 1 
Expressed in astrocytes (80) and fibroblasts (89) 

GPC5 13 4.6224 1.90 * 10-6 Glypican 5 Expressed in astrocytes (80) and pericytes (89) 

ARHGAP18 6 4.5952 2.16 * 10-6 

Rho GTPase-

activating protein 
18 

Expressed in brain endothelial-, vascular- (95) and 

ependymal cells (80) 
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4.2.2.2. Blood-brain barrier (BBB)-related genes in male subjects among the 

significant results of GWEIS 

In case of male subjects, based on gene expression data (80) 13 genes from 44 significant 

ones (Figure 4.) showed 4.18-times enrichment compared to the expected ratio of BBB-

related genes among all genes included in the analyses (Pearson’s χ2 (1, n = 19,296) = 

33.84; p = 5.99*10-9). 

 

Figure 4. Manhattan plot of gene-based GWEIS results of male subjects of blood-brain 

barrier related genes on PHQ9 depression score in interaction with stressors during 

adulthood (49). The x-axis represents the chromosomal locations of the genes, while on the y-

axis -log10 p values of the given genes can be found. The horizontal line indicates the gene-level 

significance threshold (p = 2.591 * 10-6). BBB-related genes, highly expressed in cells of the BBB 

in human post-mortem midbrain samples (80) are marked in blue. Symbols of significant BBB-

related genes are written in the Manhattan-plot. From 44 genes, that survived correction for 

multiple testing in the GWEIS, 13 genes can be considered as BBB-related. The most significant 

gene was PTPRD (Z-score = 6.9549; p = 1.76*10-12) on chromosome 9. 

The most significant gene of the GWEIS in male subjects was PTPRD (Z-score = 6.9549; 

p = 1.76*10-12). This gene encodes for Protein Tyrosine Phosphatase Receptor Type D 

which was enriched in ependymal cells of the BBB (80). In addition to its role in the 

regulation of various cellular processes as a signalling molecule, results from the 

scientific literature showed its contribution in gliomagenesis, too (93). BBB-related 
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expression data and relevant functions of 13 significant BBB-related genes in men are 

collected in Table 9. 

Table 9. List of significant BBB-related genes in men from GWEIS on PHQ9 depression in 

interaction with stressors during adulthood. Gene - name of the gene; Chr - chromosome where the 

gene was positioned; ZSTAT - Z-score (converted from the gene-based p-value); p - p-value of the gene. 

In the column named “Connection with BBB”, additionally to the cell type of BBB, where the given gene 

was enriched, relevant results from currently available literature data - in terms of the connection between 

the given gene and the blood-brain barrier - were referenced. 

Gene Chr ZSTAT P Protein name Connection with BBB 

PTPRD 9 6.9549 1.76 * 10-12 

Protein Tyrosine 

Phosphatase 

Receptor Type D 

Expressed in ependymal- (80) and smooth muscle cells 

(89) of the BBB; BACE1 (expressed in BBB 
endothelial cells (91)) ↑ PTPRD ↑ STAT3 

phosphorylation ↓ (92) glioma ↑ (93) 

EGLN3 14 5.5146 1.75 * 10-8 

Egl-9 Family 

Hypoxia Inducible 
Factor 3 

Expressed in astrocytes (80); via the upregulation of 

CLDN1 have a role in glia limitans formation after 
BBB disruption (96) 

RUNX1 21 5.3066 5.58 * 10-8 

RUNX Family 

Transcription Factor 
1 

Expressed in fibroblasts (89) and SMCs (80); RUNX1 ↑ 

(binds) CLDN5, OCLN, ZO1 ↓ (97, 98) 

DPP10 2 5.2112 9.38 * 10-8 
Dipeptidyl 

Peptidase Like 10 
Expressed in astrocytes and ependymal cells (80) 

RHOBTB1 10 5.2067 9.61 * 10-8 

Rho Related BTB 

Domain Containing 
1 

Expressed in endothelial-, ependymal cells and MSCs 

(80) 

CSMD1 8 4.8834 5.21 * 10-7 

CUB and sushi 

domain-containing 
protein 1 

Highly expressed in ependymal- (80) and endothelial 

cells (89) of the BBB; CSMD1 ↓ C4A,  C3 complement 
factors ↑ BBB permeability ↑ (90) 

RBFOX1 16 4.8382 6.55 * 10-7 
RNA Binding Fox-1 

Homolog 1 

Expressed in ependymal cells (80) and fibroblasts (89); 

miR-132 ↑ RBFox-1 ↓ CLDN1, TJAP1 ↓ (99) 

TENM2 5 4.8291 6.86 * 10-7 

Teneurin 

Transmembrane 

Protein 2 

Expressed in astrocytes (80) and fibroblasts (89) 

BTNL9 5 4.7087 1.25 * 10-6 Butyrophilin Like 9 Expressed in endothelial cells (89) and MSCs (80) 

THSD7B 2 4.6911 1.36 * 10-6 

Thrombospondin 
type-1 domain-

containing protein 

7B 

Expressed in fibroblasts, pericytes (89) and SMCs (80) 

CREB5 7 4.6499 1.66 * 10-6 

CAMP Responsive 

Element Binding 
Protein 5 

Expressed in fibroblasts, ependymal- (80) and 

endothelial cells (89) 

EPHA7 6 4.6261 1.86 * 10-6 EPH Receptor A7 
Expressed in fibroblasts (89), ependymal cells and 

MSCs (80) 

CNTN4 3 4.6167 1.95 * 10-6 Contactin 4 Expressed in perciytes (89), fibroblasts and MSCs (80) 
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4.2.2.3. Blood-brain barrier (BBB)-related genes in female subjects among the 

significant results of GWEIS 

In female subjects, based on gene expression data of cells forming the BBB from human 

midbrain samples (80) 14 genes from 45 significant ones (Figure 5.) showed 4.40-times 

enrichment compared to the expected ratio of BBB-related genes among all genes, 

included in the analyses (Pearson’s χ2 (1, n = 19,296) = 39.60; p = 3.12*10-10). 

 

Figure 5. Manhattan plot of gene-based GWEIS results of female subjects of blood-brain 

barrier related genes on PHQ9 depression score in interaction with stressors during 

adulthood (49). The x-axis represents the chromosomal locations of the genes, while on the y-

axis -log10 p values of the given genes can be found. The horizontal line indicates the gene-level 

significance threshold (p = 2.591 * 10-6). BBB-related genes, highly expressed in cells of the BBB 

in human post-mortem midbrain samples (80) are marked in blue. Symbols of significant BBB-

related genes are written in the Manhattan-plot. The most significant BBB-related gene was 

CSMD1 (Z-score = 7.5556; p = 2.08*10-14).  
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Similarly to the results from the whole cohort, CSMD1 gene showed the highest 

significance (Z-score = 7.5556; p = 2.08*10-14) in female subjects, among all genes, and 

among the BBB-related genes, too. BBB-related expression data and relevant functions 

of 14 significant BBB-related genes in women are collected in Table 10. 

Table 10. List of significant BBB-related genes in women from GWEIS on PHQ9 depression in 

interaction with stressors during adulthood. Gene - name of the gene; Chr - chromosome where the 

gene was positioned; ZSTAT - Z-score (converted from the gene-based p-value); p - p-value of the gene. 

In the column named “Connection with BBB”, additionally to the cell type of BBB, where the given gene 

was enriched, relevant results from currently available literature data in terms of the connection between 

the given gene and the blood-brain barrier were referenced. 

Gene Chr ZSTAT P Protein name Connection with BBB 

CSMD1 8 7.5556 2.08 * 10-14 

CUB and sushi 

domain-containing 
protein 1 

Highly expressed in ependymal- (80) and endothelial 

cells (89) of the BBB; CSMD1 ↓ C4A,  C3 
complement factors ↑ BBB permeability ↑ (90) 

PTPRD 9 6.4255 6.57 * 10-11 

Protein Tyrosine 

Phosphatase 

Receptor Type D 

Expressed in ependymal- (80) and smooth muscle 

cells (89) of the BBB; BACE1 (expressed in BBB 
endothelial cells (91)) ↑ PTPRD ↑ STAT3 

phosphorylation ↓ (92) glioma ↑ (93) 

SDK1 7 5.8161 3.01 * 10-9 
Sidekick Cell 

Adhesion Molecule 

1 

Expressed in SMCs (89), fibroblasts, endothelial- and 

ependymal cells (80) 

RBMS3 3 5.2747 6.65 * 10-8 

RNA Binding Motif 

Single Stranded 
Interacting Protein 

3 

Expressed in fibroblasts (89), endothelial cells, 
pericytes and SMCs (80) 

ARHGAP18 6 5.1288 1.46 * 10-7 
Rho GTPase-

activating protein 

18 

Expressed in brain endothelial-, vascular- (95) and 

ependymal cells (80) 

GABBR2 9 5.0840 1.85 * 10-7 

Gamma-

Aminobutyric Acid 
Type B Receptor 

Subunit 2 

Expressed in astrocytes (80) 

COL6A2 21 5.0492 2.22 * 10-7 
Collagen Type VI 

Alpha 2 Chain 

Expressed in human BBB fibroblasts, pericytes, 
SMCs (89) and MSCs (80); and by primary brain 

capillary endothelial cells in mice (100) 

BARX2 11 4.8649 5.73 * 10-7 
BARX Homeobox 

2 
Expressed in ependymal cells (80) 

SLC38A5 X 4.7739 9.03 * 10-7 

Sodium-coupled 

neutral amino acid 

transporter 5  

Expressed in endothelial cells (80, 89); enriched in 

mouse BBB cells (101); amino acid transporter in the 

BBB (102, 103) 

PTPRM 18 4.7054 1.27 * 10-6 
Protein Tyrosine 

Phosphatase 

Receptor Type M 

Expressed in fibroblasts (80) and endothelial cells 
(89) 

CHRM3 1 4.6592 1.59 * 10-6 

Cholinergic 

Receptor 

Muscarinic 3 

Expressed in BBB ependymal cells, MSCs (80) and 

fibroblasts (89) 

TMEM132B 12 4.6385 1.75 * 10-6 
Transmembrane 

Protein 132B 
Expressed in ependymal cells (80) 

TRPC3 4 4.5962 2.15 * 10-6 

Transient Receptor 

Potential Cation 

Channel Subfamily 
C Member 3 

Expressed in fibroblasts, pericytes (89), SMCs and 

MSCs (80) 

PTPRG 3 4.9339 4.03 * 10-7 

Receptor-type 

tyrosine-protein 
phosphatase gamma 

Highly expressed in BBB endothelial- (89), 

ependymal cells, fibroblasts, pericytes and SMCs (80) 
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4.2.3. Inflammation-related genes in stress-associated depression 

Inflammation-related genes were determined based on previously collected MSigDB C2 

curated genes sets (81) and inflammation-related Hallmark gene sets (82, 83). 

With 23 inflammation-related genes from the 63 significant results in the whole UKB 

cohort (Figure 6.), a 1.59-times enrichment could be determined with Pearson’s χ2 (1, n 

= 19,296) = 6.60; p = 0.0102.  

 

Figure 6. Manhattan plot of gene-based GWEIS results of inflammation-related genes on 

PHQ9 depression score in interaction with stressors during adulthood in the whole UK 

Biobank cohort (49). The x-axis represents the chromosomal locations of the genes, while on the 

y-axis -log10 p values of the given genes can be found. The horizontal line indicates the gene-level 

significance threshold (p = 2.591 * 10-6). Inflammation-related genes, determined based on 

MSigDB C2 curated genes sets (81) and Hallmark gene sets (82, 83), are marked in grey. Symbols 

of significant inflammation-related genes are written in the Manhattan-plot. The most significant 

inflammation-related gene was CDH13 (Z-score = 6.6273; p = 1.71*10-11) on chromosome 16. 
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Among significant inflammation-related results, 5 genes (PRKG1, DGKB, ADAMTS6, 

GABBR2, and GPC5) were also part of the BBB-related genes. 

The results of the 23 significant inflammation-related genes from the GWEIS on 

depressive symptoms in interaction with stressors during adulthood are listed in Table 11. 

Table 11. List of significant inflammation-related genes from GWEIS on PHQ9 depression in 

interaction with stressors during adulthood. Gene - name of the gene; Chr - chromosome where the 

gene was positioned; ZSTAT - Z-score (converted from the gene-based p-value); p - p-value of the gene. 

In the column named “Connection with inflammatory processes or with BBB”, available literature data 

in terms of the gene’s connection with inflammation or with the BBB were referenced. Genes that were 

shown to be expressed in cells of the BBB are underlined. 

Gene Chr ZSTAT P Protein name 
Connection with inflammatory processes or 

with BBB 

CDH13 16 6.6273 1.71 * 10-11 
Cadherin 13 (T- or 

H-cadherin) 

Highly expressed in BBB endothelial cells 

(89); part of the complement system (82); T-
cadherin ↑ VE-cadherin ↓ endothelial 

permeability disruption (104) 

ERBB4 2 5.5728 1.25 * 10-8 
Erb-B2 Receptor 

Tyrosine Kinase 4 

Expressed in SMCs of the BBB (89); ERBB4 
↑ BBB integrity (claudin-5, occludin) ↑ (105); 

part of the MAPK signalling pathway (81, 83); 

promotes cell death in pro-inflammatory 
macrophages (106) 

MS4A2 11 5.4496 2.52 * 10-8 

High affinity 

immunoglobulin 
epsilon receptor 

subunit beta 

Encodes β subunit of high affinity IgE 

receptor (107) involved in innate immune 

system (83) 

PRKG1 10 5.1736 1.15 * 10-7 
Protein Kinase 

CGMP-Dependent 1 

Expressed in ependymal cells, pericytes and 

SMCs (89) of BBB (80); part of the adaptive 
immune system (83) 

RAET1G 6 5.0472 2.24 * 10-7 
Retinoic Acid Early 

Transcript 1G 

Part of the gene set of natural killer cell 

mediated cytotoxicity (83) and MHC class I 
related proteins (108) 

DGKB 7 5.0301 2.45 * 10-7 
Diacylglycerol 

Kinase Beta 

Expressed in BBB astrocytes and pericytes 

(80, 89); part of haemostasis gene set (83) 

NTN1 17 5.0095 2.73 * 10-7 Netrin-1 

Expressed in SMCs of BBB (89); its protein 

product upregulates tight junction and 

adherent junction molecules in the BBB, 
restoring it and reducing the negative effect of 

inflammation (109); KLF2 ↑ NTN1 ↑ IL-6 ↓ 

BBB permeability (occludin ↑) ↓ (110) 

VAV2 9 4.9373 3.96 * 10-7 

Guanine nucleotide 

exchange factor 
VAV2 

Part of the VEGF signalling in the BBB; 
VEGF ↑ cAMP ↑ Rac1-Vav2 ↑ endothelial 

barrier integrity (111); part of T-receptor-, and 

chemokine signalling gene sets (83) 

PLCB1 20 4.8946 4.92 * 10-7 
Phospholipase C 

Beta 1 

Expressed in BBB endothelial cells (89); 

inflammation ↑ DHHC21 ↑ PLCβ1 

palmityolation ↑ endothelial barrier 
dysfunction, microvascular leakage, leucocyte 

adhesion ↑ (112); part of “IL-8- and CXCR2-

mediated signaling events” gene set (83) 

ADAMTS6 5 4.7719 9.12 * 10-7 

ADAM 

Metallopeptidase 

With 
Thrombospondin 

Type 1 Motif 6 

Expressed in endothelial cells (89) and SMCs 

(80); part of ECM regulators gene set (83) 

ADAMTSL1 9 4.7439 1.05 * 10-6 ADAMTS Like 1 
Expressed in fibroblasts (89); part of ECM 

regulators gene set (83) 

The table continues on the next page   
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Table 11. continued 

Gene Chr ZSTAT P Protein name 
Connection with inflammatory processes or 

with BBB 

TMX3 18 4.7426 1.05 * 10-6 

Thioredoxin Related 

Transmembrane 

Protein 3 

Part of haemostasis gene set (83) 

MS4A3 11 4.7405 1.07 * 10-6 
Membrane Spanning 

4-Domains A3 

Expressed by granulocyte-monocyte progenitors 

(113); part of innate immune system gene set (83) 

SDC2 8 4.7205 1.18 * 10-6 Syndecan-2 

Expressed in fibroblasts (89); part of haemostasis- 

and ECM-related gene sets (83); inflammation 

elevated the epithelial production of Sdc-2 (114); 
regulates monocyte-derived macrophages (115) 

GABBR2 9 4.7032 1.28 * 10-6 

Gamma-

Aminobutyric Acid 

Type B Receptor 
Subunit 2 

Expressed in astrocytes (80); part of genes, 
involved in G alpha signalling (83), inflammation-

related gene set (81) 

TSPAN14 10 4.6739 1.48 * 10-6 Tetraspanin 14 
Expressed in endothelial cells (89); part of innate 

immune system (83) 

HDAC6 X 4.6733 1.48 * 10-6 
Histone Deacetylase 

6 

HDAC6 expression could contribute to BBB 

impairment (116); its inhibition prevents 

inflammatory processes and preserves barrier 
integrity (117); regulates autophagy and NLRP3 

inflammasome (118) 

CD200R1 3 4.6400 1.74 * 10-6 CD200 Receptor 1 

CD200 and its receptor (CD200R) is an important 
regulator of inflammation and the consequent BBB 

disruption (119) they mediate inflammation 

transmission from periphery to CNS (120); 
involved in the adaptive immune system (83) 

BMF 15 4.6376 1.76 * 10-6 
Bcl2 Modifying 

Factor 

IL-10 may downregulate BMF (121); involved in 

apoptosis (83) 

GPC5 13 4.6224 1.90 * 10-6 Glypican 5 
Expressed in astrocytes (80) and pericytes (89); 

part of ECM regulators gene set (83) 

ACOX1 17 4.6102 2.01 * 10-6 Acyl-CoA Oxidase 1 

Part of “Mechanism of Gene Regulation by 

Peroxisome Proliferators via PPARa(alpha)” gene 

set (83) 

PPP2R1A 19 4.5915 2.20 * 10-6 
Protein Phosphatase 
2 Scaffold Subunit 

Aalpha 

Part of the TGFβ- and T cell signalling gene set 
(83) 

OLFM4 13 4.5891 2.23 * 10-6 Olfactomedin 4 
Part of the innate immune system gene set (83); 

marker gene for a subset of neutrophil cells (122) 

Contrary to the analysis with BBB-related genes, in case of inflammation-related genes, 

no significant enrichment were found in male- (Pearson’s χ2 (1, n = 19.296) = 0.011; p = 

0.977)) or in female (Pearson’s χ2 (1, n = 19.296) = 0.06; p = 0.806)) subjects, separately. 
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4.2.4. Significant genes associated both with blood-brain barrier (BBB) and 

inflammation 

Results from GWEIS conducted in the whole UKB cohort revealed significant 

enrichments in the numbers of BBB- (n = 17) and inflammation-related (n = 23) genes 

among the significant results (n = 63), compared to the expected ratios (expected number 

of significant BBB-related genes = 4.5; expected number of significant inflammation-

related genes = 14.4). The results also uncovered 5 genes, which were expressed in cells 

of the BBB in midbrain region and were also part of the inflammatory gene sets: DGKB, 

GPC5, PRKG1, ADAMTS6, and GABBR2 (Figure 7.). 

 

Figure 7. The expected and observed numbers of BBB- and inflammation-related genes 

among the significant GWIES results on PHQ9 depression in interaction with stressors 

during adulthood in the UK Biobank cohort. Altogether 19,296 genes were included in the 

GWEIS, and 63 genes remained significant after correction for multiple testing (p < 2.591 * 10-

6). BBB-related genes were determined using gene expression data from human post-mortem 

midbrain samples while inflammation-related genes were defined based on MSigDB gene sets. 

Based on the expected and observed ratio of BBB-associated genes, a significant (***: p = 6.94 

* 10−10) 3.82-times enrichment could be detected. In case of inflammation-related genes, a 

significant (*: p = 0.0102) 1.59-times enrichment was calculated. On the right side of the figure 

the Venn-diagram shows the observed significant genes which were considered as BBB- (n = 17), 

inflammation-related (n = 23) or both (n = 5).  
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4.2.5. Neuroticism-related genes among the significant results 

Four neuroticism-related genes remained significant after correction for multiple testing 

in the whole cohort and in women: CDH13, LSAMP, ERBB4 and CNTNAP2. In men, 

additionally to LSAMP, three different genes were considered as neuroticism-related 

among the significant results: RBFOX1, TENM2, FHIT. 

4.2.6. Replication of significant findings 

Due to the different characteristics of the two cohorts in number of participants, in age 

distribution and in the number of available SNPs, replications of significant BBB- and 

inflammation-related genes were conducted only in the whole cohort and were based on 

sign tests, where the same positive sign of Z-score were considered as replication. Based 

on that, we could replicate 13 genes - among them 4 (CSMD1, ADAMTS6, DLGAP1, and 

GPC5) showed nominal significance (p < 0.05) - from 17 significant BBB-related genes. 

In case of the 23 inflammation-related genes from GWEIS, 15 could be replicated in the 

NM cohort, with 4 nominally significant results (ADAMTS6, ADAMTSL1, TSPAN14, 

GPC5).  
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5. Discussion 

First, we showed that rs885985 of CLDN5 and rs1800795 of IL6 played a role in 

mediating the effects of recent stress on current depressive symptoms in humans (48). 

Based on the previously published function of rs885985 in CLDN5, rs1800795 in IL6, 

and our results, it is possible that minor allele carrier status on CLDN5 SNP contributes 

to the decreased expression of claudin-5 protein in the BBB and that minor allele carriers 

of IL6 SNP are more prone to express elevated level of IL-6 proinflammatory cytokine, 

after experiencing recent stress. These circumstances might promote a more permeable 

BBB and the accompanied elevated level of proinflammatory cytokine, which could 

infiltrate the CNS in humans, too. 

Second, we provided further evidence for the involvement of the BBB and inflammation 

in stress-associated depression (49). By comparing the observed number of BBB- and 

inflammation-related genes to the expected ratio among the significant gene-level results 

of GWEIS on depressive symptoms, we could show significant enrichments regarding 

BBB- and inflammation-related genes. The high number of BBB- and inflammation-

related genes among the significant GWEIS results indicated that after experiencing stress 

effects, alteration of the tightly regulated microenvironment of the CNS could result in 

the appearance of depressive symptoms. 

Based on our results, restoration of the disrupted integrity of the BBB together with 

reducing the elevated level of inflammation might be an important target during 

pharmaceutical interventions in depression. 

5.1. CLDN5 and IL6 together have a potential role in the development of stress-

induced depressive symptoms 

After chronic stress effects, stress-susceptible mice developed depressive-like symptoms, 

accompanied by reduced claudin-5 expression in the nucleus accumbens and passage of 

IL-6 proinflammatory cytokine from the periphery to the CNS (41, 43). We showed that 

there was a genetic basis of this phenomenon in humans. The significant results of the 3-

way interaction analyses with rs885985 of CLDN5, rs1800795 of IL6, and recent stress 

on current depressive symptoms (β = 0.0093; p = 0.0003) indicated that minor allele 

carriers on these polymorphisms were vulnerable to developing stress-associated 
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depression. Significant results were reinforced by trend-level significant replication in the 

NewMood cohort (β = 0.0553; p = 0.0972). 

Analyses with the selected polymorphisms separately did not result in significant 

findings, suggesting the necessity of their combined effects in the association. Our results 

also indicated sex differences, as the effect size found in the whole cohort increased in 

men (β = 0.0141; p = 0.0002), and the significance disappeared, with a decreased effect 

size in women (β = 0.0055; p = 0.1208). 

CLDN5 gene encodes for claudin-5, a transmembrane protein, which is expressed in 

various tissues in the brain, in the lung, and in the kidneys (123), and its protein has a 

major role in the formation of endothelial barriers (124). Previous studies on post-mortem 

human tissues already revealed the reduced level of claudin-5 in individuals with 

depression diagnosis (41, 43), and it was also shown that claudin-5 expression was 

suppressed by inflammatory factors, such as TNF-α (46, 125, 126), IL-1 (127) and by 

vascular endothelial growth factor (VEGF) (128). In addition to that, we could provide a 

genetic basis to the background of this mechanism showing the roles of minor alleles of 

rs885985 in CLDN5 and rs1800795 in IL6 as potential stress susceptibility factors in 

depression. As hydrocortisone treatment has barrier tightening effects via increasing 

claudin-5 and occludin levels (125), moreover in the promoter region of CLDN5 gene 

there are glucocorticoid-response elements (46, 47), our results suggest that the negative 

effects of proinflammatory cytokines on the integrity of the BBB might be manifested in 

case of the assumed glucocorticoid resistance in depression invoked by constant stress 

stimuli (19, 23-25). 

5.2. GWEIS results further support the involvement of blood-brain barrier (BBB)- 

and inflammation-related factors in stress-associated depression 

Results of the GWEIS on current depressive symptoms in interaction with stressors 

during adulthood revealed that 26.98% of the significant genes could be connected to 

BBB, and 36.51% of them to inflammation. Compared to the expected ratio, these results 

indicated a 3.82-times enrichment in BBB-related and a 1.59-times enrichment in 

inflammation-related genes with both being significant using chi-square tests. 

Eight of the significant genes (CSMD1, CDH13, ERBB4, RBMS3, PRR16, ASIC2, GPC5, 

OLFM4) were previously associated with depression without stress effects in a large 
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meta-analysis with more than 800,000 individuals (10). Five significant genes were 

considered both BBB- and inflammation-related: DGKB, GPC5, PRKG1, ADAMTS6, and 

GABBR2. In our study, 4 genes remained significant during the analyses in the whole 

cohort and in men and in women, separately. These were CSMD1, PTPRD, LSAMP, and 

NPAS3, indicating the strength and sex-independence of these associations. 

5.2.1. Common genes of GWEIS conducted in the whole cohort, and separately in 

men and women 

CSMD1 gene encodes for CUB and sushi domain-containing protein 1, which is a 

transmembrane protein (129), highly expressed in neurons (130), in ependymal- (80) and, 

in endothelial cells (89) of the BBB. It shows enrichment in the brain and in testicular 

tissues (131). This gene showed the highest significance in the GWEIS in the whole 

cohort (Z-score = 7.3461; p = 1.02*10-13) and in women (Z-score = 7.5556; p = 2.08*10-

14). Its protein has a role in cell signalling, complement inhibition (90) and in the 

determination of the dopamine/ serotonin ratio in the CSF (132). In addition to MDD (10, 

133), it has been previously associated with SCZ (129), age-related hearing loss (134), 

cannabis dependence (135) ASD (136) and was also suggested as a pleiotropic gene of 

bipolar disorder (BD), SCZ, attention-deficit/hyperactivity disorder (ADHD), MDD and 

ASD (137). CSDM1 promotes the degradation of C3b and C4b complement factors (90, 

138). The resulting elevated circulating C4 protein level contributed to BBB disruption 

in SCZ (139) and knocking-out of this gene resulted in the appearance of anxiety- and 

depressive-like phenotypes (140). The epigenetic pattern of CSMD1 was shown to be 

associated with high maternal cortisol level (141), which indicated its vulnerability to 

stress during foetal development. 

PTPRD (Protein Tyrosine Phosphatase Receptor Type D) gene was shown to be 

expressed in ependymal cells of the BBB (80) and it was the most significant hit in the 

male subgroup in our GWEIS (Z-score = 6.9549; p = 1.76*10-12). PTPRD encodes for 

receptor-type protein tyrosine phosphatase membrane protein, which is considered a 

synaptic specifier cell adhesion molecule (142) and has a role in bidirectional induction 

of pre- and postsynaptic differentiation (143). Its protein has a role in the IL-

6/JAK/STAT3 signal transduction pathway and it is a substrate of β-secretase 1 (BACE1) 

proteinase in the BBB (92). Furthermore, it was associated with elevated β-amyloids 
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production in Alzheimer’s disease (AD) (91). PTPRD has previously been associated 

with anxiety (144), mood instability (145), and vulnerability (146). 

Although LSAMP was not found to be enriched in cells of the BBB in midbrain samples 

(80), this gene was highly expressed in pericytes of the BBB in temporal lobe samples 

(89) and was expressed by BBB astrocytes (147). It encodes for Limbic System 

Associated Membrane Protein, a cell membrane lipid anchor with immunoglobulin 

domains (148), which has significant role in neuronal growth and axon targeting 

mediation (149). LSAMP is part of the IgLON family, which has a role in maintaining the 

integrity of the BBB (150). It was revealed in mice that Lsamp deficiency led to alteration 

in neurotransmitter regulation via increased activity of serotonergic system and 

imbalanced GABA-A (gamma-aminobutyric acid type A) receptor activity (151) and that 

fluoxetine treatment increased the expression of this gene (152). Based on the scientific 

literature, LSAMP might play a role in completed suicide among men (153) and was found 

to be highly expressed in limbic region related to stress and arousal (149). SNPs in 

LSAMP were associated with MDD, panic disorder (154, 155), and neuroticism (85). 

The fourth gene, which remained significant in GWEIS on the whole cohort, in men and, 

in women, was NPAS3, encoding for Neuronal PAS Domain Protein 3. This transcription 

factor was found to be expressed in fibroblasts of the BBB in human temporal lobe (89), 

and it was involved in neurogenesis (156), metabolism, and as a regulator of circadian 

rhythm (157). NPAS3 is a pleiotropy candidate in BP, MDD, and SCZ (158) and is 

associated with AD, PD (159), and with abnormal brain morphology in SCZ (160). 

In view of the significant results of CSMD1, PTPRD, LSAMP, and NPAS3 in sex-

stratified analyses, in addition to their biological roles and previously revealed 

associations with mental disorders, these 4 genes might serve as biomarkers or drug 

targets in the treatment of stress-associated depression irrespective of stress. 

5.2.2. Inflammation-related genes in the GWEIS 

Considering inflammation in stress-associated depression, CDH13 was the most 

significant inflammation-related gene in the GWEIS in the whole cohort (Z-score = 

6.6273; p = 1.71*10-11) and in women (Z-score = 7.1851; p = 3.36*10-13). This gene was 

previously associated with neuroticism (84) ADHD, SCZ (161), and MDD (10, 161, 162). 

CDH13 gene encodes for T- or H-cadherin, a lipid anchor transmembrane protein, which, 
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through regulation of VE-cadherin, has a key role in preserving the integrity of 

endothelial barriers (104). It is part of the complement system (82) and might be a 

potential candidate for obesity and vascular diseases (163). This gene has also a role in 

axon guidance, dendritic arborisation (164), and negative regulation of inhibitory 

synapses in the hippocampus (165). Mice with Cdh13 deficiency showed impairment in 

memory, and learning (165) and had significantly reduced level of corticosterone, even 

after maternal stress separation (166). CDH13 appeared to be expressed distinctly 

throughout the lifespan in humans with a lower expression rate in the developing nervous 

system than in the CNS of adults (164, 167). These results suggest that CDH13 mediates 

altered stress-sensitivity during childhood and adulthood. 

Another potential candidate from significant inflammation-related genes in stress-

associated depression is ERBB4, which survived correction for multiple testing in the 

whole UKB cohort (Z-score = 5.5728; p = 1.25*10-8) and in female subjects (Z-score = 

5.2100; p = 9.44*10-8). ERBB4 encodes for Erb-B2 Receptor Tyrosine Kinase 4, a cell 

surface receptor for neuregulin, taking part in mitogenesis and cell differentiation (106). 

This gene has been associated with cyclothymic temperament (168) and with neuroticism 

(85). It is part of the MAPK signalling pathway (81, 83) and it has a role in promoting 

death of pro-inflammatory macrophages (106) and in protecting colonic epithelial cells 

against tumor necrosis factor-induced apoptosis (169). Its protective role was also 

manifested in preserving the integrity of the BBB by increasing the expression of claudin-

5 and occludin after subarachnoid haemorrhage in rats (105). 

5.2.3. Neuroticism-related genes 

Animal studies, which elucidated the important role of BBB in depression, have also 

revealed that the depressive-like phenotype appeared only in a subset of rodents, which 

were considered vulnerable to stress (41, 43). Based on that, along with genetic factors, 

in humans, personality traits could also contribute to the development of depression 

acting through alterations in stress sensitivity or resilience (17). Such a trait could be 

neuroticism, which is characterized by elevated stress sensitivity and a tendency towards 

more frequent experience of negative emotions (170), thus, individuals with this trait 

might experience amplified stress and be more vulnerable to developing depressive 

symptoms. The comparison of our significant results with previously published 

neuroticism-associated genes (84, 85) revealed 4 potential candidates (CDH13, ERBB4, 
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LSAMP, CNTNAP2) contributing to this personality trait, as well as stress-associated 

depression. These 4 genes have also been shown to be expressed at the BBB, although 

not in the midbrain region (80), but in the temporal lobe (89), which further emphasised 

the important role of BBB in stress-related conditions, such as neuroticism or stress-

associated depression. 

5.3 Genetic findings support distinct biological mechanisms in men and in women in 

terms of the role of blood-brain barrier (BBB) and inflammation in stress-associated 

depression 

With the results of the two studies, we could provide further evidence for the involvement 

of the BBB and inflammation in stress-associated depression. In the first study, we 

demonstrated the combined effect of the minor alleles of polymorphisms in CLDN5 

(rs885985) and in IL6 (rs1800795) on stress-associated depression, and with that, we 

could translate results from animal studies into human genetics (48); during the second 

study, we provided a view of candidate BBB- and inflammation-related genes in stress-

associated depression by conducting GWEIS (49). 

In accordance with previously published results on depression biology, aetiology, and 

genetics (171), our studies highlighted sex differences. It is known, that not just the 

prevalence and the pattern of symptoms of MDD show divergence between men and 

women (2), but stress responses are manifested differently, too (172). Similarly, the BBB 

also exhibits variations between men and women (173).  Female-related sex hormones, 

oestrogen, and progesterone have barrier-strengthening properties by increasing claudin-

5, occludin, and reducing TNF-α and IL-6 cytokines (39, 42, 173-175). Correspondingly, 

in men, it was shown that testosterone influenced the integrity of the BBB, suggesting 

dose-dependent mechanisms, where lack of testosterone and excessive level of this 

hormone equally resulted in increased permeability (42). 

Based on our results, CLDN5 expression and its regulation also exhibited sex differences. 

During the first study, stratification by sex provided distinct results, where the interacting 

effects of rs885985 of CLDN5 and rs1800795 of IL6 on stress-associated depression were 

only detected in men, but not in women. Although, CLDN5 gene did not survive 

correction for multiple testing in the second study, as a gene-level outcome, one target of 

interest in men was the RUNX1 gene (Z-score in men = 5.3066; p = 5.58*10-8), encoding 
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for RUNX Family Transcription Factor 1. This gene did not remain significant in the 

whole cohort, or in female subjects. RUNX1 is expressed at the BBB in fibroblasts (89) 

and SMCs (80) and as a transcriptional regulator of CLDN5, it has an indirect effect on 

the integrity of the BBB (97). Based on previous studies, it has also been revealed that 

TNF-α could modulate RUNX1 (176). It was shown, that this gene was a shared 

susceptibility factor in post-traumatic stress disorder (PTSD) and MDD (177), which 

could reinforce its stress susceptibility, too. Another example of the probable sex-specific 

altered regulation of CLDN5, in regard to our gene-level results, is KLF5. This gene 

encodes for Krueppel-like factor 5, a transcription factor, which not only has an effect on 

CLDN5 expression and through this on BBB permeability but possesses anti- and 

proinflammatory roles as well, in different conditions (178). This gene only survived 

correction for multiple testing in the subcohort of male subjects (Z-score in men = 5.3903; 

p = 3.52*10-8). 

In addition, there are potential candidates for female subjects, too. NR3C2 gene encodes 

for Nuclear Receptor Subfamily 3 Group C Member 2, a mineralocorticoid receptor 

(MR), which remained significant only in women (Z-score in women = 4.7794; p = 

8.79*10-7). Mineralocorticoid receptors are less abundant in the CNS, than glucocorticoid 

receptors (GR), however, MR shows a greater affinity for glucocorticoids than GR (179). 

As previous results in mice indicated greater stress responses in female animals (42), 

significant results of NR3C2 in women might be a promising candidate for analysing the 

human genetic aspects of vulnerability to stress. Another candidate of female-specific 

genes is NTN1, encoding for Netrin-1. Based on the gene-level GWEIS results, it survived 

correction for multiple testing not just in women (Z-score in women = 5.1451; p = 

1.34*10-7), but in the whole cohort, too (Z-score in the whole cohort = 5.0095; p = 

2.73*10-7). Although, in expression data from midbrain BBB samples (80), it did not 

show enrichment, based on experiments with mice it had a role in maintaining BBB 

integrity and reducing the effects of cytokines on the barrier (109, 110). This protein has 

been implicated as being a necessary factor for axon guidance, and regulation of tight 

junctions of the BBB (109, 110). Netrin-1 signalling pathway was significantly associated 

with MDD without stress effects (180, 181). Our results imply that NTN1 gene has a role 

in stress-associated depression, too. 
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5.4. Limitations 

Researching the biological background of human depression lacks a wide variety of 

applicable methods and, thus, possesses several limitations, which could be applied to our 

studies as well. First, as MDD is a heterogenetic disorder, influenced by numerous factors 

(11), results derived from SNPs usually reveal small effects. Consequently, during the 3-

way interaction analyses, we selected polymorphisms with known functionalities in order 

to alleviate the interpretation of the results, however, by conducting simple models, we 

could not rule out the effects of confounding factors and this method was unable to 

explain the overall complexity of depression’s pathophysiology. 

In both studies, we conducted replication analyses on the NM cohort, in order to 

reproduce the results derived from the UKB population. Nonetheless, the number of 

participants significantly differed in the two cohorts and the statistical power was 

consequently lower in the NM population. Taken together, the differences between the 

two cohorts restrain us from the confirmation of the universality of our results beyond 

doubt, albeit, they provide a solid foundation on a field mired by unreplicable findings. 

As the number of participants significantly differed in the two cohorts, the statistical 

power was similarly lesser in the NM population.  It is also known that the physiology 

and integrity of the BBB change over the lifespan (182) and with significantly distinct 

average ages between the two cohorts, the contribution of BBB-related genes might be 

altered, too. 

The determination of genes related to BBB or inflammatory processes relied on previous 

publications. However, gene expression data from cells of the BBB provided an 

advantage in our study, their enrichments were determined based on a comparison 

between the selected cells (and without comparing the expression pattern to another type 

of cells) in one brain area. The transcriptomic pattern of the BBB differs among brain 

regions (34), which also limits our results. 

Finally, as inflammation-related genes were derived from previously collected gene sets 

of inflammatory mechanisms (81) and from the repository of the Molecular Signatures 

Database (82, 83), further replication would be needed in order to strengthen these results 

that extend this selection.  
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6. Conclusions 

In conclusion, both the hypothesis-driven candidate gene approach and the GWEIS 

results confirmed the important role of BBB in stress-associated depression. First, we 

could reveal the combined effects of polymorphisms in CLDN5 and IL6 in stress-

associated depression in humans, and by that, we could provide a genetic basis to the 

previously described alteration in BBB permeability accompanied by elevated 

inflammation in rodents. These results further supported the theory on the altered integrity 

of the BBB and the presence of inflammation in depression, as a consequence of stress. 

Moreover, we could specify additional promising candidates of genes related to BBB- 

and inflammatory processes by discovering a 3.82-times enrichment of BBB-related and 

a 1.59-times enrichment of inflammation-related genes among the significant GWEIS 

results. The outcome of the sex-specific analyses conducted in both approaches pointed 

to partially different etiopathology in men and in women. 

These results could provide a basis for further research aiming to reveal the biological 

background of stress-associated depression.  
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7. Summary 

Previous results from animal studies highlighted the important role of the blood-brain 

barrier (BBB) and inflammatory factors in stress-associated depression. Our aims were 

to prove these pathomechanisms, specifically, the role of BBB and inflammation in stress-

associated depression with two different genomic approaches in humans. In the first study 

a hypothesis-driven, candidate gene approach was used to translate evidences to humans 

from rodent studies, which indicated that reduced expression of tight junction protein 

claudin-5 after chronic stress, might weaken the BBB and allow interleukin-6 to infiltrate 

the central nervous system from the periphery, inducing depressive symptoms. Three-

way interaction of functional polymorphisms rs885985 of CLDN5 gene and rs1800795 

of IL6 gene, and recent stressful life events were tested on current depressive symptoms. 

Further characterizations were also conducted in order to reveal potential sex differences 

and to uncover the possible individual effects of the polymorphisms. The 3-way 

interaction including recent stress yielded highly significant results on current depressive 

symptoms, which was more pronounced in men and could be replicated on trend level in 

an independent cohort. None of any other interactions, including childhood stressors and 

lifetime depression as an outcome, yielded significance. 

In the second study, a genome-wide by environment interaction analysis (GWEIS) was 

conducted on 6.26 M genetic variants covering 19,296 genes on PHQ9 depression 

phenotype in interaction with adult traumatic events scores. Among the 63 genes that 

remained significant after correction for multiple testing, 17 were associated with BBB, 

23 with inflammatory processes, and 4 with neuroticism. Altogether, 4 genes remained 

significant in the whole cohort, in men, and in women, separately: CSMD1, PTPRD, 

NPAS3, and LSAMP. Compared to all genes, the enrichment of significant BBB-

associated genes was 3.82, and that of inflammation-associated genes was 1.59, with both 

being statistically different from the expected ratio. 

In conclusion, both studies confirmed a strong role of BBB and inflammation in stress-

associated depression, and the identified risk genes and their encoded proteins could serve 

as biomarkers or new drug targets to promote BBB integrity to prevent or decrease stress- 

and inflammation-associated depressive symptoms. 
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