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SUMMARY 

Nicole Katherin Moschny 

 

Epigenetics in Psychiatry – Characterization of the Immune System and Its Methylome in Depressed 

Patients Receiving Electroconvulsive Therapy 

 

BACKGROUND: Major Depressive Disorder (MDD) represents a serious global health concern, affecting 

more than 322 million individuals worldwide. Its main symptoms can dramatically restrict the patients’ 

quality of life, leading to suicide in many cases. These data underline the seriousness of MDD and thus the 

need for efficient treatment strategies. Unfortunately, the urge for appropriate therapy is being challenged 

by the incomplete knowledge of its etiology and pathomechanism.    

 Ample studies report nature and nurture to be both relevant for the development of MDD. Stressful 

or traumatic life events like maltreatment, isolation, and paternal neglect can, in dependence on the 

individual’s genetic constitution, result in long-term changes in protein production. This phenomenon is 

mediated by epigenetics—a dynamic interplay of various enzymes regulating gene expression without 

interfering with the DNA sequence itself. Alterations in epigenetics (i.e., mainly in DNA methylation or 

the post-translational modification of histones) can have an immense impact on several processes, as 

immune system responses or synaptogenesis, for instance.      

 Despite this growing body of knowledge (and thus the possibility of novel therapy options), 30%–

50% of depressed patients do not achieve full remission with standard treatment approaches. 

Electroconvulsive therapy (ECT) has been stated to be the most powerful option for the acute treatment of 

pharmacoresistant depression. Importantly, ECT remission rates vary depending on the patients’ clinical 

characteristics (indicating the existence of subgroups being particularly sensitive to ECT), reaching 50% 

minimum in most studies. In this context, optimization is still required, as no reliable predictors of clinical 

response are established in the routine clinical practice. With the overall purpose to enable patient-tailored 

treatment strategies for MDD in the long-term, the current thesis aims to find predictive biomarkers 

indicating ECT responsiveness. Because epigenetics, as well as inflammation and neuronal plasticity, seem 

to play a striking role in MDD and its treatments, these entities presented the main targets of our 

experiments. We thus characterized the differences between ECT responders (i.e., the patients who benefit 

from the treatment) and ECT non-responders regarding the composition of their immune system and its 

DNA methylation. Because ECT’s general mechanism remains poorly understood, we further aimed to 

provide additional hints for the basis of its effects by identifying ECT-induced changes irrespective of 

clinical outcome.   

METHODS: To address these issues, blood was withdrawn from treatment-resistant MDD patients at 

several time points within a whole course of ECT. After isolating peripheral blood mononuclear cells 

(PBMCs) from these samples, we analyzed the relative counts of different immune cell subtypes and their 
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ECT-associated proportional changes using flow cytometry [Study 1]. DNA from these cells served for 

epigenetic analyses by either next-generation sequencing [Study 2] or Sanger sequencing [Study 3], with 

the former approach allowing an identification of novel genes being potentially involved in MDD or ECT. 

Sanger sequencing, in contrast, served for targeted DNA methylation analysis of gene regions encoding for 

tissue-type plasminogen activator (t-PA) and its inhibitor plasminogen activator inhibitor-1 (PAI-1)—two 

proteins recently reported to be implicated in MDD and ECT. Regarding the latter approach, we did not 

only investigate the DNA methylation of two different cohorts of refractory ECT patients (for replication 

purposes) but did also compare the DNA methylation rates between different immune cell subtypes (namely 

B cells, monocytes, natural killer (NK) cells, and T cells), enabling us to unravel whether there is a 

particular immune cell subset taking the lead regarding the clinical outcome. By these means, we further 

aimed to explore the inaccuracy of DNA methylation measurements obtained from whole blood only.   

RESULTS: According to our analyses, NK cells were taking center stage regarding ECT’s general effects 

and its clinical outcome. Besides, differences in particular monocyte and T cell subsets were additionally 

found between ECT remitters and non-remitters. Further, our data-driven PBMC methylome pilot analysis, 

suggests ten novel candidate genes to be implicated in either ECT responsiveness or its general effects. 

Target-driven epigenetic analyses of defined t-PA and PAI-1 gene regions revealed only marginal DNA 

methylation differences in dependence on clinical outcome. In contrast (and irrespective of ECT 

responsiveness), great differences in t-PA’s DNA methylation were found between the different immune 

cell subtypes analyzed, leading to the overall recommendation of performing epigenetic analyses preferably 

in defined immune cell subsets instead of in whole blood only.  

CONCLUSION: The experiments conducted within the framework of the current thesis revealed 

interesting immunological and epigenetic baseline differences between ECT outcome groups. By analyzing 

ECT-associated changes during the full treatment course of ECT, the present work does further provide a 

deeper insight into its general mechanism. Due to various limitations (as the small group size of our study), 

the findings must be regarded as preliminary. To confirm our results, replication in larger cohorts is 

warranted. 
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ZUSAMMENFASSUNG 

Nicole Katherin Moschny 

 

Epigenetik in der Psychiatrie – Charakterisierung des Immunsystems und dessen Methylom von 

depressiven Patienten, die eine Elektrokonvulsionstherapie erhalten 

 

HINTERGRUNDINFORMATIONEN: Mit über 322 Millionen Erkrankten weltweit, stellt die 

Depression eine der derzeit größten medizinischen Herausforderungen dar. Bedingt durch ihre 

Symptomatik (die sich, unter anderem, durch eine gedrückte Stimmung, das Fehlen von Motivation, oder 

das Vorhandensein von Schuldgefühlen kennzeichnet), fühlen sich Betroffene oftmals stark in ihren 

alltäglichen Handlungen eingeschränkt. Der dabei entstehende Leidensdruck, der nicht selten als einer der 

Hauptgründe für Arbeitsunfähigkeit aufgeführt wird, kann Depressive im schlimmsten Falle sogar zum 

Suizid drängen—eine Tatsache, die die dringende Notwendigkeit effizienter antidepressiver Therapeutika 

unterstreicht. Der unzulängliche Wissensstand über die Entstehung der Depression stellt hierbei eine derzeit 

unüberbrückbare Herausforderung dar.         

 Als eine vornehmlich durch Stress ausgelöste Erkrankung, rücken Umweltfaktoren hierbei immer 

weiter in den Fokus. Traumatische Erlebnisse (z.B. Misshandlungen, Isolation oder fehlende Fürsorge) 

können dabei, je nach genetischer Disposition, die Produktion bestimmter Proteine langfristig beeinflussen, 

ohne die eigentliche DNA-Sequenz verändern zu müssen—ein biologischer Prozess, welcher als 

‚Epigenetik‘ bezeichnet wird. Veränderungen in der Epigenetik (d.h. konkret vor allem in der DNA- 

Methylierung oder der post-translationalen Modifikation von Histonen) können, als fundamentale Entität 

einer jeden menschlichen Zelle, auf diverse Mechanismen Einfluss nehmen und somit beispielsweise das 

Immunsystem oder die Synapsenbildung beeinträchtigen.      

 Trotz des stetig wachsenden Kenntnisstandes (und der damit einhergehenden Möglichkeit neuer 

Therapiemethoden), sprechen 30%–50% der depressiven Patienten nicht auf die gängige Medikation an. 

Die Elektrokonvulsionstherapie (EKT) (auch Elektrokrampftherapie genannt) stellt eine der effektivsten 

Therapieoptionen für die Behandlung der pharmakoresistenten Depression dar. Trotz relativ hoher 

Remissionsraten, besteht aber auch hier noch Optimierungsbedarf. Eine Verbesserung der Behandlungs-

möglichkeiten könnte, im Falle der Depression, durch das Charakterisieren verschiedener Subgruppen und 

das Identifizieren von Biomarkern (d.h. von Indikatoren, welche das Ansprechen auf die jeweilige Therapie 

voraussagen) erreicht werden. Im Rahmen dieser Doktorarbeit adressieren wir diese Notwendigkeit und 

spezialisieren uns hierbei auf das Immunsystem und dessen epigenetische Regulation unter Einfluss der 

EKT. In diesem Kontext untersuchten wir inwiefern sich die EKT-Responder (d.h. die Personen, die auf 

die Therapie ansprachen) von den Non-Respondern hinsichtlich der Zusammensetzung des Immunsystems 

und dessen DNA-Methylierung sowohl zu Beginn als auch im Verlauf der Therapie unterscheiden. Wir 

charakterisierten zudem den allgemeinen (d.h. von EKT-Respondern/Non-Respondern unabhängigen) 
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Effekt der EKT, um weitere Informationen zu dessen (noch derzeit unvollständig verstandenem) 

Mechanismus zu erhalten. 

METHODEN: Um das Immunsystem und dessen Epigenetik untersuchen zu können, nahmen wir bei 

depressiven Patienten zu unterschiedlichen Zeitpunkten während der EKT-Serie Blut ab. Aus diesem Blut 

isolierten wir Immunzellen, welche hinsichtlich ihrer proportionalen Veränderungen (d.h. der Veränderung 

unterschiedlicher Subtypen) während der Therapie mittels Durchflusszytometrie analysiert wurden [Studie 

1]. Ferner diente die DNA dieser Immunzellen der Bisulfit-Konvertierung und der nachfolgenden 

Sequenzierung, welche in Studie 2 mittels der Next-Generation-Sequenzierung und in Studie 3 mittels der 

Sanger-Methode erfolgte. Ersteres diente der Identifizierung neuer Gene, deren DNA-Methylierung bei der 

Depression und dem Effekt der EKT eine potenzielle Rolle spielen könnten. Mittels der Sanger-Methode 

analysierten wir hingegen nur diejenigen Genbereiche, die für den gewebespezifischen Plasminogen-

aktivator (engl.: tissue-type plasminogen activator, t-PA) und dessen Inhibitor (Plasminogen-Aktivator-

Inhibitor-1, PAI-1) kodieren, da beide Proteine in Bezug zur EKT und zur Depression in anderen Studien 

vielversprechende Ergebnisse zeigten. Hierfür verwendeten wir nicht nur das Blut aus zwei 

unterschiedlichen Kohorten (aus Replikationszwecken), sondern konzentrierten uns zudem auf den DNA-

Methylierungsunterschied mehrerer Immunzell-Subpopulationen (nämlich zwischen B-Zellen, Monozyten, 

Natürlichen Killerzellen und T-Zellen) um auf die Ungenauigkeit der epigenetischen Analysen aus Vollblut 

aufmerksam zu machen.  

ERGEBNISSE: Die Untersuchung der relativen Immunzellzusammensetzung deutet auf eine Rolle der 

Natürlichen Killerzellen hin, sowohl in Bezug auf das Ansprechen als auch auf den allgemeinen Effekt der 

EKT. Ferner wurden weitere immunologische Unterschiede zwischen EKT-Respondern und Non-

Respondern aufgedeckt, welche bestimmte Subtypen von T-Zellen und Monozyten einbeziehen. Des 

Weiteren schlagen wir zehn neue Gene vor, welche im Zusammenhang der EKT (sei es nun in Bezug auf 

das Ansprechen als auch auf den allgemeinen Mechanismus der Therapie) eine fundamentale Rolle spielen 

könnten. Da die DNA-Methylierung von t-PA und PAI-1 (d.h. deren Gene) weder im Verlauf der Therapie 

noch in Relation zur Ansprechbarkeit eine Veränderung zeigte, können die vielversprechenden Ergebnisse 

anderer Studien nicht bestätigt werden. Stattdessen zeigte sich zwischen den verschiedenen Immunzell-

populationen ein deutlicher (von der Therapie unabhängiger) DNA-Methylierungsunterschied im t-PA-

Gen, welcher auch für andere Erkrankungen bedeutend sein könnte. 

SCHLUSSFOLGERUNG: Im Rahmen dieser Doktorarbeit wurden interessante Ergebnisse hinsichtlich 

der Immunzellkomposition sowie dessen DNA-Methylierung in Bezug zum klinischen Ansprechen und 

dem allgemeinen Effekt der EKT gefunden. Die Resultate unserer Experimente können jedoch nur unter 

Einschränkungen verwendet werden und bedürfen einer Replikation in größeren Patienten-Kollektiven. 
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INTRODUCTION – SCOPE 

1. Introduction – Scope of the Current Thesis 

Personalized medicine is one of the trendiest terms used in modern medical society. The explosive 

dissemination of knowledge, together with the fast development of better technologies (Gasiunas et al., 

2012; Jinek et al., 2012), brings us several steps closer to patient-tailored treatments. In the field of oncology 

(particularly leukemia, melanoma, or lung cancer), various customized therapy options are already 

available. In the field of psychiatry, progress has only been made regarding the prevention of side effects 

by testing the extent of cytochrome P450 2D6 (CYP2D6)-mediated metabolism (for the treatment with 

brexpiprazole, an antipsychotic drug) and the presence of the human leukocyte antigen (HLA) allele 

B*1502 (for the prevention of carbamazepine- or oxcarbazepine-induced Stevens-Johnson syndrome) 

(Verband forschender Arzneimittelhersteller, 2019).        

 One of the difficulties of psychiatric illnesses lies within their characterization (and thus the 

classification system their diagnosis is based on (Emmelkamp, 2004; Bech, 2006)) and the broad spectrum 

of (overlapping) symptoms that are prevalent. The term ‘Major Depressive Disorder‘ (MDD), as an 

example, refers to an extremely heterogeneous group of patients that can and should be divided into several 

subgroups (Goldberg, 2011). Although different pathophysiological mechanisms might underlie their 

disease, no established markers for these subgroups have been identified yet (Jentsch et al., 2015). A 

relatively high rate of treatment failures and a subsequent deterioration of symptoms, presumably 

contributing to treatment-resistance in some cases (McIntyre and O’Donovan, 2004; Perugi et al., 2012), 

might be the consequence. In a scientific context, high heterogeneity of groups might result in contradictory 

findings that are hardly replicable (Fried, 2017). To solve this problem, a comprehensive characterization 

of these patients (in terms of molecular and clinical properties) is required to find adequate biomarkers 

enabling an accurate differential diagnosis and the distinction of different subgroups within the disease 

itself.             

 The Laboratory for Molecular Neuroscience (Hannover Medical School, Germany, supervised by 

Professor Dr. Helge Frieling) aims to find easily accessible biomarkers for various neuropsychiatric 

disorders not only for the latter requirements but also for predicting treatment response. Concerning 

depression, first success has been achieved by analyzing the DNA methylation of the brain-derived 

neurotrophic factor (BDNF) gene in dependence on antidepressant treatment outcome (Tadić et al., 2014). 

Unfortunately, 30%–50% of MDD patients do not achieve complete remission with the standard medication 

(Gaynes et al., 2008), underlining the necessity of alternative therapy options as electroconvulsive therapy 

(ECT). Despite being one of the most powerful interventions for refractory depression (UK ECT Review 

Group, 2003; Lisanby, 2007; Heijnen et al., 2010), only a few predictors of ECT response are established 

in routine clinical practice. Further, its mechanism remains poorly understood, offering a target for criticism 

that feeds the negative stigma ECT is still attached to (Merkl et al., 2009; Kellner et al., 2012). With the 

overall purpose of enabling patient-tailored therapy strategies for MDD in the long-term, the current thesis 

aims to (1) find further predictive biomarkers indicating ECT responsiveness and to (2) provide additional 
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hints for the basis of its therapeutic effect. Because epigenetics, as well as inflammation and neuronal 

plasticity, seem to play a striking role in MDD and its treatment (see chapters below), these entities 

presented the main targets of the following experiments: 

Study 1: “Electroconvulsive therapy, changes in immune cell ratios, and their association with seizure 

quality and clinical outcome in depressed patients“  

Peripheral blood mononuclear cells (PBMCs) were isolated from depressed patients receiving ECT and 

defined immune cell subtypes analyzed in regard to their relative numbers and proportional changes 

throughout the treatment. The immune cell populations investigated (i.e., different subsets of B cells, 

natural killer (NK) cells, T cells, and monocytes) were examined in regard to ECT’s acute (before/after) 

and long-term (1st/last ECT) effect as well as in relation to clinical outcome. Their association with seizure 

quality parameters and long-term rating changes of various psychometric tests was further evaluated. In-

depth characterization of ECT remitters and non-remitters (in terms of their clinical baseline characteristics 

and immunological profiles) provided further hints for the identification of distinct MDD subgroups and 

suitable biomarkers predicting ECT responsiveness.  

Study 2: “Novel candidate genes for ECT response prediction—a pilot study analyzing the DNA 

methylome of depressed patients receiving electroconvulsive therapy” 

To find novel candidate genes for ECT response prediction and gain further insight into its therapeutic 

mechanism, PBMCs served not only for the numerical analysis of defined immune cell subtypes but were 

further illuminated regarding their epigenetics. Using the Illumina TruSeq ® Methyl Capture EPIC Library 

Prep Kit for library preparation allowed a DNA methylation analysis of >3.3 million CpG sites being 

distributed across the whole genome, mainly targeting functional and regulatory gene elements known to 

be crucial for transcription1, and enabling a profound characterization of methylome changes occurring 

upon ECT treatment and in relation to ECT response.  

Study 3: “DNA methylation of the t-PA gene differs between various immune cell subtypes isolated 

from depressed patients receiving electroconvulsive therapy”  

Our data-driven analysis provides an important contribution to basic knowledge (finding new targets of 

potential interest) but does not allow DNA methylation analyses in a single-CpG resolution. DNA isolated 

from blood and PBMCs from two different cohorts of depressed MDD patients was thus used for targeted 

DNA methylation analysis of gene regions encoding for tissue-type plasminogen activator (t-PA) and its 

inhibitor plasminogen activator inhibitor-1 (PAI-1). Apart from their immunoregulatory functions (Cao et 

al., 2006; Zhang et al., 2007; Lin et al., 2012; Lorenz et al., 2016), both proteins are further implicated in 

BDNF production (Pang et al., 2004; Urano et al., 2019)—a neurotrophin known to be involved in various 

                                                           
1 Illumina, TruSeq Methyl Capture EPIC Library Prep Kit, Epigenetic Regions Covered: https://emea.illumina.com/products/by-
type/sequencing-kits/library-prep-kits/truseq-methyl-capture-epic.html Last accessed: 26.11.2019, 9 p.m. 
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neuropsychiatric diseases, including depression (Chen et al., 2001; Molendijk et al., 2013; Mariga et al., 

2017). Several lines of evidence support their roles in depression and ECT (Pang et al., 2004; Lahlou-

Laforet et al., 2006; Segawa et al., 2012), making them exciting targets for the investigation of ECT-induced 

effects and biomarker research. 
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2. Literature Review        

2.1 Epigenetics – The Role of Environmental Factors for Disease Development  

“Genes load the gun and environment pulls the trigger”—an urban metaphor that arose in the last two 

decades—emphasizes on the role of nature and nurture for disease development: one’s individual genetic 

constitution decides upon disease susceptibility, but additional environmental stimuli are often needed to 

provoke the onset (Lohoff, 2010; Stepniak et al., 2014; Czamara et al., 2019). This phenomenon is mediated 

by epigenetics—a dynamic interplay of various molecular mechanisms (involving DNA methylation and 

histone modifications, for instance) that work together to regulate DNA accessibility and thus gene 

expression without interfering with the DNA sequence itself (Jaenisch and Bird, 2003; Richards, 2006; 

Klengel et al., 2013; Moore, 2017). In order to understand the intertwined processes underlying MDD (and 

thus the hypotheses its postulated pathomechanism is based on), it is worth to dig deeper into the field of 

epigenetics first, being not only relevant for depression but also for other (neuropsychiatric) diseases 

(Robertson and Wolffe, 2000).  

2.1.1 The Epigenetic Machinery – DNA Methylation and Histone Modifications 

The methylation of a cytosine that is followed by a guanine (CpG) is the most common post-replicational 

DNA modification (and an important epigenetic mark) in the human genome (Robertson and Wolffe, 2000). 

Its extent changes during mammalian development, beginning with a wave of demethylation shortly after 

fertilization, actively and passively stripping of parental methylation (Mayer et al., 2000; Oswald et al., 

2000) that is followed by global de novo methylation. The last step is mediated by DNA methyltransferases 

(DNMTs), in this case exclusively by isoform 3a and 3b. Once the methylation is established, so-called 

maintenance DNMTs (isoform 1 or its oocyte-specific form 1o) are responsible for its clonal propagation 

during mitotic cell division by adding methyl groups to hemimethylated strands (Jaenisch and Bird, 2003).

  DNA methylation can be divided into three distinct classes—obligatory, facilitated, and pure—

depending on the autonomy of the respective epigenotype in relation to its genotypic context: in the first 

category (obligatory epigenetic variation), the genotype dictates the epigenotype, implicating a strict 

dependence of the DNA methylation to its nearby or underlying DNA sequence (Richards, 2006). For this, 

plenty of examples exist linking the presence of specific transposons to a subsequent (and unavoidable) 

epigenetic silencing of its underlying or neighboring DNA sequence (Lippman et al., 2004; Liu et al., 2004). 

In this context, changes in the epigenotype still influence phenotypic characteristics but are not their 

ultimate cause. Regarding the facilitated epigenetic variation, distinct DNA sequences promote (but do not 

necessarily cause) the prevalence of specific epigenotypes (Richards, 2006). A very prominent (because 

obvious) example is the Agouti gene whose expression is regulated by the methylation status of a transposon 

that is facultatively inserted upstream of Agouti’s first exon. An unmethylated transposon results in an 

ectopic and ubiquitously expressed Agouti transcript that causes (in contrast to the wild-type (=without 
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transposon) or the methylated variation) yellow-colored mice that are prone to obesity and tumors (Michaud 

et al., 1994; Morgan et al., 1999). Finally, pure epigenetic variation (that is associated with the epigenetic 

divergence of monozygotic twins upon aging (Fraga et al., 2005)) is driven by stochastic events and 

represents the highest level of epigenetic autonomy, that is an almost total independence of the epigenotype 

from the genotype (Richards, 2006).         

  In non-embryonic cells, approximately 80% of the CpGs are methylated (Jaenisch and Bird, 2003). 

Their methylation status determines the establishment and maintenance of other epigenetic marks like post-

translational modifications of histone proteins. In this regard, methyl-CpG-binding proteins and domains 

(namely MeCP2 and MBD1, 2 and 4, but not MBD3) adhere to methylated CpGs (mCpGs) and form 

complexes containing histone deacetylases (HDACs) (Hendrich and Bird, 1998; Jones et al., 1998; Ng et 

al., 1999; Jaenisch and Bird, 2003). The latter enzymes remove acetyl-residues that are bound to the lysines 

of histone proteins. A subsequent change in electrical charges and repulsion forces (removing acetyl-

residues results in positively charged lysines) leads to a tighter binding of DNA strands to nucleosomes and 

decreases the accessibility of specific gene regions for transcription as a consequence (Steinhilber et al., 

2010). In contrast, CCCTC-binding factor (CTCF) prefers to bind to unmethylated DNA strands and 

prevents thereby the interaction between promoter regions and enhancer elements. Methylation of CTCF-

binding sites can, therefore, result in raised transcription, which is quite contrary to the common view of 

mCpGs strictly silencing gene expression (Bell et al., 1999; Hark et al., 2000; Jaenisch and Bird, 2003). 

Besides acetylation, methylation, phosphorylation, and ubiquitination of histone proteins belong to the most 

studied post-transcriptional modifications in the context of epigenetics. All modifications regulate DNA 

accessibility and chromatin structure, working hand in hand and influencing each other in a feedback-loop-

dependent manner: methylation of lysine 9 of histone H3, for example, has been shown to enhance DNA 

methylation and vice versa. Besides, transcription factors that bind to DNA and repress gene expression 

were reported to recruit DNMTs to induce CpG methylation—for instance of usually unmethylated CpG 

islands (which are, according to the original criteria, gene regions with a minimum length of 200 base pairs 

(bp), a guanine-cytosine content of ≥50% and an observed/expected CpG ratio of ≥0.6 (Gardiner-Garden 

and Frommer, 1987; Wang and Leung, 2004))—leading to a long-term shut down of transcription in some 

cases. The orchestrated interplay between proteins of the transcriptional and epigenetic machinery is of 

importance to assure functional polarization of chromatin to either transcriptional silence (=hetero-

chromatin) or activity (=euchromatin). Uncommitted chromatin states might result in chromatin instability, 

an entity commonly seen in cancer cells (Jaenisch and Bird, 2003).  

2.1.2 Epigenetics in Stress-Related Disorders 

Epigenetic changes are not only driven by random errors occurring during mitotic cell division but can be 

actively influenced by environmental factors. In the case of the Agouti gene mentioned above (where the 

methylation status of a facultatively inserted transposon decides about the coat-color and health status of 

rodents (Michaud et al., 1994; Morgan et al., 1999; Moore, 2017)) the phenotype can be manipulated simply 
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by dietary supplements: methyl donors (as folic acid or B-complex vitamins) that were given to pregnant 

murine mothers contributed to the DNA methylation of their not-yet-born offspring and led to the 

development of rather brown-colored, thin and healthy pups (Wolff et al., 1998; Cooney et al., 2002; 

Jaenisch and Bird, 2003; Moore, 2017). Further investigations on rodents revealed anxiety-related behavior 

and stress reactivity of rats to be associated with their mother’s postnatal grooming behavior. Hippocampal 

brain cells of the rat pups being neglected, in comparison to newborns being cared for, tend to show 

hypermethylated DNA segments encoding for the glucocorticoid receptor (GR) (Weaver et al., 2004). The 

consequence: glucocorticoid insensitivity causing aberrant hormonal feedback loops that lead to increases 

in stress susceptibility (Liu et al., 1997; Weaver et al., 2004)—a process hypothesized to be implicated in 

stress-related psychiatric disorders, including MDD (Burke et al., 2005).   

 With regards to clinical studies, the relevance of epigenetics for stress-related diseases is 

highlighted by Yehuda et al. (2015) who reported DNA methylation of the GR gene exon 1F (NR3C1-1F) 

promoter to be lowered in combat-exposed veterans suffering from post-traumatic stress disorder (PTSD). 

The DNA methylation of this gene has been further linked to PTSD symptom severity (Yehuda et al., 2015) 

and its psychotherapy treatment outcome (Yehuda et al., 2013). In the same patient group, methylation of 

the FK506 binding protein 5 (FKBP5) gene exon 1—another gene region modifying glucocorticoid 

sensitivity by inhibiting the binding capacity and translocation of GR (Denny et al., 2000; Davies et al., 

2002)—decreased alongside their clinical recovery, providing another hint of environmental factors to 

impact epigenetics throughout life (Yehuda et al., 2013). A direct link between epigenetics, depression and 

stress sensitivity is provided by Humphreys et al. (2019) who revealed salivary DNA methylation of four 

stress-regulatory genes (i.e., NR3C1, CRH, CRHR1, and CRHR2) to predict the development of MDD in 

adolescent females. More evidence stems from a genome-wide DNA methylation analysis reporting 363 

single CpG sites (which partially affect genes already proposed to be implicated in MDD) to differ between 

medication-free depressed patients and healthy controls (Numata et al., 2015). Using their findings for a 

discriminant analysis in a separate cohort, allowed Numata et al. (2015), the conductors of the latter study, 

to segregate both groups (i.e., healthy and depressed subjects) with a remarkable accuracy, namely with a 

specificity and selectivity of 100%, respectively. Further support for the notion of epigenetics being 

crucially involved in depression is demonstrated by two studies showing mRNA levels of particular HDACs 

(the enzymes that deacetylate histones and thus cause gene repression) to be heightened in peripheral 

leukocytes of MDD patients (Iga et al., 2007), partially depending upon their current (i.e., depressive or 

remissive) state (Hobara et al., 2010). Finally, a study of Gururajan et al. (2016) suggests let-7b and let-7c, 

two short non-coding microRNA (miRNA) fragments modulating the expression of 27 genes involved in 

the PI3K-Akt-mTOR pathway, to serve as possible biomarkers for the indication of treatment-resistant 

MDD. Because miRNAs (together with other non-coding RNA transcripts (Clemson et al., 1996; Jaenisch 

and Bird, 2003)) are able to regulate gene expression without interfering with the DNA sequence itself, 

they form another important part of the epigenetic machinery (Lee et al., 1993; Dalton et al., 2014).   

 Altogether, these data highlight the importance of epigenetics for MDD, and, indeed, do epigenetic 
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mechanisms possibly contribute to (or even provide the basis for) a broad spectrum of irregularities that are 

seen in MDD patients. One must, nonetheless, bear in mind that epigenetics are not the only determinant 

for MDD development, but its rather the complex interplay between environmental factors and the 

underlying genotype that decides upon disease onset (Lohoff, 2010; Czamara et al., 2019). In the case of 

MDD, being a heterogeneous disorder compromising several subgroups, multiple genes and external 

stimuli will be involved, as no single robust marker has been identified yet (Lohoff, 2010; Uddin, 2014; 

Jentsch et al., 2015). However, because genetic variants are undoubtedly not the sole cause, one question 

pushes itself into the fore: how relevant are established epigenetic marks for subsequent generations? 

Further insight into this topic will be provided in the following chapter. 

2.1.3 Epigenetic Inheritance  

The relevance of DNA methylation changes in the context of transgenerational transmission is still a matter 

of debate, though some indicators for epigenetic inheritance exist. The controversiality regarding this topic 

is partially caused by the unclear usage of the term ‘heredity’ itself (Moore, 2017): glucocorticoid 

sensitivity (and therefore stress response) was found to be increased in the offspring of maternal Holocaust 

survivors suffering from PTSD (Lehrner et al., 2014). Further, rodent pups being exposed to intensive 

maternal care did not only show greater stress resilience but mimicked their mother’s attentive behavior 

and applied it to their own newborns (Francis et al., 1999; Moore, 2017). The transmission of these 

behavioral patterns and their reproduction across subsequent generations must not be necessarily a result 

of truly inherited epigenetics (i.e., involving the epigenome of gametes), but can be caused by early 

exposure to environmental stimuli (as stressed or caring maternal behavior), concomitantly inducing 

epigenetic reprogramming (Moore, 2017). In this regard, a growing body of evidence supports the notion 

of particular time frames within the human lifespan to be especially vulnerable to environmental influences 

(Pembrey et al., 2006; Kaati et al., 2007). In a cohort of 4708 pregnant women, medication with 

betamethasone (a synthetic glucocorticoid (Oetjen and Steinfelder, 2013)) elevated the risk for psychiatric 

abnormalities to occur in their offspring (Wolford et al., 2019). To illuminate the causality behind this 

phenomenon, Binder and her group exposed human hippocampal progenitor cells to dexamethasone (DEX; 

another synthetic glucocorticoid and thus analog of cortisol, our central stress hormone (Oetjen and 

Steinfelder, 2013)) and found long-lasting DNA methylation changes upon treatment, sensitizing the cells 

for further stress-related stimuli (Provençal et al., 2019). Support comes from Wiklund and colleagues who 

revealed maternal smoking during pregnancy to worsen their offspring’s health outcome and proposed 

DNA methylation to be the causal link for this effect (Wiklund et al., 2019). However, studies found DNA 

methylation not to be entirely erased during oogenesis and, even if so, to get reconstructed through a hitherto 

poorly characterized mechanism (Morgan et al., 1999; Moore, 2017). Insight into this topic is provided by 

the team around Katharina Gapp, Ph.D., and their collaborating colleagues, who unveiled long RNA strands 

(>200 bp) to be implicated in this process (Gapp et al., 2018)—an exciting finding complementing earlier 

investigations showing short RNAs (<200 bp) to be also involved (Gapp et al., 2014). These RNA 
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fragments were transferred with paternal sperms and did, therefore, fulfill an essential criterion for true 

epigenetic inheritance, namely the transmission of information through games.     

 Obviously, epigenetic mechanisms (i.e., the translation of environmental factors into epigenetic 

changes and their inheritance to subsequent descendants) have not been fully unraveled yet. Nevertheless, 

its prominent role in psychiatric disorders (including depression) cannot be denied and together with its 

capability of being modulated by pharmacotherapy (Jung, 2001; Iga et al., 2007; Baudry et al., 2010), 

nutrition (Kucharski et al., 2008), and exercise (Gomez-Pinilla et al., 2011; Voisey et al., 2019), epigenetics 

are a promising target when it comes to the field of neuropsychiatric morbidities, particularly in the context 

of biomarkers, treatment strategies, and disease prevention.  

2.2 Depression  

The World Health Organization (WHO, 2017) states MDD to be one of the most prevalent mental diseases 

worldwide, with >322 million individuals affected. Its main symptoms (e.g., sadness, feeling of guilt, 

anhedonia, and the lack of self-esteem or motivation) are often accompanied by various somatic co-

morbidities (Knol et al., 2006; Scott et al., 2007; Bhattacharya et al., 2014) and can dramatically restrict the 

patients’ quality of life. According to the Diagnostic and Statistical Manual of Mental Disorders, 5th edition 

(DSM-V), MDD is officially characterized as at least one episode during which an individual endures five 

or more depressive symptoms (for a period of two weeks minimum) that lead to reduced social functioning 

or significant clinical distress. These include (apart from the aforementioned): changes in appetite, 

psychomotor agitation or retardation, disturbed sleeping behavior, and difficulties with decision-making or 

concentration (American Psychiatric Association, 2013). Due to these symptoms, MDD does, indeed, 

majorly contribute to the global burden of disease (Global Health Estimates, 2018), being the cause for 

7.5% of all years lived in disability in 2015. Further, it was primarily accounted for approximately 800,000 

suicide victims in the same year (which equals one individual every 40 seconds), ranking 2nd as a reason 

for death among 15-29-year-olds (WHO, 2017). The prevalence rates differ broadly between countries and 

age groups: MDD can already be detected in early childhood (estimated point prevalence: 3%) (Fleming 

and Offord, 1990), with rates rising throughout adolescence and peaking in older adulthood (55-74 years: 

5.5%–7.5%) (Fleisher and Katz, 2001; WHO, 2017). Across almost all age groups, females are affected 

more frequently than males (5.1% vs. 3.6%) (Jacobi et al., 2004; WHO, 2017), except during the pre-

pubertal lifetime period, in which equal rates have been suggested (Angold and Rutter, 1992). Comparing 

the occurrence of MDD or major depressive episodes between countries reveals a cross-national variation 

in prevalence estimates with rates being, on average, higher in high-income than in low- or middle-income 

countries. A reason for this phenomenon might be either the every-day stress the inhabitants are exposed 

to or the income inequality, which tends to be more extreme in high-income countries (Wilkinson and 

Pickett, 2006; Kessler and Bromet, 2013). Nevertheless, the WHO reports MDD to be most common in 

African females (5.9%) and least frequent in West Pacific males (2.6%), among all nations analyzed. In 

Europe, a total of 40 million MDD cases have been reported with the highest rates in Ukraine (6.3%) and 
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the lowest in Iceland (4.1%); Germany is placed in-between these values (5.2%, 4 million inhabitants 

affected). The rates of MDD are globally rising, partly (but probably not entirely) due to the relative increase 

of older aged groups and the total growth of the world’s population (WHO, 2017). Altogether, these data 

underline the seriousness of MDD and demonstrate the need for adequate treatment. Unfortunately, this is 

being challenged by the incomplete knowledge of its etiology and pathomechanism.  

2.2.1 Hypotheses of Depression   

The mechanisms proposed to be implicated in the etiology and pathophysiology of MDD are mainly 

explained by four theories involving the monoamine system, the hypothalamic-pituitary-adrenal (HPA) 

axis, neuroplasticity, and the immune system, respectively. Although drafted in four separate hypotheses, 

they should not be regarded as distinct competing theories. Instead, the contrary is the case: these processes 

are deeply intertwined and interact in multiple ways, though some mechanisms seem to be more pronounced 

in particular subsets of MDD than in others (Jentsch et al., 2015).  

2.2.1.1 The Monoamine Hypothesis  

The Monoamine Hypothesis stems from the effectiveness of substances that target the neurotransmitter 

system. In this context, extracellular levels of serotonin, norepinephrine, and dopamine (including their 

membrane-bound receptors) were reported to be diminished in MDD patients (Schildkraut, 1965; Wang et 

al., 2016). Among these transmitters, serotonin seems to play a predominant role: DNA methylation of the 

solute carrier family 6 member 4 (SLC6A4) promoter (encoding for a serotonin reuptake transporter) has 

been shown to correlate with MDD symptom severity and early childhood adversities (Kang et al., 2013). 

This finding is supported by Zhao et al. (2013) who found a 10% increase of DNA methylation in this 

particular region to result in a 4.4 Beck Depression Inventory-II (BDI-II) score elevation (and thus a 

worsening of clinical presentation) in depressed individuals. Moreover, autoantibodies directed against 

serotonin were revealed to be heightened in depressed individuals, relating to the number of episodes the 

patient was previously exposed to (Maes et al., 2012).       

 Besides, gene expression studies suggest other neurotransmitters than monoamines (i.e., glutamate 

and ꙋ-aminobutyric acid (GABA)) to be additionally implicated in depression (Jentsch et al., 2015; Romeo 

et al., 2017; Moriguchi et al., 2019). In fact, depletion of tryptophan, (para-chloro)phenylalanine or (α-

methyl-para-)tyrosine—causing a concomitant reduction of serotonin, norepinephrine, and dopamine, 

respectively—has only induced a mood-decline in individuals with a family background of depression and 

in drug-free MDD remitters (i.e., not in healthy subjects), leading to the consumption of monoamines not 

to be the only determinant of depressive behavior (Ruhé et al., 2007). Therefore, it must be concluded that 

changes in monoamines alone cannot entirely justify MDD’s pathomechanism and, in fact, convincing 

evidence linking depression to a primary disturbance of a specific neurotransmitter system is still lacking 

(Jentsch et al., 2015).  

 



  

10 
 

INTRODUCTION – LITERATURE  REVIEW 

2.2.1.2 The Stress Hypothesis 

Hyperactivity of the HPA axis, our central stress response system that involves the hypothalamus, the 

pituitary, and the adrenal cortex and secrets various neuroendocrine stress hormones (Oetjen and 

Steinfelder, 2013), has been strongly associated with depression: GR dysfunction, negative feedback loop 

disturbances and hypersecretion of corticotropin-releasing hormone (CRH), adrenocorticotropic hormone 

(ACTH), and cortisol are only some of the several indicators reliably pointing towards a lowered stress 

resilience in depressed subjects (Burke et al., 2005; Raison et al., 2006; Mokhtari et al., 2013; Carvalho et 

al., 2014; Jentsch et al., 2015). Further support stems from genetic approaches reporting a polymorphism 

(rs1360780) of the FKBP5 gene, which encodes for an eponymous co-chaperone implicated in 

glucocorticoid sensitivity, to be crucially involved in the development of MDD. Importantly, FKBP5 

polymorphism alone does not seem to be sufficient to induce depression, but it is rather the interplay 

between its genetic variants and multiple environmental factors that determine MDD susceptibility 

(Zimmermann et al., 2011; Ising, 2012). Intriguingly, changes in FKBP5 expression induced by 

antidepressant medication were found to be associated with clinical outcome (Ising et al., 2019). This 

finding is in line with other studies revealing HPA axis-related irregularities to resolve upon antidepressant 

treatment (Szymańska et al., 2009). Nevertheless, one must keep in mind that stress response abnormalities 

are not an integral part of every depressed subject, but were reported to be most common in MDD patients 

with psychotic or melancholic features (Carroll et al., 2007; Jentsch et al., 2015). Further, HPA axis 

disturbances are a hallmark of multiple neuropsychiatric disorders (like PTSD, borderline personality 

disorder, or schizophrenia), thereby excluding the stress response system to be the only determinant for the 

development of MDD (Naughton et al., 2014; Jentsch et al., 2015; Thomas et al., 2019). 

2.2.1.3 The Hypothesis of Neurotrophic Factors  

Impaired neuroplasticity—the ability of the nervous system to alter its structural anatomy and functionality 

in dependence on the required demands—is found to be impaired in depression (Calabrese et al., 2014). 

Mounting evidence is provided by neuroimaging studies reporting decreased hippocampal volumes and 

other volumetric irregularities (affecting the amygdala and the cingulate cortex, for instance) to be prevalent 

in MDD patients (Videbech and Ravnkilde, 2004; Drevets et al., 2008; Hamilton et al., 2008; Jentsch et al., 

2015). In line with this, neurotrophins—endogenous proteins enabling experience-dependent refinement of 

neuronal connectivity by regulating, for example, synapse formation, neuronal survival, and axonal 

growth—were also shown to be declined in depressive subjects (Sen et al., 2008; Molendijk et al., 2013; 

Calabrese et al., 2014). Among all neurotrophins potentially involved in MDD (as the glial cell-derived 

neurotrophic factor (GDNF), fibroblast growth factor-2 (FGF-2), and vascular endothelial growth factor 

(VEGF) (Jentsch et al., 2015)), BDNF seems to play a predominant role, as animal experiments reported 

Bdnf mRNA expression to decline following stress (Smith et al., 1995; Pizarro et al., 2004). Further, a meta-

analysis associated a particular BDNF polymorphism (i.e., Val66Met, rs6265; Met/Met) with a heightened 

risk of developing depression (Verhagen et al., 2010), and found this particular genetic variant to modulate 

the relationship between stressful life events and MDD development, suggesting environmental stimuli to 
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contribute to the disease’s onset (Hosang et al., 2014). Indeed, exposure to chronic stress has been linked 

to increased histone dimethylation at the P3 and P4 promoter region of the Bndf gene, causing a declined 

hippocampal Bdnf expression as a consequence (Tsankova et al., 2006). The importance of BDNF’s 

epigenetics is further highlighted by Fuchikami et al. (2011) who were able to distinguish depressed 

subjects from healthy controls simply by analyzing the DNA methylation of this region. 

 Intriguingly, not only BDNF but also various other proteins implicated in its synthesis have shown 

alterations in depressed subjects: t-PA—the enzyme cleaving extracellular pro-BDNF into BDNF (Pang et 

al., 2004), with additional roles in neuroplasticity (Zhang et al., 2014), neuronal protection (Zivin et al., 

1985), and neurite development (Jacovina et al., 2001) via other mechanisms—was found to be decreased 

in the serum of MDD patients (Jiang et al., 2017a). Contrarily, animal studies revealed t-PA’s secretion to 

be upregulated in the amygdala after acute restrained stress, causing anxiety presumably by facilitating 

neuronal remodeling (Pawlak et al., 2003). In concordance with these findings, a rise of t-PA’s inhibitor 

(=PAI-1) has been found in the serum of untreated MDD patients (Jiang et al., 2016). Furthermore, genetic 

variants within the serpin family E member 1 gene (SERPINE1; encoding for PAI-1) were found to be 

associated with an elevated risk of developing MDD and with the antidepressant treatment response to 

selective serotonin reuptake inhibitors (SSRIs) (Tsai et al., 2008). Finally, t-PA’s activator (S100 calcium-

binding protein A10 – S100A10/p11) was shown to mediate antidepressant-like effects and its depletion to 

cause depressive-like behavior in mice (Tsai, 2007).       

 Despite this profound body of evidence, suggesting neurogenesis and neuronal plasticity to be 

substantially involved in MDD, it is still poorly understood whether these processes are cause or merely a 

consequence of the disease. An indicator for the latter notion is provided by the fact that chronic treatment 

with deep brain stimulation (a method using implanted electrodes to resolve depressive symptoms) is not 

causing a long-lasting antidepressant effect but allows MDD to arise as soon as the device is being turned 

off, at least according to Damiaan Denys, who is an expert on this topic. However, due to the heterogeneity 

of depression, rather being a symptom than a disease, this might account only for a subgroup of depressed 

subjects with others relying more on an appropriate functioning of neuronal connectivity (Jentsch et al., 

2015). 

2.2.1.4 The Inflammatory Hypothesis 

Increased vulnerability to viral infections, slowed wound healing, reactivation of latent herpes viruses, and 

a poor response to vaccination are ample evidence that point towards weakened immune functions in 

depressed patients (Suzuki et al., 2017). Indeed, several studies support this notion by revealing NK cell 

numbers, activity, and cytotoxicity (Evans et al., 1992; Zorrilla et al., 2001) to be decreased in MDD 

subjects. Since the first time the immune system has been linked to MDD, its role in depression has been 

extensively investigated, and now it is well-recognized that depressive patients are marked by both immune 

suppression as well as activation, though it is still debated whether these abnormalities are present in one 

individual at the same time (Blume et al., 2011). Nevertheless, the co-occurrence of MDD in a wide range 

of inflammation-related disorders (as cancer, cardiovascular disease, rheumatoid arthritis, and type 2 
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diabetes (Knol et al., 2006; Raison et al., 2006; Scott et al., 2007; Bhattacharya et al., 2014)) indicates the 

immune system to play a critical role in depression. In fact, not only do these inflammatory conditions 

increase the prevalence rate of MDD two to fivefold (Evans et al., 2005; Raison et al., 2006), but also does 

depression serve as a negative prognostic indicator for these diseases (Stommel et al., 2002; Batty et al., 

2014 & 2017). Further hint for an involvement of the immune system is given by the fact that 13%–40% 

of patients medicated with interferon-α/ꙋ (IFN-α/ꙋ) develop depressive symptoms as a consequence (Hauser 

et al., 2002; Dieperink et al., 2003; Raison et al., 2005). Correspondingly, application of cytokines (i.e., 

interleukin (IL)-1β or tumor necrosis factor-α (TNF-α)) or lipopolysaccharide (LPS) to rodents causes a 

‘depression-like sickness’ that involves nearly the full spectrum of behavioral MDD symptoms, including 

anorexia, anhedonia, immobility, social withdrawal, and impaired cognition. The symptom severity was 

found to be increased if the immune system of these rodents were already challenged (e.g., by age or 

obesity) and to decline after re-establishing the innate balance between pro- and anti-inflammatory 

mediators by injecting IL-10 or insulin-like growth factor-1 (IGF-1) (Dantzer et al., 2008).  

 Based on the findings that administration of pro-inflammatory cytokines can cause depressive-like 

symptoms, among the first ones to propose inflammation to play a substantial role in MDD was Smith 

(1991), the founder of the macrophage theory of MDD. According to his hypothesis, monocytes and 

macrophages are highly implicated in depression due to their capability of producing high amounts of pro-

inflammatory cytokines, consequently contributing to oxidative stress. Indeed, recent studies report 

depressive subjects to have heightened levels of pro-inflammatory mediators (i.e., IL-1, IL-6, TNF-α, and 

C-reactive protein (CRP) (Howren et al., 2009; Dowlati et al., 2010)) as well as raised numbers of pro-

inflammatory non-classical monocytes (Hasselmann et al., 2018). Further, prolonged stress was shown to 

increase the infiltration of pro-inflammatory CCR2+Ly6Chi monocytes into the brain of stress susceptible 

mice (Ambrée et al., 2018). Despite these discoveries, the macrophage theory of depression has been 

challenged lately, due to contradictory results reporting unchanged monocytic activity, normal frequencies, 

or an unaltered phenotype in depressed individuals (Suzuki et al., 2017). Instead, recent findings have 

brought T cells more into focus.         

 Irregularities in T cell proliferation and function in MDD subjects had already been found a long 

time ago, but new insight into the neuroprotective role of autoreactive T cells—especially in the context of 

stress and inflammation (Moalem et al., 1999; Avidan et al., 2004)—have moved them from their passive, 

innocent role of MDD victims to a more active position, suggesting T cells rather to be a cause than a 

consequence in depression (Miller, 2010). In fact, several single nucleotide polymorphisms (SNPs) located 

in genes relevant for T cell differentiation (T-box 21 – TBX21) or antigen processing (proteasome subunit 

beta 4 – PSMB4) were found to heighten the risk of developing MDD in a dose-dependent manner (Wong 

et al., 2008). Immunization of rats with a modified myelin basic protein (a protein integrated into the myelin 

sheath (Min et al., 2009)) induced weakly autoreactive T cells and a concomitant reduction of anhedonia 

and immobility in animals pre-exposed to chronic mild stress. Immunization was further limiting the stress-

induced decline of BDNF and led to the formation of nascent neurons in the hippocampus (HPC) (Lewitus 
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et al., 2009).            

 Other key players in the field of MDD research are T regulatory cells (Tregs), a T cell population 

with immunosuppressive properties that inhibits excessive immune reactions (Sakaguchi et al., 1995; 

Fontenot et al., 2017) by IL-10 and transforming growth factor-β (TGF-β) secretion (Miller, 2010). In this 

context, evidence points towards reduced CD4+CD25highFOXP3+ Treg numbers (Grosse et al., 2016) and 

lowered IL-10 levels in depressed patients (Dhabhar et al., 2009; Miller, 2010). In addition to their 

immunoregulatory properties, Tregs were shown to mediate neuroprotective functions: in an animal model 

of human immunodeficiency virus (HIV), adoptive transfer of Tregs led to an increment of BDNF (Liu et 

al., 2009), in a rat model of stroke to an improvement of progenitor cell survival (Ishibashi et al., 2009). In 

contrast, suppression of Tregs by bacterial DNA had positive effects in a model of optic nerve injury, 

probably mediated by elevated autoreactive T cell functions (Johnson et al., 2007). Apart from both these 

T cell types, numbers of effector memory CD8+ T cells were shown to be heightened in depressed subjects, 

though it is still a matter of debate whether this rise is only a result of the increased susceptibility to viral 

infections mentioned above (Suzuki et al., 2017).        

 In conclusion, the role of T cells, or in general the immune system, in MDD is striking, but still not 

entirely clear. The validity of many studies around depression is challenged by small group sizes, the 

translational difficulties of MDD animal models, and the heterogeneity of the disease itself. In fact, 

numerous studies report heightened pro-inflammatory cytokines to be particularly prevalent only in a subset 

of MDD patients, namely in individuals with a poor antidepressant treatment response (Sluzewska et al., 

1997; Lanquillon et al., 2000; Benedetti et al., 2002). Given the wide variety of comorbidities associated 

with MDD, Blume et al. (2011) suggested multiple inflammatory subtypes (with distinct immune categories 

and individual differences in key immunoregulatory mechanisms each) to fall under the umbrella of MDD. 

A classification of these immune categories is required to enable an adequate distinction of different MDD 

subgroups, thereby paving the way for patient-tailored treatment. Further, the involvement of their 

epigenetics in this context (particularly of different immune cell subtypes) is insufficiently characterized 

and needs to be addressed in future approaches.  

2.2.2 The Interplay Between MDD’s Hypotheses 

All four theories—the theory of altered neurotransmission, aberrant neuroplasticity, increased HPA axis 

activity, and irregular immunological functioning—can be well-combined into one model that gives a 

reasonable ground for explaining the pathomechanisms of MDD. In between this intricate and complex 

interplay of all processes involved (reciprocally feeding each other), the immune system is taking center 

stage, combining and linking several aspects of MDD in multiple ways. In this context, inflammation has 

been shown to modulate neuroendocrine functions, neurotransmitter release, synaptic plasticity, and 

behavior (Raison et al., 2006; Miller, 2010).         

 Leukocytes were found to express several receptors that interact with neurotransmitters and HPA 

axis-related hormones to ensure an adequate bidirectional communication with the brain. If a psychological 
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stressor occurs, activated efferent sympathetic nerve fibers secrete norepinephrine (=fight-or-flight 

response), promoting thereby the proliferation of monocytes in the bone marrow and their concomitant 

release into the periphery. Non-pathogenic stimuli (as damage-associated molecular patterns (DAMPs) that 

are prevalent at the cell’s surface upon tissue damage) are then able to react with toll-like receptors (TLRs) 

located at the monocytic membrane, leading to a subsequent activation of the nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-κB), a central transcription factor family involved in inflammation 

(Pavlov and Tracey, 2015; Hu and Sun, 2016; Miller and Raison, 2016). The induction of NF-κB has been 

associated with stress-impaired neurogenesis and depressive behavior, probably mediated by its ability to 

boost local cytokine production (Koo et al., 2010).      

 Circulating cytokines invade into the brain’s tissue through several ways: (1) via circumventricular 

organs, i.e., leaky regions within the blood-brain barrier (BBB) that are marked by highly permeable 

capillaries, (2) by the activation of IL-1 receptors type 1 situated on perivascular macrophages and the 

endothelium of brain venules (Schiltz and Sawchenko, 2002; Konsman et al., 2004; Dantzer et al., 2008), 

and (3) through unique saturable cytokine-sensitive transporters (Banks et al., 1989 & 1991; Dantzer et al., 

2008). Last but not least, vagal afferent nerve fibers conduct cytokine signals to specific brain regions like 

the hypothalamus and exert stimulative effects on HPA axis hormones (Raison et al., 2006; Pavlov and 

Tracey, 2015). Inflammation (or in particular, the activation of inflammasomes) can additionally contribute 

to HPA axis irregularities by inducing the cleavage of leukocyte GR (Paugh et al., 2015). Glucocorticoid-

resistance and dysregulated negative feedback loops leading to even higher releases of HPA axis hormones 

can be the consequence (Anacker et al., 2011). Indeed, monocytes of MDD patients have been reported to 

be glucocorticoid-insensitive, as indicated by their lowered expression of GRs (Carvalho et al., 2014). 

Importantly, glucocorticoids are known to exert immunosuppressive effects and to regulate the migration 

of various immune cell subtypes. Resilience to glucocorticoids—also prominent in T cells isolated from 

depressed subjects—might, therefore, contribute to impaired immune functions upon stress (Miller, 2010).

 Inflammation does not only regulate the HPA axis but modulates neuronal transmission by inducing 

the kynurenine pathway: in this context, mRNA of indoleamine-pyrrole 2,3-dioxygenase 1 (IDO1)—the 

rate-limiting enzyme of the tryptophan kynurenine pathway—was found to be increased upon stimulation 

with pro-inflammatory cytokines (Zunszain et al., 2012; Borsini et al., 2017), leading to tryptophan 

depletion and declined T cell survival as a consequence (Lee et al., 2002). Of note, tryptophan is not only 

needed for adequate T cell functions, but also serves as a substrate for the production of serotonin 

(Steinhilber et al., 2010), a neurotransmitter highly implicated in MDD (Maes et al., 2012; Kang et al., 

2013; Zhao et al., 2013). Further influence on the neurotransmitter system is mediated by kynurenine 

metabolites, particularly quinolinic acid (QUIN; increased in antidepressant-free MDD patients) and 

kynurenic acid (KYNA; decreased in depressed subjects) (Ogyu et al., 2018), with the former one being an 

N-methyl-D-aspartate (NMDA) agonist (Stone and Perkins, 1981) and the latter an antagonist (Perkins and 

Stone, 1982). Additional hints for the implication of this particular pathway in depression are provided by 

human studies reporting imbalances in KYNA/QUIN and picolinic acid (PIC)/QUIN ratios in either blood 



  

15 
 

INTRODUCTION – LITERATURE  REVIEW 

or cerebrospinal fluid (CSF) of MDD patients or suicide attempters (Savitz et al., 2015; Brundin et al., 

2016). Moreover, depression symptom severity was found to be negatively correlated with kynurenine 

plasma levels at baseline, measured in a cohort of 19 MDD patients receiving ECT (Schwieler et al., 2016). 

Animal studies are further supporting this notion by showing kynurenine 3-monooxygenase (KMO)-

deficient rodents (the enzyme processing kynurenine) to be resistant against LPS-induced sickness behavior 

(Parrott et al., 2016). Altogether these data suggest the kynurenine pathway to be of great relevance in the 

context of depression, serving as a link between three major MDD hypotheses.     

 Further enzymes linking inflammation and neuronal processes to MDD are t-PA and its inhibitor 

PAI-1. Both proteins are involved in the cleavage of extracellular pro-BDNF and are thus important for 

BDNF production (Pang et al., 2004; Urano et al., 2019). They do further contribute to inflammatory 

processes through their ability to modulate macrophage-1 antigen (MAC-1)-dependent macrophage 

migration (Cao et al., 2006), T cell mobilization (Lorenz et al., 2016), NF-κB activity (Zhang et al., 2007; 

Lin et al., 2012), and M1/M2 monocyte polarization (Won et al., 2015). Due to their implication in 

macrophage recruitment, they were additionally associated with the clearance of aberrant myelin—a 

prerequisite for axonal regeneration in the case of peripheral nerve injury (Ling et al., 2006). Of note, acute 

restraint stress or chronic unpredictable mild stress (animal models commonly used for the induction of 

depressive-like behavior) led to changes in either PAI-1 or t-PA in several brain regions playing a central 

role in MDD (e.g., the prefrontal cortex (PFC), the HPC, and the amygdala) (Pawlak et al., 2003; Jiang et 

al., 2016). Further evidence for their involvement in depression arises from clinical studies reporting 

depressed patients to have higher PAI-1 activity (Lahlou-Laforet et al., 2006) and lower t-PA serum 

concentrations (Jiang et al., 2017a) than healthy subjects. Linking multiple aspects of depression, both 

proteins seem to be promising targets in the field of MDD research.    

 Despite contradictory findings, at least some parts of the intricate mechanisms underlying 

depression seem to be unraveled; yet the chicken-and-egg question remains entirely unsolved. What came 

first, and what is cause or merely a consequence? One must bear in mind that the complex processes behind 

the term ‘depression’ are much more intertwined and multifaceted than the simple model suggested above. 

Unquestionably, there are ample subgroups of MDD in which all the described processes might be not 

equally important or even partially absent (Jentsch et al., 2015).   

2.2.3 Medication of Depression  

2.2.3.1 Antidepressants 

Imipramine is taking the lead when it comes to the story of antidepressant drug development. Produced by 

the Geigy Chemical Corp in the 1950s, G22355 (as it was named back then) showed its antidepressant 

potential whilst being tested as a treatment for schizophrenia by Dr. Roland Kuhn, a German psychiatrist. 

After being approved for market in the late 1950s, its molecular structure served as a basis for other 

pharmaceutical drugs, termed tricyclic antidepressants (TCAs) (Steinhilber et al., 2010; Hillhouse and 

Porter, 2015). A hallmark of these substances (amitriptyline, nortriptyline, and desipramine, to name some) 
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is their inhibition of neurotransmitter reuptake that results in elevated neurotransmitter concentrations in 

the synaptic cleft. The unselective activity of these drugs (targeting also a1-adrenergic, muscarinic, and 

histaminergic H1 receptors) leads to various unfavorable side effects that include tachycardia, arrhythmia, 

and mydriasis. To enhance efficacy and patient compliance, antidepressants selectively inhibiting only 

particular neurotransmitter receptors (as selective serotonin reuptake inhibitors (SSRIs), norepinephrine 

reuptake inhibitors (NRIs), serotonin-norepinephrine reuptake inhibitors (SNRIs), and serotonin-

norepinephrine-dopamine reuptake inhibitors (SNDRIs)) were developed. Because of their low-risk profile, 

SSRIs (e.g., fluoxetine, citalopram, and paroxetine) are often the first choice of treatment. Further 

antidepressants are available, as monoaminoxidase inhibitors (i.e., moclobemide and tranylcypromine) or 

α2-adrenergic receptor antagonists (i.e., mianserin and mirtazapine), with the former ones inhibiting 

enzymes that are involved in the degradation of norepinephrine and serotonin and the latter one hampering 

the negative feedback loop of norepinephrine release. As in the case of the other antidepressant drugs, these 

mechanisms accumulate neurotransmitters in the synaptic cleft (Bönisch et al., 2013). Several findings 

report these pharmaceuticals to have an additional impact on neuroplasticity. In this context, Castrén and 

his group emphasized on a positive environment to be necessary for driving antidepressant-induced 

neuronal plasticity in the right direction, i.e., in an amelioration of depressive symptoms (Umemori et al., 

2018). Importantly, ample studies suggest epigenetic processes to contribute to the latter described 

mechanisms of antidepressants. As an example, Baudry et al. (2010) revealed chronic administration of 

fluoxetine to boost miR-16 levels in serotonergic raphe nuclei of mice and thereby to repress the expression 

of SERT, the serotonin reuptake transporter. Further involvement of epigenetics is demonstrated by Iga et 

al. (2007) reporting elevated HDAC5 and cAMP response element-binding protein (CREB) mRNA levels 

(that are prevalent in depressed patients) to return to baseline following an eight-week treatment with 

paroxetine. Besides the drugs mentioned, lithium salts are prescribed as an add-on therapy alongside other 

antidepressants to augment treatment efficacy, though their mechanisms remain largely elusive (Bönisch et 

al., 2013).            

 Despite the wide variety of pharmaceuticals available, 30%–50% of MDD patients fail to achieve 

complete remission even after several treatment trials (Gaynes et al., 2008). The long duration until 

treatment response (2–4 weeks, with the side effects being present even beforehand) is another disadvantage 

of the current antidepressants available (Bönisch et al., 2013). To reach faster efficacy and complete 

remission also in refractory MDD patients, alternative approaches (as ECT) are needed.  

2.2.3.1.1 Anti-Inflammatory Effects of Antidepressants 

The central nervous system (CNS) and the immune system are tightly connected: noradrenergic, 

cholinergic, and peptidergic nerve fibers innervate primary and secondary lymphoid organs (like the bone 

marrow, the thymus, or the spleen) and form neuroeffector junctions with peripheral immune cells. 

Leukocytes are well-provided with a vast variety of receptors that interact with neuroactive substances 

(mostly norepinephrine and substance P) (Ader et al., 1995; Pavlov and Tracey, 2015; Miller and Raison, 

2016), enabling antidepressants to modulate immunological functions by changing neurotransmitter 
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release. Serotonin (=5-hydroxytryptamine – 5-HT), for instance, has been shown to drive human 

macrophages towards an M2-like phenotype by interacting with their 5-HT2B and 5-HT7 receptors (de las 

Casas-Engel et al., 2013), and, indeed, immunomodulatory properties have been described for several 

antidepressant drugs, mainly in the form of an anti-inflammatory effect. In this context, SSRIs have been 

reported to decrease pro-inflammatory cytokines (i.e., IL-1α, IL-6, IL-8, IL-12, IFN-γ) in a group of patients 

suffering from generalized anxiety disorder (Hou et al., 2019). In line with this finding is a study from 

Grosse et al. (2016) reporting a robust rise in immunosuppressive CD4+CD25highFOXP3+ Tregs detected 

seven weeks after venlafaxine (=SNRI) or imipramine (=TCA) treatment. In an animal experiment, 

subcutaneous injection of desipramine (=TCA), fluvoxamine or fluoxetine (=SSRIs) declined the cytotoxic 

activity of splenic rat macrophages, though this effect was found to depend on the drug type, the dosage 

and the duration of the treatment, respectively (Belowski et al., 2004). Vortioxetine (another SERT 

inhibitor) has been shown to exert anti-inflammatory and anti-oxidative effects by skewing macrophages 

towards their alternative M2 phenotype. This effect was possibly mediated by an up-regulation of 

peroxisome proliferator-activated receptor ꙋ (PPARꙋ) expression and was not necessarily requiring 

serotonin (Talmon et al., 2018). In fact, various other mechanisms have been proposed by which 

antidepressants might orchestrate immunological functions: the amount of nitric oxide (NO)—a signaling 

molecule potentially regulating inflammatory pathways—was found to be changed in depressed patients 

and to alter upon antidepressant treatment (Ghasemi, 2019). In this regard, paroxetine (=SSRI) has been 

shown to modulate NO production, an effect that co-occurred with a decline of pro-inflammatory mediators 

and a subsequent inhibition of microglia-induced neurotoxicity (Liu et al., 2014). Changes of IDO’s serum 

concentration—being associated with the amelioration of depressive symptoms—have also been found 

upon antidepressant therapy (Zoga et al., 2014).      

 However, (as in almost every field of MDD research) hitherto findings have been contradictory. 

Within this context, a meta-analysis of Wang et al. (2019) revealed SSRIs to actually reduce anti-

inflammatory IL-10. Further, Horowitz et al. (2015) reported venlafaxine (=SNRI) to have mainly anti-

inflammatory characteristics but sertraline (=TCA) to mediate mostly pro-inflammatory effects. In this 

regard, Branchi and his group suggested antidepressants to balance inflammatory processes (i.e., to act 

either anti- or pro-inflammatory depending on the patients’ immunological profile) rather than driving 

inflammatory processes towards one particular state (Alboni et al., 2016). To conclude, this field of research 

is still in its infancy and requires further attention to enable patient-tailored treatment.  

2.2.3.2 Anti-Inflammatory Drugs with Antidepressant Properties 

Alternative therapy options as ECT (UK ECT Review Group, 2003; Lisanby, 2007; Heijnen et al., 2010), 

deep brain stimulation (Kisely et al., 2018), or different chronotherapeutic (i.e., sleep-wake-cycle-

modulating) interventions (Martiny et al., 2012a; Boland et al., 2017) are available, but the aim to find new 

treatment methods is still desirable. As low-grade inflammation seems to be a hallmark of MDD patients 

(or at least in a subgroup thereof) (Sluzewska et al., 1997; Lanquillon et al., 2000; Benedetti et al., 2002), 

targeting inflammatory processes seems to be a promising approach. Therefore, various studies addressed 
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this issue and investigated different immunomodulatory pharmaceuticals regarding their antidepressant 

effects, thereby focusing on nonsteroidal anti-inflammatory drugs (NSAIDs) and cytokine-inhibiting 

monoclonal antibodies the most (Köhler et al., 2016; Schmidt et al., 2016). Further drugs of interest 

included corticosteroids (i.e., DEX), statins (e.g., simvastatin, lovastatin), antiepileptics (modafinil), 

antidiabetics (pioglitazone), and β-blockers (pindolol) (Martiny et al., 2012b; Köhler et al., 2016; Schmidt 

et al., 2016). Consistent findings are sparse but several studies obtained interesting outcomes: augmentation 

with minocycline, an antibiotic that is known for its anti-inflammatory properties (Fan et al., 2007), yielded 

promising results in a small cohort of psychotic MDD patients treated with SSRIs (i.e., fluvoxamine, 

sertraline, and paroxetine) (Miyaoka et al., 2012). Add-on therapy with celecoxib, a selective cyclo-

oxygenase-2 (COX-2) inhibitor, showed superior antidepressant effects in several studies than SSRI intake 

alone (Na et al., 2014). Infliximab, a monoclonal antibody blocking TNF-α, was found to ameliorate 

depressive symptoms particularly in pharmacoresistant MDD patients with higher CRP levels (>5mg/L) at 

baseline (Raison et al., 2013). Further drug candidates (as TLR inhibitors, nuclear factor erythroid 2-related 

factor 2 activators, or glycogen synthase kinase-3-inhibitors) have proven immunoregulatory effects in 

several preclinical studies; whether they lead to a positive outcome in the context of depression, still needs 

to be verified (Köhler et al., 2016; Schmidt et al., 2016). 

2.2.3.3 Alternative Treatment Options 

Up to 80% of depressed patients benefit from pharmacotherapy, though much less reach complete remission 

(van Buel, 2017). Due to varying definitions of when to classify a patient as treatment-resistant, numbers 

differ across studies, mostly ranging from 20% to 50% (Gaynes et al., 2008; Merkl et al., 2009). The high 

proportion of refractory MDD patients underlines the urgent need for alternative treatment approaches. To 

date, a wide variety of non-pharmacological alternatives have been suggested, as the vagus nerve 

stimulation (Daban et al., 2008), the repetitive transcranial magnetic stimulation (Micallef-Trigona, 2014), 

or the deep brain stimulation (Kisely et al., 2018). Among these options, ECT has been stated to be one of 

the most potent interventions for the treatment of pharmacoresistant MDD (UK ECT Review Group, 2003; 

Lisanby, 2007; Heijnen et al., 2010).  

2.2.3.3.1 Electroconvulsive Therapy 

As early as in 1938—i.e., prior to the introduction of antidepressant drugs onto the market—electrical 

stimulation has been found to relieve psychiatric patients of their symptoms. The idea to induce repeated 

generalized seizures for the treatment of neuropsychiatric diseases arose from László Meduna who 

observed increases in glial cells in epileptic patients (suffering from seizures) but contrasting decreases of 

glial cell growth in schizophrenic subjects. To make use of this ‘biological antagonism’, he utilized 

chemicals to induce convulsions in schizophrenic patients, aiming to cure their psychotic symptoms 

(Meduna, 1935; Shorter and Healy, 2007). Because of the unpleasant side-effects caused by those agents, 

Ugo Cerletti and Lucio Bini were the first ones using electricity for the induction of seizures instead, giving 

thereby rise to ECT (Cerletti and Bini, 1938; D’Afflitti, 2002; Shorter and Healy, 2007; Merkl et al., 2009). 
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Since then, much effort has been made to increase its efficacy and tolerability (Fink, 1979 & 2001). 

 In this context, ECT’s protocol has been modified regarding the electrode placement (Squire and 

Slater, 1978), the electrical waveform (Squire and Zouzounis, 1986), and the stimulus length (Cronholm 

and Ottosson, 1963). The incorporation of short-acting anesthetics (e.g., remifentanil and methohexital) 

and muscle relaxants (i.e., succinylcholine) into ECT’s procedure contributes to its safety by preventing 

unwanted side effects as fractures or tooth loss (Fink, 2001; Merkl et al., 2009). Further optimization was 

achieved by monitoring the patients’ physiological parameters (as blood oxygen saturation, seizure 

duration, and heart rate) while receiving ECT. Altogether, these improvements made ECT to rank among 

the best available treatment options for a wide range of neuropsychiatric diseases: according to the U.S. 

Food and Drug Administration (FDA), ECT is safe to use in refractory depression, schizophrenia, malignant 

catatonia, and manic episodes, though only severe conditions (e.g., acute agitated psychosis, active suicidal 

ideation, or life-threatening depressive episodes with drastic weight loss or dehydration) allow its use as a 

first-line treatment (Kellner et al., 2012). Beneficial effects of ECT in epilepsy and Parkinson’s disease 

have also been reported (Lambrecq et al., 2012; Narang et al., 2015); nevertheless, a regular use in these 

conditions has not been established yet.         

 In the case of depression, remission rates reach up to 75% after treatment completion (with most 

patients achieving remission within four weeks of treatment (Husain et al., 2004)), in dependence on the 

electrode position and the stimulus properties. In this regard, ultra-brief (<0.5 ms) right unilateral ECT with 

rectangular-shaped electrical pulses and a stimulus dose 4–6 times above the individual seizure threshold 

has shown high rates of efficacy with relatively mild side effects (Sackeim et al., 2008; Merkl et al., 2009; 

Rosenquist et al., 2016; Brus et al., 2017b). Side effects upon ECT are—especially in comparison with 

pharmacotherapy—relatively rare, with amnesia or postictal disorientation being the most pronounced 

ones. If these unwanted reactions occur, they usually subside a few weeks after the treatment and have not 

been reported to be persistent under state-of-the-art ECT (UK ECT Review Group, 2003; Merkl et al., 2009; 

van Buel, 2017). Accordingly, a study by Devanand et al. (1991) reported no cognitive abnormalities in 

eight patients receiving more than 100 lifetime ECTs and a post-mortem study conducted by Anderson et 

al. (2014) did not detect any structural changes in brain samples of an 84-year-old after receiving a total of 

422 ECT treatments. These findings are in line with several studies applying electroconvulsive stimulation 

(ECS; the animal pendant to human ECT) to nonhuman primates, demonstrating its safety in terms of (non-

existent) neuropathological damages even after chronic exposure (Dwork et al., 2004). To date, ECT is 

mostly given twice or three times weekly, with an average number of 6–12 ECT sessions per course 

(Lisanby, 2007), depending on the individual condition of the patient. Unfortunately, if ECT is discontinued 

after remission (and placebo is given), relapse rates are high (approx. 90% (Sackeim et al., 2001)) but can 

be minimized by pharmacotherapy (i.e., antidepressants with or without lithium augmentation) and 

maintenance ECTs, reaching 2%–40% at its minimum (Sackeim et al., 2001; Nordenskjöld et al., 2013; 

Rosenquist et al., 2016).          

 The progress of optimizing ECT’s protocol is still an ongoing process, giving rise to innovations 
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(e.g., to focal electrically administered seizure therapy – FEAST) that aim to diminish adverse effects by 

inducing seizures more focally (Nahas et al., 2013; Rosenquist et al., 2016). However, despite the enormous 

effort that has been done in the last decades, ECT’s therapeutic mechanism is still not well understood. 

Several lines of evidence report ECT to induce various neuro- and immunological changes, but the 

relevance of these effects for ECT response or remission has not been entirely unraveled yet. In this context, 

it is still elusive, which of those ECT-induced effects trigger curative processes or are rather only of 

secondary origin. The following chapter gives a deeper insight into ECT’s possible mode of action, thereby 

mainly focusing on its immunological effects and giving only a small glimpse into other hypotheses. 

2.2.3.3.1.1 The Mode of Action of Electroconvulsive Therapy 

Numerous theories around ECT’s mode of action exist, drawing neuronal connectivity and its implicated 

substances (e.g., neurotransmitters, neuropeptides, and neurotrophic factors) into the center of attention. Its 

possible therapeutic effects involve, but are not limited to, various neurophysiological changes (i.e., glucose 

metabolism, cerebral blood flow, and BBB penetrability), enhanced synaptic plasticity, neuronal 

proliferation, and altered HPA axis activity (Singh and Kar, 2017). Studies of the last decades emphasized 

on the bidirectional influence of the periphery on the brain (Raison et al., 2006; Dantzer et al., 2008; Pavlov 

and Tracey, 2015; Miller and Raison, 2016), moving peripheral inflammatory processes (especially with 

the background of an increased BBB permeability upon ECT (Singh and Kar, 2017)) into the focus of ECT 

research. In the following, some of ECT’s most popular effects are introduced in more detail.    

2.2.3.3.1.1.1 ECT’s Effect on Neurotransmission 

Various neurotransmitter systems (i.e., particularly the expression, synthesis, and the release of 

neurotransmitters and their corresponding receptors) were suggested to be altered following ECT (Singh 

and Kar, 2017). The myriad of distinct receptor types (partly mediating diverging effects depending on the 

synapse localization (pre- vs. post-synapse) and the brain region involved) challenges a clear interpretation 

of ECT’s effects on neuronal transmission, as in the case of serotonin. A positron emission tomography 

(PET) study, conducted by Saijo et al. (2010), used [11C]WAY100635 (a β-emitting radioligand selectively 

antagonizing the 5-HT1A receptor) to investigate ECT-induced changes in various brain regions (e.g., the 

amygdala, the HPC, and multiple cortical areas) of nine MDD patients and reported 5-HT1A receptor 

binding capacity to be unaffected by treatment. In contrast, using the same PET ligand as in the previous 

approach, Lanzenberger et al. (2013) revealed a decline in postsynaptic 5-HT1A receptor binding ranging 

from 20%–30% in most brain areas analyzed, including the latter ones mentioned. This result was 

somewhat unexpected, considering that depressed subjects do already show a lowered 5-HT1A receptor 

binding capacity when compared to healthy individuals (Drevets et al., 2007). In this context, Lanzenberger 

et al. (2013) hypothesized ECT to re-adjust the balance between post- and pre-synaptic 5-HT1A signaling, 

as changes in their interplay were previously suggested to be therapeutically relevant in the case of 

escitalopram treatment (Hahn et al., 2010). Unfortunately, only two ECT non-responders were included in 

their study and the obtained result, therefore, not analyzable regarding clinical outcome (Lanzenberger et 



  

21 
 

INTRODUCTION – LITERATURE  REVIEW 

al., 2013). However, as a consensus (that is supported by numerous findings), ECT is generally thought to 

enhance serotonergic transmission (Baldinger et al., 2014).       

 In the case of dopamine, genetic polymorphisms—as a SNP in the catechol-O-methyltransferase 

(COMT) gene (rs4680; Val/Val genotype), leading to up-regulated enzymatic activity and, therefore, 

increased dopamine metabolism (Chen et al., 2004)—were associated with ECT response (Anttila et al., 

2008; Domschke et al., 2010; Benson-Martin et al., 2016). A genetic variation of the dopamine receptor D2 

(DRD2) gene (C957T; rs6277) was also related to clinical outcome, though (in case of this particular SNP) 

either its heterozygotic variation alone or its homozygotic CC genotype (but only in combination with the 

Val allele of the latter COMT polymorphism) was linked to an improved ECT response (Huuhka et al., 

2008; Bousman et al., 2015). Further hints supporting the notion of dopaminergic transmission to play a 

role in ECT, are animal studies reporting heightened striatal DRD1 and DRD3 receptor binding after 

repeated ECS (Strome et al., 2007). To sum up, as in the case of serotonin, most findings indicate ECT to 

enhance dopaminergic transmission (Baldinger et al., 2014; Jiang et al., 2017b). Further, an ‘anticonvulsant 

hypothesis’ for ECT has been proposed, suggesting its efficacy to be a result of its anticonvulsive nature 

that is (among other effects) most likely mediated by changes in GABAergic transmission (Sackeim, 1999; 

Sackeim, 2004; Kellner et al., 2012). Last but not least, ECT has been shown to modulate acetylcholine by 

reducing the expression of its synthesizing enzyme (choline acetyltransferase) in the HPC, though this 

effect has been recently linked to ECT’s side effects (as amnesia) rather than to its therapeutic mechanism 

(van Buel, 2017). Altogether these findings indicate neurotransmitters to be involved in ECT’s effects, 

though studies have reported a persistence of depressive symptoms despite an increase of neuro-

transmission, indicating other mechanisms to be of additional therapeutic relevance (Freire et al., 2016). 

2.2.3.3.1.1.2 ECT’s Effect on the HPA Axis 

Acute ECT does not only boost neuronal transmission but does further lead to a secretion of numerous 

hypothalamic and pituitary hormones, like oxytocin, prolactin, thyroid-stimulating hormone, or ACTH 

(Kamil and Joffe, 1991; Devanand et al., 1998; Merkl et al., 2009; Singh and Kar, 2017). With the latter 

peptide regulating cortisol release (Oetjen and Steinfelder, 2013), cortisol’s concomitant rise can be 

additionally observed following a single ECT session—a finding that has been replicated by multiple 

studies (Deakin et al., 1983; Aperia et al., 1984; Kronfol et al., 1991; Singh and Kar, 2017). In this context, 

Fluitman et al. (2011) reported the magnitude of ACTH and cortisol increase to stay stable upon every ECT 

session analyzed (i.e., the 1st, 5th, and 11th ECT), whereas Kronfol et al. (1991) revealed ECT’s acute effect 

on ACTH to get weaker within the treatment course. Animal experiments conducted by Jorgensen et al. 

(2019) found ECS-induced urinary cortisol increases to be age-dependent, being prevalent only in a group 

of seven- to eight-month-old rodents. Further discrepancies concerning ECT’s influence on the HPA axis 

exist, especially in relation to its long-term effects: in this regard, either unchanged (Fluitman et al., 2011) 

or normalized cortisol releases (Yuuki et al., 2005) have been noted after repeated ECT.  

 Findings also differ on the question whether normalization of HPA axis abnormalities (as it has 

been reported by the latter study, for instance) are related to ECT outcome, as it was partially proposed for 
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antidepressant drug treatment (Barden et al., 1995; Hennings et al., 2009). Regarding the HPA axis and 

clinical outcome, Mickey et al. (2018) suggested pre-treatment cortisol trajectories (reconstructed by hair 

segment analysis) to predict ECT responsiveness with an accuracy of 80%. This finding is in line with 

Kunugi et al. (2006) who found improved DEX/CRH test results—a method analyzing cortisol response 

(and therefore negative feedback loop irregularities) upon DEX intake—to be associated with ECT 

responsiveness. Contrarily, a study by Suijk et al. (2018) revealed the baseline levels of salivary cortisol to 

be independent of clinical response and symptom severity in a group of older MDD patients. Support for 

this notion comes from a meta-analysis of McKay and Zakzanis (2010), indicating the magnitude of ECT-

induced cortisol changes to be unrelated to ECT outcome, therefore suggesting only particular MDD 

subgroups to benefit from a normalization of HPA axis disturbances.  

2.2.3.3.1.1.3 ECT-Induced Effects on Neuroplasticity 

Changes in neuroplasticity and neurogenesis were repeatedly reported following ECT: animal studies have 

shown ECS to promote neuronal proliferation (Madsen et al., 2000; Perera et al., 2007) and to inhibit 

cellular death, with the latter effect being possibly mediated by an inhibition of pro-apoptotic pathways or 

an activation of anti-apoptotic signaling (Kondratyev et al., 2001; Jeon et al., 2008; Singh and Kar, 2017). 

In line with these findings are further animal experiments reporting increased expression of growth factors, 

particularly of BDNF, in the CNS upon acute (and mostly chronic, depending on the brain region) ECS 

treatment (Nibuya et al., 1995). Sartorius et al. (2009) investigated the time course of central and peripheral 

BDNF release in this context and suggested BDNF to cross the BBB and blood-borne BDNF to contribute 

to the brain’s parenchymal needs. Support comes from Schmidt and Duman (2010) who found peripherally 

administered BDNF to boost hippocampal neurogenesis, presumably by exerting direct neuronal support 

(Li et al., 2008) or by regulating microglial functions (Parkhurst et al., 2013). Alongside BDNF, proteins 

related to its production—particularly t-PA and its activator p11 (Pang et al., 2004; Tsai, 2007)—were also 

found to be raised upon ECS treatment. Accordingly, Svenningsson et al. (2006) reported electroconvulsive 

stimuli (as well as antidepressants) to enhance p11 expression in rodent brains. Segawa et al. (2012) 

demonstrated ECS to rapidly increase t-PA and pro-BDNF secretion in the rat HPC, leading to a 

concomitant production of mature BDNF. This effect was not seen upon imipramine treatment and might 

be, therefore, an integral part of ECT’s mechanism. Apart from BDNF, other growth factors—like VEGF 

or FGF-2, with the former one being implicated in angiogenesis, neurotrophic processes, and endothelial 

proliferation—were additionally shown to be heightened after ECS or ECT (Kim et al., 2010; Minelli et 

al., 2011; van Buel et al., 2015; Singh and Kar, 2017). This increase (particularly in the case of VEGF) was 

suggested to be substantial for ECS-induced neuronal proliferation (Segi-Nishida et al., 2008).  

 To sum up, these mechanisms might work in cooperation to rearrange neuronal connectivity, 

counteracting aberrant neuronal processes that are found in MDD patients. However, opposing findings 

concerning ECT’s mechanism were also demonstrated and—although being a hallmark of most, but not 

all, antidepressant treatment approaches available (Arumugam et al., 2017)—it is still a matter of debate 
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whether ECT’s pro-neurogenic effects are only of secondary origin or essential for clinical remission 

(Polyakova et al., 2015).  

2.2.3.3.1.1.4 Immunological Changes Induced by ECT 

A growing body of evidence reports a single ECT session to induce a transient pro-inflammatory response. 

This includes a rise in circulating pro-inflammatory cytokines (i.e., IL-1β, IL-6, and TNF-α (Lehtimäki et 

al., 2008; Fluitman et al., 2011)), boosted NK cell activity (Fischler et al., 1992; Kronfol et al., 2002), and 

up-regulated counts of peripheral leukocytes (i.e., monocytes, granulocytes, and NK cells (Fluitman et al., 

2011)). A retraction of ramified microglial spines (indicating a rather activated phenotype) and a 

corresponding reduction of ionized calcium-binding adapter molecule 1 (Iba1; a marker of microglial cells) 

has been additionally reported (Jinno and Kosaka, 2008; van Buel et al., 2015). Intriguingly, recent studies 

show that electrical stimulation does not simply skew the entire range of immune cells into a pro-

inflammatory state, but to have a divergent effect on innate and adaptive immunity instead. In this context, 

acute decreases in cytotoxic CD8+ T cells and Leu-11+ lymphocytes have also been demonstrated following 

ECT (Fischler et al., 1992). Of note, ECT’s short-term effects were proposed to contrast its long-term 

induced changes: van Buel et al. (2015), for instance, suggested multiple ECTs (as it is done in the clinical 

practice) to normalize aberrant cytokine levels (most notably: TNF-α (Hestad et al., 2003)), resolving the 

pro-inflammatory profile that is present acutely after every ECT session. In fact, down-regulated 

macrophagic NO synthesis and up-regulated arginase activity—indicating the macrophage’s alternative 

M2-like phenotype (Roman et al., 2013)—as well as reductions in IL-5 and eotaxin, have been found after 

treatment completion (Rotter et al., 2013).        

 This controversial effect (meaning the reaction of the immune system to acute and chronic stimuli) 

has also been described by Wendeln et al. (2018) after injecting LPS into mice in a model of Alzheimer’s 

disease: a single administration of LPS led to a rise of Aβ levels and the total plaque load while four 

injections provoked opposite results. The latter effect was accompanied by epigenetic microglial 

reprogramming with concomitant increases of H3K4me1 (i.e., histone methylation), putatively influencing 

phagocytic functions. As a conclusion, the authors believed ‘training’ (=a single stimulus) to promote and 

‘tolerance’ (=consecutive stimuli) to alleviate neuropathology, at least in the case of Alzheimer’s disease. 

Whether ECT-induced long-term changes are relevant for its therapeutic effect or rather of secondary 

origin, is still poorly understood. In this regard, several studies investigated ECT’s effects in relation to 

treatment response and obtained inconsistent findings. Among these, a normalization of TNF-α has been 

linked to clinical improvement (Hestad et al., 2003) while other cytokines (i.e., IL-6, TGFβ, and IL-10) 

were suggested to be less relevant for clinical remission (Rush et al., 2016). However, ECT’s overall 

immunomodulatory characteristics have been proposed to elevate peripheral neurotrophin expression (van 

Buel et al., 2015) and, accordingly, lowered BDNF serum levels of MDD patients (Molendijk et al., 2013) 

were found to be restored upon ECT (Bocchio-Chiavetto et al., 2006). Whether this effect contributes to 

ECT’s therapeutic mechanisms is (as aforementioned) still a matter of debate. Therefore, further studies 
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are required to characterize ECT’s prominent impact on the immune system as well as its pro-neurogenic 

properties and their relevance for clinical remission. 

2.2.3.3.1.2 ECT Response Prediction  

Ample studies investigate the common effect of ECT on MDD patients, though (as Kety (1974) has rightly 

said) the difficulty does not lie in illustrating ECT-induced changes, but to unravel which of these effects 

are of therapeutic relevance (Merkl et al., 2009). Their implication in treatment response prediction is even 

less known, despite the urgent need for biomarkers indicating ECT efficacy. Most clinical studies show 

ECT remission rates of 50% minimum (Kolshus et al., 2017), but naturalistic large-scale population-based 

studies in community settings do not seldom report remission rates below this value, as demonstrated by 

Brus et al. (2017a) (42.8% remitters) and Prudic and colleagues (30.3%–46.7% remitters) (Prudic et al., 

2004). Remission rates vary depending on the patients’ clinical characteristics, indicating the existence of 

subgroups being particularly sensitive to ECT. This issue has been addressed by previous studies, but (as 

described in the following chapter) findings have been inconsistent, and the aim of implementing reliable 

biomarkers for ECT responsiveness into clinical practice is thus still out of reach. As emphasized in the 

very first section of the current thesis, predictors of clinical response to ECT are of urgent need to enable 

patient-tailored treatment, thereby preventing medication failure and a consequent deterioration of 

symptoms (McIntyre and O’Donovan, 2004; Perugi et al., 2012). Prolonged antidepressant treatment prior 

to ECT has been linked to a poorer prognosis regarding ECT responsiveness (Brus et al., 2017a)—a result 

further underlining the necessity of biomarkers prospectively indicating clinical remission, especially when 

bearing in mind that non-remitters have a poorer prognosis in terms of higher relapse and recurrence rates 

(McIntyre and O’Donovan, 2004; van Diermen et al., 2018). Finding predictors of response would further 

counteract the negative stigma ECT is already attached to (Merkl et al., 2009; Kellner et al., 2012), causing 

a decreased usage of this treatment despite being one of the most powerful weapons against MDD (UK 

ECT Review Group, 2003; Lisanby, 2007; Heijnen et al., 2010). A few clinical characteristics associated 

with ECT response have reached the clinician’s mind but taking MDD’s heterogeneity and its broad 

spectrum of symptoms into account, rather a whole set of biomarkers (integrating clinical and biological 

data) will be required to reliably guide treatment decision making (Goldberg, 2011; Jentsch et al., 2015). 

Because of being a high relevant topic, the following chapter gives an overview of the current status 

regarding the field of biomarker research for the responsiveness of ECT. 

2.2.3.3.1.2.1 Clinical Predictors of ECT Response and Remission  

Treatment-resistance, longer depressive episode duration, and medication failure at baseline are some of 

the most established clinical predictors of a poorer ECT response (Haq et al., 2015). Besides, older age and 

the presence of psychotic symptoms are two characteristics being frequently linked to higher rates of 

clinical improvement (O’Connor et al., 2001; Petrides et al., 2001), though being more adequate for the 

prediction of response than of remission (van Diermen et al., 2018). Importantly, Brus et al. (2017a) 

reported psychotic symptoms to be a strong predictor for ECT remission independently of age, whereas van 
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Diermen et al. (2018) stated these symptoms to be valuable particularly in older-aged groups. In the latter 

study, older age alone was also a good indicator for a positive treatment outcome, but the age difference 

between ECT responder groups was, with 4.3 years, relatively small. However, the predictive value of age 

was shown to become more powerful in patients suffering from longer depressive episodes. Severe 

suicidality was further found to indicate a high chance for ECT response and remission—a finding that has 

led to the recommendation of treating suicidality with ECT as a primary choice by several guidelines (Pinna 

et al., 2018). Further characteristics—namely depression severity (van Diermen et al., 2018), an education 

longer than nine years, and a shorter a priori medication with antidepressants (Brus et al., 2017a)—were 

additionally linked to enhanced clinical improvement, though more studies are required to confirm these 

findings. Regarding pharmacotherapy, medication with benzodiazepines and lamotrigine (while receiving 

ECT) has been found to negatively impact ECT treatment outcome, presumably due to the seizure-

modulating properties of these drugs (Brus et al., 2017a). Comorbidities (as borderline (Feske et al., 2004), 

anxiety, or substance use disorders (Brus et al., 2017a)) and a slow resolution of symptoms (Husain et al., 

2004; Kho et al., 2004) were reported to be unbeneficial regarding the outcome. Intriguingly, Andrade et 

al. (1988) revealed males to respond faster to ECT, though most of the literature denies a sex-specific effect 

in this context (Pinna et al., 2018). The number of previous episodes, the age of onset, and bipolar diagnosis 

did not affect remission rates. Regarding melancholia, results were inconclusive, probably due to the 

inconsistency of its definition throughout studies. A further limitation of previous approaches is the lacking 

differentiation between the two groups of ECT remitters/non-remitters and responders/non-responders (van 

Diermen et al., 2018).          

 However, apart from these aforementioned characteristics, other parameters can be useful to assess 

seizure quality and, therefore, ECT efficacy: postictal raises in heart rate and systolic blood pressure 

(Azuma et al., 2007), as well as a motoric seizure length longer than 20 seconds, an electroencephalography 

(EEG) seizure duration above 25 seconds, a high postictal suppression index (>80%), a synchronicity of 

hemispheres over 90%, and an amplitude height of 180 µV minimum indicate a seizure quality that relates 

to a better treatment outcome (Nobler et al., 1993; Krystal et al., 1995; Maier et al., 2018). Nevertheless, 

these measures can only be assessed whilst undergoing ECT and are thus inadequate for treatment decision-

making before treatment. 

2.2.3.3.1.2.2 Biological Markers of ECT Response and Remission 

Biomarkers need to fulfill defined criteria other than adequate sensitivity and specificity to enable treatment 

response prediction; desiring an implementation into the clinics, cost-effectiveness, availability, and 

invasiveness must be additionally taken into account. Human studies investigating predictive indicators of 

ECT response/remission make frequent use of neuroimaging techniques or analyze changes in CSF, blood, 

and urine, with the two latter ones being the less invasive, best available and most inexpensive options 

(Jentsch et al., 2015). Bearing practicability in mind, blood and urine are therefore one of the most frequent 

choices in the field of biomarker research. However, in the case of ECT, a structural magnetic resonance 

imaging (MRI) scan often needs to be done before the treatment; establishing an MRI biomarker for ECT 
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responsiveness would be thus of great value (Redlich et al., 2016). In this context, neuroimaging studies 

have revealed noteworthy results: using functional MRI, Perrin et al. (2012) reported an ECT-induced 

down-regulation of functional connectivity between brain circuits known to be involved in MDD. Keeping 

the hyperconnectivity theory of depression in mind, this finding has led to the suggestion of hyperactive 

neuronal circuits to represent a biomarker for a targeted treatment with ECT. Using machine learning for 

the analysis of structural MRI data obtained from 24 depressed ECT patients, allowed Redlich et al. (2016) 

to find a positive association between ECT response and the pre-treatment volume of the subgenual 

cingulate cortex, a brain area implicated in the regulation of emotional behavior and known to be abnormal 

in MDD. Their algorithms were further enabling a prediction of ECT responsiveness with accuracy rates 

of 73.9%–78.3%, depending on the method applied. Other neuroimaging studies found larger baseline 

volumes of the amygdala (ten Doesschate et al., 2014) and smaller sizes of the inferior frontal gyrus and 

the right lateral temporal cortex (Oudega et al., 2014) to be associated with higher ECT efficacy. 

 Findings obtained from body fluids are presented by Maier et al. (2018) who found higher baseline 

serum levels of homocysteine, S100 calcium-binding protein B, and procalcitonin, but lowered 

concentrations of vitamin B1 and folic acid in ECT remitters than in non-remitters, remaining stable 

throughout the whole course of ECT. Further results obtained from blood came from Piccinni et al. (2009) 

who found plasma baseline levels of BDNF to be elevated in ECT remitters in comparison to non-remitters. 

Support was provided by Freire et al. (2016), reporting the same finding after analyzing the serum of 31 

ECT patients. Despite these promising results, a meta-analysis stated the increase of BDNF to be 

irrespective of clinical outcome (Brunoni et al., 2014) and, in fact, also a gene polymorphism analysis of 

BDNF (particularly G196A and C270T) failed to find an association with treatment response, at least in 

their group of ECT patients analyzed. However, the CC genotype of the C270T SNP might be explicitly 

valuable concerning response prediction in certain subgroups of depressed patients, namely in psychotic 

and late-onset MDD (Huuhka et al., 2007). Nevertheless, single SNPs were suggested to contribute only 

minorly to the overall risk of developing MDD, but interactions between multiple genetic variants and 

environmental factors might lead to its onset (Lohoff, 2010). Regarding the genetic interplay, an interaction 

of the 5-HT-transporter-linked polymorphic region (5-HTTLPR) l/l polymorphism with the norepinephrine 

transporter (NET) TT genotype was found to indicate a poor response to ECT (Kautto et al., 2015). As 

aforementioned, the same phenomenon has been reported by Huuhka et al. (2008), suggesting interactive 

effects between polymorphisms in the DRD2 (rs6277; C957T) and COMT gene (rs4680; Val158Met) to be 

associated with ECT responsiveness. Referring to BDNF, epigenetic analyses by Kleimann et al. (2015) 

found lower mean baseline DNA methylation values in the exon 1 promoter region of the BDNF gene in 

ECT remitters/responders when compared to non-remitters/non-responders. DNA methylation differences 

between ECT responder groups were also present in the promoter region of p11’s gene (S100A10), with 

ECT responders showing higher mean baseline methylation values than non-responders (Neyazi et al., 

2018).  
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2.3 Closing Remarks 

Because epigenetic analyses of BDNF (including its up- and downstream proteins) yielded promising 

results in previous approaches, we decided to analyze the DNA methylation of t-PA and PAI-1 (two proteins 

implicated in extracellular BDNF production) within the framework of the current thesis, aiming to find 

further predictors of response guiding treatment-decision making [Study 3]. Most studies (as we also do) 

perform their experiments in a theory-driven manner, investigating molecular processes particularly linked 

to MDD or ECT response. These analyses provide an essential contribution to the field of biomarker-

research, though data-driven approaches are still required to not overlook substantial differences in relation 

to ECT responsiveness, i.e., genes, proteins or other molecular structures that do not mandatorily change 

upon ECT but are still a necessary prerequisite for its therapeutic mechanism. To address this issue, we 

investigate the DNA methylation of > 3.3 million CpG sites in PBMCs isolated from refractory ECT 

patients by using next-generation sequencing [Study 2]. Further, inflammatory processes have been shown 

to play a striking role in ECT, though inflammatory predictors of response are sparse. We, therefore, 

analyze the immunological profile (i.e., the relative counts and proportional changes of different immune 

cell subtypes) in ECT remitters and non-remitters upon a whole course of ECT [Study 1].
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ABSTRACT  

Major Depressive Disorder (MDD) is a major contributor to the global burden of disease. Approximately 
30–50% of depressed patients fail to reach remission with standard treatment approaches. 
Electroconvulsive therapy (ECT) is one of the most effective options for these patients. Its exact therapeutic 
mechanism remains elusive, and reliable predictors of response are absent in the routine clinical practice.  

To characterize its mode of action and to facilitate treatment decision-making, we analyzed ECT's acute 
and chronic effects on various immune cell subsets. For this purpose, blood was withdrawn from depressed 
patients (n=21) directly before and 15 min after the first and last ECT session, respectively. After isolating 
peripheral blood mononuclear cells, we investigated defined populations of immune cells and their 
proportional changes upon ECT treatment using flow cytometry. By these means, we found ECT remitters 
(R; n=10) and non-remitters (NR; n=11) to differ in their relative proportion of putative immunoregulatory 
CD56highCD16–/dim and cytotoxic CD56dimCD16+ natural killer (NK) cells (CD56highCD16–

/dim/CD56dimCD16+: R=0.064(±0.005), NR=0.047(±0.005), p<0.05; linear mixed models) and thus in their 
NK cell cytotoxicity. NK cell cytotoxicity was further increased after a single ECT session 
(before=0.066(±0.005), after=0.045(±0.005), p<0.001) and was associated with ECT quality parameters 
(maximum sustained coherence: r2=0.389, β=−0.656, p<0.001) and long-term BDI-II rating changes 
(r2=0.459, β=−0.726, p<0.05; both linear regression analysis).  

To conclude, particular NK cell subsets seem to be involved in ECT's acute effect and its clinical outcome. 
Due to the limited number of patients participating in our pilot study, future approaches are required to 
replicate our findings. 
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ABSTRACT  

Background: Major depressive disorder (MDD) represents a serious global health concern. The urge for 

efficient MDD treatment strategies is presently hindered by the incomplete knowledge of its underlying 

pathomechanism. Despite recent progress (highlighting both genetics and the environment, and thus DNA 

methylation, to be relevant for its development), 30–50% of MDD patients still fail to reach remission with 

standard treatment approaches. Electroconvulsive therapy (ECT) is one of the most powerful options for 

the treatment of pharmacoresistant depression; nevertheless, ECT remission rates barely reach 50% in 

large-scale naturalistic population-based studies. To optimize MDD treatment strategies and enable 

personalized medicine in the long-term, prospective indicators of ECT response are thus in great need. 

Because recent target-driven analyses revealed DNA methylation baseline differences between ECT 

responder groups, we analyzed the DNA methylome of depressed ECT patients using next-generation 

sequencing. In this pilot study, we did not only aim to find novel targets for ECT response prediction but 

also to get a deeper insight into its possible mechanism of action. 

Results: Longitudinal DNA methylation analysis of peripheral blood mononuclear cells isolated from a 

cohort of treatment-resistant MDD patients (n = 12; time points: before and after 1st and last ECT, 

respectively) using a TruSeq-Methyl Capture EPIC Kit for library preparation, led to the following results: 

(1) The global DNA methylation differed neither between the four measured time points nor between ECT 

responders (n = 8) and non-responders (n = 4). (2) Analyzing the DNA methylation variance for every 

probe (=1476812 single CpG sites) revealed eight novel candidate genes to be implicated in ECT response 

(protein-coding genes: RNF175, RNF213, TBC1D14, TMC5, WSCD1; genes encoding for putative long 

non-coding RNA transcripts: AC018685.2, AC098617.1, CLCN3P1). (3) In addition, DNA methylation of 

two CpG sites (located within AQP10 and TRERF1) was found to change during the treatment course. 

Conclusions: We suggest ten novel candidate genes to be implicated in either ECT response or its possible 

mechanism. Because of the small sample size of our pilot study, our findings must be regarded as 

preliminary.  
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STUDY III: DNA METHYLATION OF T-PA 

ABSTRACT 

Background: Major depressive disorder (MDD) represents a tremendous health threat to the world’s 

population. Electroconvulsive therapy (ECT) is the most effective treatment option for refractory MDD 

patients. Ample evidence suggests brain-derived neurotrophic factor (BDNF) to play a crucial role in 

ECT’s mode of action. Tissue-type plasminogen activator (t-PA) and plasminogen activator inhibitor-1 

(PAI-1) are involved in BDNF production. 

Hypothesis: The DNA methylation of gene regions encoding for t-PA and PAI-1 might be a suitable 

biomarker for ECT response prediction. 

Methods: We withdrew blood from two cohorts of treatment-resistant MDD patients receiving ECT. In 

the first cohort (n = 59), blood was collected at baseline only. To evaluate DNA methylation changes 

throughout the treatment course, we acquired a second group (n = 28) and took blood samples at multiple 

time points. DNA isolated from whole blood and defined immune cell subtypes (B cells, monocytes, 

natural killer cells, and T cells) served for epigenetic analyses. 

Results: Mixed linear models (corrected for multiple testing by Sidak’s post-hoc test) revealed (1) no 

detectable baseline blood DNA methylation differences between ECT remitters (n = 33) and non-

remitters (n = 53) in the regions analyzed, but (2) a significant difference in t-PA’s DNA methylation 

between the investigated immune cell subtypes instead (p < 0.00001). This difference remained stable 

throughout the treatment course, showed no acute changes after ECT, and was independent of clinical 

remission. 

Conclusion: DNA methylation of both proteins seems to play a minor role in ECT’s mechanisms. 

Generally, we recommend using defined immune cell subtypes (instead of whole blood only) for DNA 

methylation analyses. 

 

 

 

 

 

 

 

Keywords: brain-derived neurotrophic factor; tissue-type plasminogen activator; depression; 

immunology; DNA methylation; electroconvulsive therapy remission 



 

56 
  

DISCUSSION 

6. Discussion 

ECT represents one of the most potent treatment options for refractory depression (UK ECT Review Group, 

2003; Lisanby, 2007; Heijnen et al., 2010), but its mechanism of action has not been fully elucidated yet. 

Although being a substantial prerequisite for optimal (i.e., patient-tailored) treatment, reliable predictors of 

ECT response are absent in the routine clinical practice. The experiments conducted within the framework 

of the current thesis addressed these demands by characterizing depressed ECT patients considering (1) 

their clinical baseline characteristics, (2) the composition and reactivity of their immune system [Study 1], 

and (3) their immune systems’ methylome, using a data- [Study 2] as well as target-driven [Study 3] 

approach in the latter case. By these means, we aimed to elucidate whether particular immune cell subtypes 

or genes (thus proteins) are taking the lead regarding ECT’s mode of action, whether it be in the context of 

ECT response prediction or its general acute and long-term effects. Indeed, we found ample differences 

between ECT responder groups and several ECT-induced changes during the treatment course, being 

summarized and interpreted in the following. 

6.1 Summarized Findings  

Study 1: “Electroconvulsive therapy, changes in immune cell ratios, and their association with seizure 

quality and clinical outcome in depressed patients“   

ECT remitters (R, n=10) and non-remitters (NR, n=11) differed in their proportion of CD56highCD16–/dim 

(R>NR) and CD56dimCD16+ (R<NR) NK cells (and thus in their NK cell cytotoxicity (R<NR)), their 

relative amount of CD25+CD4+ T cells (R<NR) and their relative ratio of total monocytes (R>NR; in 

relation to their relative numbers of NK cells). ECT remitters were further characterized by the relative 

increase of particular monocyte subsets (namely the CD11b+CD91+ and CD14++CD16+ (=intermediate) 

subtype). These differences were already apparent at baseline and remained strikingly stable throughout 

the treatment course. Regarding ECT’s general mechanism (affecting patients irrespective of clinical 

outcome), NK cell cytotoxicity increased shortly after a single ECT session (=acute effect), whereas 

monocytes were (in relation to the total NK cell numbers) found to be heightened after the full treatment 

course (=long-term effect). As indicated by our data (revealing a positive correlation of the MSC percentage 

with the (relative) acute rise in cytotoxic CD56dimCD16+ NK cells), the seizure quality can impact the 

increase of NK cell cytotoxicity. NK cell cytotoxicity was further found to be correlated with the depressive 

symptomatology of the patients, as long-term changes of the relevant NK cell subtypes were associated 

with the BDI-II sum scores after treatment completion, minimizing the risk of NK cell changes to be merely 

a coincidence rather than a direct (or secondary effect) of ECT. 
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Study 2: “Novel candidate genes for ECT response prediction—a pilot study analyzing the DNA 

methylome of depressed patients receiving electroconvulsive therapy”  

The DNA methylation of ECT responders (n=8) and non-responders (n=4) differed at eight different CpG 

sites located within the RNF213, RNF175, TBC1D14, TMC5, and WSCD1 genes. Further differences were 

found in gene regions encoding for long non-coding RNA transcripts (as AC098617.1, AC018685.2, and 

CLCN3P1). In all cases (except one: AC098617.1), these differences were prevalent at baseline and stayed 

remarkably stable within the whole course of ECT. DNA methylation of two single CpGs (affecting the 

AQP10 and TRERF1 gene, respectively) changed upon the treatment regardless of clinical outcome. 

Intriguingly, all significant CpG sites (but one: TRERF1) were directly associated with a genetic variant 

located within these dinucleotides.    

Study 3: “DNA methylation of the t-PA gene differs between various immune cell subtypes isolated 

from depressed patients receiving electroconvulsive therapy”  

Epigenetic analyses (performed in whole blood (n=87, both cohorts in total) as well as in various immune 

cell subtypes (n=21; namely B cells, monocytes, NK cells, and T cells)) of defined t-PA gene (PLAT) 

regions revealed only marginal DNA methylation differences in dependence on clinical outcome. These 

differences (that were apparent already at baseline and remained unchanged during the treatment course) 

were partially present in both cohorts analyzed, but—due to their inconsistency, i.e., the direction they were 

pointing at—considered as negligible. In contrast (and irrespective of ECT responsiveness), great 

differences in t-PA’s DNA methylation were found between the different immune cell subtypes analyzed, 

leading to the overall recommendation of performing epigenetic analyses preferably in defined immune 

cell subsets instead of in whole blood only.  

6.2 Interpretation of our Findings 

6.2.1 General Effects of ECT  

Generalized seizures, as caused by ECT or present in epilepsy, exert a profound impact on peripheral 

processes. The exact mechanism is largely unclear but is thought to be mediated by the sympathetic nervous 

system and humoral HPA axis-related responses, among other mechanisms (Azuma et al., 2007; Bauer et 

al., 2008). Within this context, efferent nerve fibers innervate multiple organs and are thus able to modulate 

various physiological entities and processes (as the heart rate and glucose metabolism, for instance) (Ader 

et al., 1995; Starke, 2013; Pavlov and Tracey, 2015). Targeting the bone marrow, as an example, can lead 

to adrenoceptor-induced releases of progenitor cells, subsequently seeding the spleen and resulting in a 

rather pro-inflammatory outcome. Immune cells, on the other hand, are well-equipped with a huge variety 

of receptors that sense brain-derived signals and change cytokine production as a consequence. Afferent 

nerve fibers can react to these cytokines by transmitting signals to the brain stem—a brain region that is 

interconnected with various other areas, as the hypothalamus (and thus the HPA axis), for example (Dantzer 
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et al., 2008; Heidt et al., 2014; Pavlov and Tracey, 2015; Carnagarin et al., 2018). The bidirectional 

interaction between the brain and the immune system is, most likely, further augmented by the partial 

breakdown of the BBB that has been repeatedly reported to occur after epileptic and ECT-induced seizures 

(Wang et al., 2014; Singh and Kar, 2017). By these means, ECT might be able to modulate the composition 

of the immune system, or, to be more precise, of different NK cell subtypes, as indicated by our data.

 Evidence for an involvement of the sympathetic nervous system or the HPA axis considering ECT’s 

general effects is provided by our methylome data, revealing ECT-induced DNA methylation changes 

within TRERF1 (Study 2, p.52), a gene regulating the expression of a mitochondrial enzyme (cytochrome 

P450 11A1 – CYP11A1) that catalyzes the synthesis of pregnenolone, and thus cortisol (Gizard et al., 2002 

& 2004). Bearing the sample type we obtained our measures from in mind, local CYP11A1-dependent de 

novo steroidogenesis (as opposed to the systemic production by adrenocortical cells) has been recently 

ascribed to various cell types (Taves et al., 2011; Talabér et al., 2013), including a fraction of T helper 2 

cells (Mahata et al., 2014). Intriguingly, Mahata et al. (2014) revealed these cells to be associated with a 

rather suppressive phenotype, as indicated by their elevated Il10 and Tgfb1 mRNA expression. As 

suggested by these data, ECT-induced changes in TRERF1’s DNA methylation (and pregnenolone 

synthesis as a consequence) can have a profound impact on the immune system’s phenotypic composition. 

However, insufficient knowledge about the impact of DNA methylation changes within TRERF1 (i.e., the 

effect of our significant CpG located within TRERF1’s predicted promoter flanking region) hinders a clear 

interpretation of the current data and warrants further inspection.      

 Nevertheless (whether it be mediated by TRERF1 or other mechanisms), ECT-induced changes in 

defined immune cell subtype ratios were prevalent in our experiments 15 minutes after the patients’    

seizure (Study 1, p.50). In our case, merely NK cell subtypes (predominantly CD56highCD16–/dim and 

CD56dimCD16+ NK cells, with the latter population being specialized in targeted cell lysis and the former 

one in cytokine production and subsequent monocyte activation (Cooper et al., 2001; Poli et al., 2009)) 

were shown to be altered upon a single ECT session, leading to an overall increase in NK cell cytotoxicity 

as a consequence. The reason for this phenomenon (being irrespective of clinical outcome) is, so far, only 

a matter of speculation, especially as others have reported monocytes to be additionally increased after 

ECT-induced convulsion (Fluitman et al., 2011). More evidence for seizure-induced NK cell increases 

stems from several studies investigating immunological changes in the context of epilepsy. As opposed to 

our findings, these studies further show postictal alterations in different T cell subsets (as in 

CD4+CD25+FOXP3+ Tregs), though, in some cases, it is questionable to which extent the antiepileptic 

medication contributes to these immunological phenomena (Bauer et al., 2008; Wang et al., 2014). 

 Referring again to our findings, NK cells belong to the innate immune system and are thus one of 

the first actors in case of an endo- or exogenous threat to the host’s homeostasis (Mills and Ley, 2014), 

exerting several organ-specific functions in a context- and subtype-dependent manner (Shi et al., 2011). In 

the liver, for example, NK cells were proposed to promote tolerance by boosting dendritic cells to stimulate 

Tregs (Jinushi et al., 2007; Shi et al., 2011). In the pancreas, for contrast, they majorly contribute to the 
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severity of type 1 diabetes (T1D) in non-obese diabetic (NOD) mice, presumably owing to their pro-

inflammatory properties upon disease onset and their subsequent hyporesponsiveness at later disease stages 

(Brauner et al., 2010; Shi et al., 2011). Due to their various roles, their implication in ECT is difficult to 

judge, at least if no complementing data (about their cytokine expression levels, for instance) is provided. 

 Speaking of the limitations of our data, one must further bear in mind that our findings merely 

reflect one particular time point after ECT, namely the processes taking place exactly 15 minutes after the 

seizure and do thus not include data neither before nor after this given moment. The analysis is further 

limited to the peripheral circulation and does, therefore, not depict numerical changes occurring besides the 

bloodstream. In fact, until the point of measurement, certain immune cell subtypes might have already left 

the circulation and might have changed the immune cell composition as a consequence, putting the spotlight 

on NK cells that appear to be the first players of ECT instead. Migration of immune cells has become a 

major topic in the last couple of years, partially owing to the discovery of lymphatic brain vessels that 

provide a possible route for meningeal immune cells for CNS egression (Louveau et al., 2015 & 2018). 

Within this context, brain-homing NK cells were suggested to mediate an immunoregulatory role in a 

mouse model of multiple sclerosis, as neurological deficits were shown to aggravate upon NK cell depletion 

(Zhang et al., 1997; Hao et al., 2010; Shi et al., 2011). Because daclizumab (a humanized CD25-targeting 

antibody that was used for the treatment of the latter illness (The Lancet, 2018)) has been reported to expand 

the human CD56high NK cell subtype, a beneficial role has been ascribed to the latter subpopulation, at least 

in this context (Shi et al., 2011; Elkins et al., 2015). However, due to the various functions of NK cells and 

the lack of complementing data, their function regarding ECT’s mode of action remains elusive. 

Nevertheless, the current literature suggests the peripheral immune system to have a profound impact on 

the CNS and its related diseases, making the immunological differences between our ECT responder groups 

a topic of great interest. 

6.2.2 Differences Between ECT Responder Groups  

Comparing the composition of the immune system of our ECT outcome groups, revealed significant 

differences between ECT remitters and non-remitters regarding the immune cell subtypes analyzed. As in 

the case of ECT’s acute effect, again, NK cells were taking center stage, as NK cell cytotoxicity (i.e., the 

proportion of CD56dimCD16+ cells) was found to be lower in ECT remitters than in non-remitters, being 

already apparent at baseline. Our analysis further suggests this difference to remain stable throughout the 

treatment course (and thus ECT remitters and non-remitters to be equally affected by ECT’s acute effect 

regarding the implicated subsets) as no interactive effects between ECT remitters/non-remitters and the 

time points investigated have been found. Assuming ECT-induced increases of NK cell cytotoxicity to be 

relevant for ECT’s effectiveness (as the correlation with defined seizure parameters and BDI-II rating 

changes would suggest), the reason for non-remission might be a result of the patients’ underlying 

immunological phenotype. In this context, (as discussed in Study 1, p.50), NK cells of ECT non-remitters 

might be unbearably challenged by their long-lasting activation, leading to either (1) a hyporesponsiveness 

of the cells themselves (as it has been shown to occur in NOD mice upon T1D (Brauner et al., 2010; Shi et 
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al., 2011)), (2) an insensitivity of downstream processes for further cytotoxic stimuli, or (3) damages that 

are simply irreparable with ECT. The clinical baseline data of our patients provide indirect support for this 

notion, as non-remitters (in comparison to ECT remitters) were found to suffer from a longer current 

episode upon study inclusion (Study 3, p.54), a finding frequently reported also by others (Haq et al., 2015). 

According to our statistics, the duration of the current episode was further associated with NK cell ratios 

involving the CD56highCD16–/dim and the CD56dimCD16+ subtype, providing thereby stronger evidence for 

the latter interpretation.       

  As an alternative option, acute increases in NK cell cytotoxicity might not exert a beneficial effect 

on non-remitters because other requirements are not entirely fulfilled. In this regard, ECT remitters were 

marked by a greater proportion of monocytes (in relation to their relative NK cell numbers), with particular 

increases in the CD11b+CD91+ and the CD14++CD16+ (=intermediate) subset. Belonging to the innate 

immune system, monocytes are one of the first players that initiate the host’s defense mechanism to combat 

invading pathogens (Mills and Ley, 2014). They further take a leading role in the brain’s immunity, as these 

cells have been frequently reported to invade the brain’s parenchyma to support resident microglial cells 

(Mildner et al., 2007; Cronk et al., 2018). To attract monocytes, astrocytes are capable of secreting various 

chemokines as the monocyte chemoattractant protein (MCP-1, also known as the CC-chemokine ligand 2 

– CCL2) (Semple et al., 2010; Tei et al., 2013). Upon infiltration, monocytes adapt their phenotype in a 

context-dependent manner (which can be, according to a simplified model, either M1- (=’inhibit’ type) or 

M2-like (=’heal’ type)) and become thereby hardly distinguishable from microglial cells (Mildner et al., 

2007; Mills and Ley, 2014). Because of their strong resemblance, monocytes were, in fact, thought to 

differentiate into true microglia (Mildner et al., 2007), though a recent mounting body of evidence 

challenges this notion: Zarruk et al. (2018), for instance, reported peripheral-derived macrophages (i.e., 

differentiated monocytes) to differ from residential microglial cells in terms of their inflammatory 

expression profiles, as macrophages were found to rather promote and microglia to inhibit inflammation 

72 hours post-ischemia. Kipnis and his group revealed both cell types to vary in their morphology (with 

macrophages showing a less complex branching that remained unchanged upon LPS stimulation) and their 

common functionalities, particularly regarding their relation to wound healing and neurotransmitter- or 

steroid-related processes (Cronk et al., 2018). In the context of ECT, remitters were, in our case, found to 

have an elevated proportion of mobile and potentially adherend monocytes (as indicated by their CD11b+ 

expression (Kunt et al., 1999; Cifarelli et al., 2007))—a population that might thus readily invade the CNS. 

The positive clinical outcome of this subgroup was further associated with enhanced relative numbers of 

intermediate monocytes, a subtype thought to mediate pro-inflammatory effects (Zawada et al., 2017; Ong 

et al., 2018). However, with the markers used for our flow cytometry experiment, this particular subset is 

not clearly separable from non-classical monocytes (as depicted in Study 1 and discussed in Ziegler-

Heitbrock and Hofer (2013)); their involvement in ECT must be, therefore, interpreted with caution.

 Further divergence between our ECT outcome groups was found in their proportion of CD25+CD4+ 

T cells, a finding with uncertain consequences as the function of this particular subset is not easily to 
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determine without a further characterization of additional markers. As an integral part of the high-affinity 

IL-2 receptor (Sakaguchi et al., 1995), CD25 was found to be expressed on a large variety of activated T 

cells (including T helper 17 (Lang et al., 2017) and CD8+ T cells (Kmieciak et al., 2009), for example); 

merely the CD4+ fraction with high CD25 expression (CD25brightCD4+) can be, according to several studies, 

identified as true Tregs (Baecher-Allan et al., 2001; Bryl et al., 2009). In the case of our experiments, better 

identification of these cells would have been achieved by targeting the forkhead box protein P3 (FOXP3) 

for immunostaining, being an intracellular transcription factor whose abundance has been closely related 

to Tregs’ immunosuppressive functions (Khattri et al., 2003). However, recent studies raise doubts 

regarding the specificity of FOXP3, illustrating human T effector cells to transiently express this protein 

upon activation (Allan et al., 2007; Kmieciak et al., 2009). Further, unstable FOXP3 expression has been 

identified in murine CD25– T cells (although stated to be specific for natural CD25+ Tregs) (Komatsu et 

al., 2009), underlining the variety (and plasticity) of T cell phenotypes and leading to the overall conclusion 

to not simply rely on the sole presence of FOXP3. A study conducted by Kmieciak et al. (2009) supports 

this notion by showing human FOXP3+CD25+CD4+ T cells to not necessarily convey immunosuppressive 

functions, as indicated by their concomitant CD44+ and CD62L+ expression. Thus, a comprehensive 

functional and phenotypic analysis (including multiple markers for identification) of our CD25+CD4+ T 

cell population (of both ECT remitters and non-remitters) would be required to provide a clearer 

interpretation. Putting our results into an overall context is further hindered by the insufficient number of 

studies investigating ECT’s acute and chronic effects in dependence on clinical outcome. In this regard, 

most previous studies analyze the general effect of ECT on cytokine levels only; experiments addressing 

immune cell changes considering ECT response are rare. Among these, a study by Kranaster et al. (2018) 

suggests monocytes to be implicated in ECT responsiveness, supporting thereby our findings. More insight 

into ECT-induced immune changes with respect to clinical outcome is warranted.  

 Analyzing the immunological differences between our ECT outcome groups, one question pushes 

itself into the fore: what is causing these diverging phenotypes? An answer might be given by our patients’ 

baseline characteristics, as ECT remitters/responders were found to have a higher body mass index (BMI) 

in comparison to ECT non-remitters/non-responders (see Study 1-3, p.50-55). Upon obesity, immune cells 

were frequently reported to infiltrate adipose tissue, causing a microenvironment that allows enlarged 

adipocytes to contribute to the overall cytokine production. Chronic low-grade inflammation, that has been 

repeatedly reported to occur in obese patients, builds the basis for various other inflammation-related 

diseases (like cancer, type 2 diabetes, and cardiovascular irregularities) and has thus the potential to modify 

the phenotypic composition of the immune system (Pavlov and Tracey, 2015). However, this conclusion 

does not entirely fit into the whole picture (but does neither lead to its subsequent exclusion) as in our study 

ECT remitters were found to have a lower NK cell cytotoxicity (Study 1, p.50) and reduced numbers of 

total leukocytes (Study 3, p.54) than ECT non-remitters upon treatment.     

 Based on the fact that ECT remitters had a higher BMI, another possibility for the immunological 

divergence might be hypoxia (Taylor et al., 2016), as obese patients were shown to have higher risks for 
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oxygen desaturation (SpO2<90%) while recovering from anesthesia after ECT (Surve et al., 2015). 

Importantly, Surve et al. (2015) reported the dosage of the anesthetics (thiopentone and suxamethonium, in 

this case) to be unrelated to this phenomenon, excluding thereby the possibility of hypoxia to occur solely 

due to the anesthesia itself. However, solely 29% of their study participants suffered from oxygen 

desaturation upon recovery, counteracting the current hypothesis (i.e., of hypoxia to cause beneficial 

effects) as remission rates are mostly (Brus et al., 2017; Kolshus et al., 2017) (but, to admit, not thoroughly 

(Prudic et al., 2004)) higher following ECT. Further, one would assume insufficient supply of oxygen to 

cause peripheral immune changes during the treatment and, if the latter theory holds true, these changes to 

differ in the outcome groups. In addition, the BMI of our ECT patients did not correlate with any immune 

cell subtype ratio analyzed (Study 1, p.50), but, of course, not all existing immune cell subpopulations have 

been investigated in the current study; the latter possibility can thus not be excluded.  

 Finally, changes in DNA methylation can potentially lead to immune system irregularities 

(depending on their location and thus impact on gene expression), underlining the importance of Study 2 

& 3, namely the investigation of DNA methylation differences in ECT responder groups.  

6.2.2.1 DNA Methylation Differences in ECT Responder Groups 

Within the framework of the current study, the most striking DNA methylation differences between ECT 

responder groups were found within gene regions encoding for ubiquitin-related proteins (Study 2, p.52). 

In general, linkage of ubiquitin results in various outcomes (depending on the amino acid it is bound to), 

but is most pronouncedly known for its involvement in the proteasome degradation system (Ciechanover 

et al., 1980; Hershko et al., 1982; Bach and Hegde, 2016; Hu and Sun, 2016). It further leads to the removal 

of cellular structures by mediating (selective) autophagy (Peng et al., 2017), a mechanism shown to be, 

according to our analysis, related to ECT response also independently of ubiquitin. Regarding the latter, 

DNA methylation of the TBC1D14 gene, a negative regulator of starvation-induced autophagy (Longatti 

and Tooze, 2012), was found to differ in relation to clinical outcome, indicating ECT responsiveness not to 

be dependent on the selective type of autophagy only.       

 However, both degradational systems are indispensably needed for tissue homeostasis, as they 

remove superfluous or aberrant cellular structures (with autophagy targeting rather larger cargos than 

proteasomes) and do thus ensure the continuous recycling of amino and fatty acids. The latter facilitates the 

production of urgently needed proteins and is, therefore, essential for cell survival, development, and 

differentiation, also in the context of the immune system (Yang et al., 2006; Ma et al., 2013). This 

dependency (i.e., of appropriate immunological functioning on autophagy) is exemplified by Pua et al. 

(2007) who reported autophagy protein 5 (ATG5; an autophagy factor involved in the formation of 

autophagic vesicles (Mizushima et al., 2001)) to be negligible for T cell maturation, but to be crucial for 

their survival and proliferation rate. Additional insight into autophagy’s immunomodulatory properties 

stems from Harris et al. (2011) who demonstrated pro-IL-1β to be a direct target of autophagic degradation. 

Importantly, the removal of cytokines seems to be mutually regulated (in a feedback loop-dependent 

manner) as pro-inflammatory mediators were suggested to possess autophagy-stimulating properties (Chu 



 

63 
  

DISCUSSION 

et al., 2017), further highlighting the tight (and mutual) relationship between both systems (Ma et al., 2013). 

Ubiquitin (being an ubiquitous protein that also acts as a post-translational modifier) targets several steps 

within inflammatory-related cascades, as the activation of NF-κB or the production of IFNs (Kayagaki et 

al., 2007; Hu and Sun, 2016; Min et al., 2018). Hence, as demonstrated by these data, DNA methylation 

differences within gene regions encoding for ubiquitin-linkage or autophagy-associated proteins can have 

a profound impact on the immune system and thus (as our data would suggest) on the clinical response to 

ECT. However, the interpretation of the current data is still questionable as there is insufficient knowledge 

about the implication of the latter DNA methylation differences for the expression of their underlying genes.

 Apart from our data-driven approach, DNA methylation was also analyzed in a theory-driven 

manner (Study 3, p.54), targeting gene regions encoding for t-PA (PLAT) and PAI-1 (SERPINE1), as they 

were shown to be implicated in MDD and ECT. Our data-driven analysis provides an important contribution 

to basic knowledge (finding new targets of potential interest) but does not allow DNA methylation analyses 

in a single-CpG resolution. Further, as statistical corrections for multiple comparisons are required to avoid 

Type 1 error, investigating DNA methylation of defined gene regions (as opposed to the whole genome) 

enhances the sensitivity for detecting differences in clinical outcome groups. We further aimed to increase 

the relative sensitivity by investigating the DNA methylation in specific immune cell subtypes, instead of 

in whole blood only. Nonetheless, neither the DNA methylation of t-PA or PAI-1 changed upon ECT, nor 

was the methylation related to clinical outcome. In contrast, great DNA methylation differences within the 

t-PA gene were found between the different immune cell subtypes analyzed (namely B cells, monocytes, 

NK cells, and T cells), with monocytes presenting the lowest methylation rate within those regions 

investigated. Inconsistent findings regarding the regulation of the t-PA gene (Bulens et al., 1997; Dunoyer-

Geindre and Kruithof, 2011; Magnusson et al., 2015; Dunoyer-Geindre et al., 2016), challenges a clear 

interpretation of our results, though would propose monocytes (among those cells analyzed) to be 

predominantly involved in t-PA expression. However, as these differences remained stable upon ECT 

(being present regardless of clinical outcome), t-PA and PAI-1 were concluded to be negligible regarding 

its therapeutic mechanism. Nevertheless, our data does not entirely exclude the latter possibility, as a certain 

DNA methylation pattern might still be a prerequisite for ECT’s mode of action (that is being fulfilled by 

ECT remitters and ECT non-remitters, in our case). In this context, a minimum of t-PA expression might 

be important to counteract central pro-BDNF release, as pro-BDNF (apart from being a premature form of 

BDNF) has been shown to exert specific functions by itself, as apoptosis or synaptic depression (Yang et 

al., 2009 & 2014). Besides, a product of proteolytically processed pro-BDNF (BDNF pro-peptide) was 

illustrated to bind to mature BDNF and thus to prevent its downstream effects, being particularly relevant 

in the case of BDNF’s Met variant (i.e., the Val66Met polymorphism) that was reported to stabilize this 

interaction (Uegaki et al., 2017; Kojima et al., 2019). Despite these data suggesting a possible role of t-PA 

expression by brain-invading immune cells, one must bear in mind that t-PA is predominantly secreted by 

other cell types than immune cells, like endothelial cells (Huber et al., 2002). Pro-BDNF is, further, not 

necessarily released by neuronal cells, but can be cleaved intracellularly into its mature form beforehand, 
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without the implication of either t-PA or PAI-1 (Matsumoto et al., 2008; Nagappan et al., 2009). 

 To sum up, our findings do not provide further evidence on whether t-PA or PAI-1 are required for 

ECT’s mode of action but give insight into its possible expression by different immune cell subtypes. 

Importantly, this finding must not be necessarily relevant for MDD, but might be meaningful considering 

other diseases or pathological conditions, like stroke (Liu et al., 2018) or the development of atherosclerotic 

plaques (Steins et al., 1999; Rossignol et al., 2006), for instance. Hence, further experiments to confirm the 

leading role of monocytes (being implicated in the latter conditions (Woollard and Geissmann, 2010; ElAli 

and LeBlanc, 2016)) in t-PA’s expression are warranted.   

6.3 Limitations and Future Perspectives  

Our studies were confounded by several limitations, wherein some of them were already mentioned within 

the previous chapters. Besides the aforementioned (i.e., the inability to fully interpret our data due to (1) 

the incomplete characterization of the immune cell subsets, (2) the absent knowledge about the consequence 

of DNA methylation for gene regulation, and (3) the restricted time point and sample type used for our 

measurements), a further weak point of our experiments is the limited group size, with 12 being the lowest 

number of total participants analyzed (Study 2). Small group sizes challenge statistical analyses in variable 

ways, especially if the covariates are high in numbers. Our findings are thus regarded as preliminary but do 

still provide an important contribution to the scientific question, asking for the difference between ECT 

responder groups and the treatment’s therapeutic effect. Particularly our preliminary Study 2 (i.e., the novel 

candidate genes) might hint towards new proteins involved in ECT if the findings can be replicated in a 

larger cohort, preferably in a target-driven manner analyzing merely the relevant genes. Future experiments 

should additionally identify the patient’s particular genotype and thus the role of the genetic variants 

potentially disrupting our novel CpGs of interest. Apart from these SNPs, the impact of the CpGs’ DNA 

methylation needs to be further characterized. Within the context of Study 2, significant results were also 

obtained from cytosines that were located at the opposite (i.e., non-coding) strand of the reported gene, 

raising the question whether (and if, how) gene expression is affected in these special cases. Because DNA 

methylation is not the sole determinant of protein production, additional transcriptomic analyses would 

complement the interpretation of our findings.       

 Speaking of other mechanisms affecting gene expression (and protein production), DNA 

hydroxymethylation has not been addressed within our studies, although its emerging role as an active 

modulator of epigenetics has become increasingly important in the last couple of years (Richa and Sinha, 

2014). Originally, one has thought of DNA hydroxymethylation to be simply an intermediary degradation 

product of DNA methylation, though recent studies report 5-hydroxymethylated cytosines (5-hmC) to be 

recognized by DNMT1-recruiting factors (as the ubiquitin-like containing PHD and RING finger domains 

1 (UHRF1) protein), raising the possibility of mediating active epigenetic functions (Frauer et al., 2011; 

Richa and Sinha, 2014). Contrarily, Hashimoto et al. (2012) reported UHRF1 to lose its binding affinity 

https://www.dict.cc/englisch-deutsch/atherosclerotic.html
https://www.dict.cc/englisch-deutsch/%3Cb%3Eplaque%3C/b%3E.html
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upon substitution of methylated cytosines by 5-hmC but shows DNMT3A and DNMT3B to have equal 

preferences for unmodified, hemimethylated or hemihydroxymethylated DNA strands instead (Richa and 

Sinha, 2014). Although some studies disprove MBD proteins to bind to 5-hmC (Valinluck et al., 2004), the 

contrary has been proposed by Yildirim et al. (2011) who demonstrated MBD3 to interact with 5-hmC in 

mouse embryonal stem cells. Insight on how DNA hydroxymethylation might affect the transcriptional 

machinery stems from Gaub and his group, demonstrating 5-hmC to modulate DNA strand separation 

stability. In this regard, 5-hmC was found to stabilize DNA strands when stretched in zipper geometry 

(resembling forces mediated by DNA helicases), but to have differential effects upon shearing, depending 

on its particular location (Severin et al., 2013). To conclude, DNA hydroxymethylation seems to be an 

entity worth pursuing, despite some debate between recent findings. Importantly, simple bisulfite 

conversion (as it has been done for the current thesis) does not allow an identification of 5-hmC (Huang et 

al., 2010; Richa and Sinha, 2014) and thus requires other techniques, like oxidative bisulfite sequencing 

(Booth et al., 2012) or ten-eleven translocation (TET)-assisted bisulfite sequencing (Yu et al., 2012). 

 If more insight into ECT’s therapeutic mechanisms is desired, a replication study should also 

consider to investigate the DNA (hydroxy)methylation of defined immune cell types separately, as it was 

done for our Study 3, but could not be accomplished for the data-driven approach due to the limited amount 

of sample DNA. With respect to immune cells, a characterization of their absolute numbers (instead of their 

relative proportions as it has been done for Study 1) should further be aimed, providing a deeper insight 

into ECT-induced changes and their possible consequences. However, to get a comprehensive picture of 

ECT’s immunological effects, animal experiments must be taken into consideration. Despite being 

questioned for their translational value in some circumstances—indeed do rodents not express CD56, 

complicating the interpretation of immunological findings (Hayakawa et al., 2006)—stimulating rodents 

with ECS and characterizing the subsequent distribution of their immune cells, would provide further 

insight into ECT’s mechanism. In any case (whether it be in rodents or patients), a concomitant 

characterization of the cytokine pattern should be further intended. In this regard, particularly cytokines 

that attract immune cells and promote their invasion into the CNS (as IL-33, whose expression is, compared 

to other organs, relatively high upon brain injury (Gadani et al., 2015)), would be of high interest and were, 

unfortunately, not addressed within the framework of the current thesis.    

 If conducting further studies, the criteria for the ECT outcome groups should be critically rethought, 

as categorial divisions of subgroups do not necessarily reflect the true clinical status of the patient, 

respectively. Regarding Study 2, for example, one of our patients met the criteria for response (dropping 

from an initial MADRS score of 43 down to 11 upon ECT) but just failed to reach remission. If that one 

particular patient would have had continued the treatment, maybe he would have had then fulfilled the 

remission criteria according to the defined cut-off. Altogether it was thus decided to take ECT response as 

a criterion particularly for Study 2, although using ECT remission (being the gold standard for the 

evaluation of antidepressant efficacy, despite some limitations (Keller, 2004)) for the other experiments.
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7. Conclusion     

The experiments conducted within the framework of the current thesis provide an important contribution 

to the scientific question asking for appropriate indicators of ECT response and the treatment’s therapeutic 

mechanism. In this context, we found ample differences in either the immune cell composition or its 

methylome between ECT outcome groups. Importantly, these differences remained stable throughout the 

treatment course and have thus the potential to serve as adequate markers for the prediction of ECT 

responsiveness. We further provide new insight into ECT’s immunomodulatory effects, which move NK 

cells into the spotlight of its possible mechanism. Due to confounding factors (as the limited group size of 

study participants), the findings must be regarded as preliminary and need to be replicated in a larger cohort. 

Aiming a fast establishment in the routine clinical practice, these results should further be repeated in whole 

blood to test whether a simplification of the procedure is conceivable. If further indicators of ECT 

responsiveness or a deeper insight into its therapeutic mechanism is desired, one should combine the 

knowledge of all three studies for subsequent approaches. In this regard, future studies should address the 

role of our novel (preliminary) candidate genes (and their regulation by genetic variants and DNA 

(hydroxy)methylation) in the context of the immune system, preferably in different immune cell subtypes 

with preferences for particular NK cell, T cell, and monocyte subsets. The knowledge of these approaches 

(in combination with complementing data about the cells’ transcriptomics and protein production) will then 

hopefully contribute to a deeper understanding of ECT’s therapeutic effects and will thus pave the way for 

patient-tailored treatment. 
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