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GENERAL INTRODUCTION 

Suicide is a worldwide health problem that terminates approximately 700,000 reported human 
lives every year, which may even be an underestimation and according to the WHO, many more 
people likely commit suicide (WHO, 2021). It is one of the leading causes of death during the 
period of late adolescence (WHO, 2021). Suicide rates in European countries have been gradually 
rising and, in the Netherlands, the number of suicides is increasing 3–6% annually. The effect of 
preventive interventions is hard to establish and almost half of the suicides in Netherlands are 
committed by individuals who are receiving psychiatric therapies.

Suicide and comorbid psychiatric illnesses
Among the various risk factors for suicide, the occurrence of pre-existing psychiatric disorders 
increase the chance to attempt suicide (CDC, 2021). Suicide risks are generally associated with 
the presence of mental disorders, in particular when multiple ones are involved. Individuals 
with a tendency for suicide e.g. have a 6 times higher chance to combine multiple psychiatric 
illnesses when compared to control subjects (Préville et al., 2005). The type of co-existing 
psychiatric disorders varies substantially, however, (Qin et al., 2014; Tidemalm et al., 2008) with 
in particular (combinations of) major depressive disorder (MDD), bipolar disorder (BD) and 
schizophrenia (SCZ) having a stronger relationship than other disorders (de Medeiros Alves et 
al., 2015; San Too et al., 2019).
	 Epidemiological studies have shown that adult patients with psychiatric illnesses have robust 
tendencies for suicide, relative to those without mental diagnoses (Choi et al., 2020; Sorenson 
and Golding, 1988). However, two topics in this respect deserve our attention. First, geographical 
variations due to culture specificities and lack of medical care reduce the proportion of reported 
mental disorders among suicide cases. East Asian countries such as China and India, that are 
generally short of psychiatric interventions, report a lower prevalence of mental disorders in 
individuals with suicide compared to North America and Europe (Cho et al., 2016; Milner et al., 
2013). Adolescent and young adult suicide attempters without a diagnosable psychiatric disorder 
are generally linked to substance misuse that impacts their mental states adversely (Cao et al., 
2015; Marttunen et al., 1998). In addition, subclinical psychiatric symptoms that did not meet 
the full diagnostic criteria of a mental disorder also appeared to be present in a great majority 
of individuals who died by suicide (Joiner Jr et al., 2017). These unnoticed and ‘subthreshold’ 
forms of psychiatric disorders that coexist in approximately half of the suicide attempters should 
be taken into account when considering prevalence and the relation between psychiatric health 
and suicide risk (Balázs et al., 2000).
	 In addition, among individuals with mental comorbidity, death by suicide is not only 
considered the final outcome of the mental illness, but is also underpinned by independent 
genetic features (Zhao et al., 2019). Clinical studies have shown that individuals with a first-
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degree relative who had mental disorders and died by suicide, are more likely to commit suicide 
(Qin et al., 2002). This effect can be even stronger in the case of a parental history of suicide, 
regardless of the presence or absence of a psychiatric disorder (Ballard et al., 2019; Sørensen et 
al., 2009). Genetic studies further support the idea that the etiology of suicidal behavior cannot 
be solely explained by psychiatric background (Erlangsen et al., 2018; Zhang et al., 2020a, b; 
Zhao et al., 2015; Zhao et al., 2018). We hypothesize that pre-existing mental disorders may 
contribute to genetic vulnerability of suicide, instead of being a deterministic factor in suicide 
pathophysiology. 

Age-associated suicide portraits
Throughout the whole lifespan, personal, familial and/or societal events may have varying effects 
on people in terms of mental factors related to suicide. For instance early life circumstances and 
related adversities, including a higher birth order, childhood exposure to psychological trauma 
(violence, sexual abuse or neglect), difficulties at school, a younger maternal age and adult 
internalizing disorders, are early signs for later mental disorders, which will eventually enhance 
the risk of suicide in adulthood (Geoffroy et al., 2018; Ligier et al., 2020; Park et al., 2015; Rossi 
et al., 2020). In addition, it is suggested that these early life stressful events, particularly in 
patients with MDD, BD or SCZ, can predict the aggregation of a mental condition, including 
mental extremes such as suicide attempts (Adigüzel et al., 2019; Alli et al., 2019; Tanti et al., 2017; 
Tasmim et al., 2020). Mental disorders that represent the largest risk for suicide in teenagers and 
young adults typically include posttraumatic stress disorder, dysthymia, MDD and borderline 
personality disorder (Lesage et al., 1994; Miché et al., 2018). For individuals who do not have 
specific mental diagnoses, comorbidities involving substance abuse (alcohol, nicotine or drug 
dependency) can also contribute to psychiatric illnesses and are frequently associated with 
suicide attempts (Cao et al., 2015; Lesage et al., 1994; Miché et al., 2018; Shafii et al., 1988). 
The processes that lead to suicide completion from the moment of ideation onset, appear to be 
relatively short, which obviously limits opportunities for therapeutic interventions (Marttunen 
et al., 1998). 
	 Compared to the young population, diagnosable mental disorders are more often seen 
in elderly individuals who commit suicide (de Raykeer Pascal et al., 2018; Henriksson et 
al., 1995). Age appears less important in assessing suicide risks when compared to personal 
or socioeconomic factors, like personality traits, physical illness, domestic violence, poverty, 
recent bereavement and public disgrace (Harwood et al., 2001, 2006; Maselko and Patel, 2008; 
Pridmore, 2015). 

Gender differences in suicidal behaviors
Suicidal behavior show a prominent gender difference, that starts from adolescence and persists 
throughout the lifespan. Worldwide suicide rates in males are 2-3 times higher than in females, 



Chapter 1

12

and a long-term risk of suicide in the context of mental illness shows a similar sex difference, 
particularly in subjects above thirty (Babanejad et al., 2014; Gunnell et al., 2002; Organization, 
2014). The most prevalent mental disorder and risk factor in males is substance abuse, while 
MDD and anxiety disorder are the most common ones in females (Liu et al., 2018; Taylor et 
al., 2004). In addition, suicide attempts were independently associated with sexual orientation 
minority status. Homosexual and bisexual populations have much higher lifetime prevalence of 
suicide attempts than heterosexual populations (Bolton and Sareen, 2011). Interestingly, in older 
adults, the presence of mental disorders that are related to an elevated risk of suicide was more 
common in women (Vasiliadis et al., 2017), which seems to imply that the impact of mental 
health on suicide tendency is stronger in this group. 
	 Of concern, however, in aged males, either before or after suicide attempts, fewer psychiatric 
disorders are detected, most likely due to a more limited mental health follow-up than for females 
of the same age (Niederkrotenthaler et al., 2019; Schmutte and Wilkinson, 2020). The sex-biased 
variables mentioned above that take effect from childhood to adolescence have been linked to 
higher suicide tendencies throughout the age range, but their influence appears to be reduced in 
males of advanced age. 

Suicide prevention
Efforts to prevent suicide have consistently shown a poor response, even when compared to 
the pharmaceutical treatment of mental disorders. According to a complete follow-up of the 
patient records, more than 5% of the patients with MDD, BD or SCZ continue to be at the risk 
for suicide even when they are receiving active mental health service (Nordentoft et al., 2011). 
Death by suicide occurs most frequently within the first three months after the initial psychiatric 
diagnosis and during the first year after hospital discharge (Orme et al., 2020; Randall et al., 
2014), indicating that switching therapeutic approaches may possibly trigger psychobiological 
alterations that could perhaps contribute to suicide behaviors (‘treatment-emergent suicidality’) 
(Jick et al., 2004). 
	 Apart from their improvement of psychotic symptoms, most antipsychotics are similar 
in their effect and not different from placebo treatment when it comes to suicide prevention 
(Garlow et al., 2013; Khan et al., 2001; Tauscher-Wisniewski et al., 2007). Among the selective 
serotonin reuptake inhibitors, fluoxetine, when considered in relation to suicide prevention, 
is more effective in females (Beasley et al., 1991; Milane et al., 2006), but paroxetine treatment 
resulted in an increased intensity of attempted suicides (Aursnes et al., 2005). As to serotonin-
norepinephrine reuptake inhibitors, milnacipran appears to induce a rapid improvement from 
suicidality (Kirino and Gitoh, 2011). In contrast, a higher risk of suicide has been consistently 
linked to the prescription of venlafaxine, regardless of whether the patient suffered from severe 
mental illnesses (Mines et al., 2005; Rubino et al., 2007). It is thus important to be aware of the 
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differences and possible links between the prescription of specific antidepressants and the risk 
of suicidality.
	 Tricyclic antidepressants and benzodiazepines have proved to alleviate suicidal thoughts 
in adults with anxiety disorders, posttraumatic stress disorder, and in adolescents under 
chronic stress, on the condition that it is prescribed alone (Boggs et al., 2020; Soreni et al., 
1999). Clozapine and olanzapine have demonstrated improvements in preventing suicide risk 
among patients with schizophrenia and schizoaffective disorder, especially when this coincided 
with other public health and psychosocial interventions (Bastiampillai et al., 2017; Meltzer et 
al., 2003; Ringbäck Weitoft et al., 2014). However, a possible link between benzodiazepines 
over-prescription and increased potential for suicide attempts in males and adolescents is also 
worth discussing (Neutel and Patten, 1997; Niederkrotenthaler et al., 2019). A concurrent use 
with antidepressants like zolpidem may have increased the suicide risk compared to the use of 
zolpidem solo (Sung et al., 2019). Of note, there are cases that document a relationship between 
abrupt clozapine discontinuation and the subsequent rise in suicide events (Patchan et al., 2015). 
	 Lithium has been broadly prescribed in patients with mental health diagnoses (MDD and 
BD in particular) and a history of suicide ideation and attempts (Roberts et al., 2017; Smith 
and Cipriani, 2017; Terao et al., 2018). Its discontinuation within six months has been linked 
to increased suicide death rates (Oquendo et al., 2011; Smith et al., 2014). Since the majority 
of antipsychotics do not reverse suicidal ideations or behaviors, and can even trigger suicide 
tendencies in some circumstances, it is concluded that novel anti-suicide treatments should 
focus on understanding of the molecular mechanisms specific for suicide, rather than for the 
pre-existing mental disorders per se. 

LEGALIZED EUTHANASIA AND PHYSICIAN-ASSISTED SUICIDE

Euthanasia and physician-assisted suicide (PAS) are legally practiced in the Netherlands but 
concern a relatively small number of people and is performed only under very strict regulations. 
Euthanasia is defined as the administration by a physician of a medication, such as a sedative 
and neuromuscular relaxant, to intentionally end a patient’s life upon the explicit and repeated 
request of the mentally competent patient (Emanuel et al., 2016). For the practice of euthanasia, 
the euthanatic agents are administered intravenously. First, a coma is introduced by thiopental 
(2000 mg) or propofol (1000 mg). Subsequently, when the patient is determined to be in a 
medically induced coma, a neuromuscular blocker, such as rocuronium (150 mg), atracurium 
(100 mg) or cisatracurium (30 mg) is administered. This paralyses all striated muscles, with the 
exception of the heart and cause the patient to die (KNMG/KNMP, 2012).
	 PAS is defined when the physician provides medication to a patient at his or her explicit 
request with the understanding that the patients intends to use the medications to end his or 
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her life (Emanuel et al., 2016). With PAS, the patient takes the euthanistic agents him/herself. 
A sufficiently high dose of an orally administered barbiturate (pentobarbital or secobarbital) 
results in depression of the respiratory system, causing respiratory acidosis. This coupled with 
vascular and/or cardiogenic shock results in death (KNMG/KNMP, 2012). 
	 Studies based on human brain tissue have so far never investigated subjects who died by 
legal euthanasia and PAS. In our following studies, individuals who died of legal euthanasia will 
be subdivided into patients with mood disorders (MD) (to compare the differences between 
suicidal behaviors and suicidal ideations) and controls without a neuropsychiatric disorder 
(to correct for the effect of drug overdose and death ideation, that occurred in patients with 
MD who died of legal euthanasia and controls who died of incurable physical diseases such as 
cancer). 

BRAIN REGIONS IMPLICATED IN SUICIDE 

Prefrontal cortex
The prefrontal cortex (PFC) has been implicated as the executive center, in processes like 
planning, decision making, short-term memory, personality expression, and the moderation 
of social behavior and control of speech and language (Siddiqui et al., 2008). Both structural 
and functional abnormalities of the PFC have been linked to suicide and mental disorders. In 
patients with MDD, suicide attempters have shown alterations in functional connectivity and 
cortical protein markers in the dorsolateral prefrontal cortex (DLPFC), as compared to non-
suicide attempters (Dean et al., 2019; Wang et al., 2019). Suicide attempters with MDD or BD 
also share specific structural alterations, suggesting there could be common neural pathways for 
suicide in mood disorders (Wei et al., 2020; Zhao et al., 2018). 
	 Apart from suicide, neuroimaging alterations in the PFC are often related to psychosis. 
Information processing in the DLPFC, which has been related to the etiology of psychotic 
features (McIntosh et al., 2008), was preferentially reduced in psychotic BD patients. This 
suggests that psychosis might be accompanied by a disruption of the prefrontal control network 
which could possibly result in a relative stronger activation of the default network (Baker et al., 
2014). In addition, abnormal brain activation in the ACC, as measured by functional magnetic 
resonance imaging (fMRI), has been related to impairments in emotional processing, attention 
and neurotransmitter levels in pediatric and euthymic individuals with BD (Lee et al., 2018; Li 
et al., 2018; Soeiro-de-Souza et al., 2018). 
	 Consistent with this, patients in their first manic episode with psychosis also had a 
significant volume reduction of the entire ACC (Keramatian et al., 2016), whereas the right 
dorsal ACC volume was found to be increased in recent-onset psychosis (de Azevedo-Marques 
Perico et al., 2011). Similarly, in SCZ, a frontal cortex-targeted MRI study showed that an ACC-
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based disturbance in cognitive control was related to long-term suicidal ideations and behaviors, 
whereas no such relation was present in the DLPFC (Minzenberg et al., 2014). In addition, 
transcranial magnetic stimulation that targeted the PFC can improve clinical symptoms and 
have anti-suicidal effects in patients with SCZ (George et al., 2014; Linsambarth et al., 2019; 
Mehta et al., 2019). The abovementioned observations indicate that the PFC is associated with 
the pathogenesis of suicidal behavior in conditions of mental illness. This implies that therapies 
targeting the PFC may be potentially effective for suicide prevention. 

Hypothalamus
The hypothalamus is part of the limbic system and links the nervous system to the endocrine 
system. One of its major functions is its involvement in the stress response. This thesis will focus 
on the paraventricular nucleus (PVN) and supraoptic nucleus (SON), which are two primary 
drivers of the hypothalamo-pituitary-adrenocortical axis, and the infundibular nucleus (INF), 
a nucleus exposed outside the blood-brain barrier, that regulates hormone release and provide 
inputs to the other hypothalamic nuclei. So far, only a few studies that focused on the human 
hypothalamus have addressed the neurobiological alterations in relation to suicide (Merali et 
al., 2006). However, the functions dominated by the hypothalamus strongly indicate that this 
structure may play a critical role in the pathophysiology of suicide. 

Hippocampus
The human hippocampus contains a high density of of glucocorticoid receptors, which 
make it more vulnerable to long-term stress than other brain areas (Wang et al., 2013). Many 
structural and functional imaging studies have shown that the hippocampus is dynamically 
and volumetrically altered in patients with mental disorders who have suicidal ideations or 
attempts (Zhang et al., 2022). Of note, MDD, as a major comorbidity of suicide, is associated 
with structural changes to the hippocampus. Previous meta-analyses have shown a reduction 
in the volume of the hippocampus in subjects with MDD, which was absent in bipolar disorder 
(BD) (Campbell et al., 2004). Depressed patients with suicidal ideation did not show volumetric 
alterations, but did display decreased functional dynamics (determined by the amplitude of low-
frequency fluctuations) in the hippocampus (Jiao et al., 2019; Lan et al., 2019). Different from 
suicide ideators, suicide attempters, independent of their prior psychiatric disorder, exhibited a 
reduced regional homogeneity in their left hippocampus, indicating hippocampal dysfunction 
in the predisposition to suicidal behaviors (Cao et al., 2015). For example, suicide attempters in 
MDD displayed a higher hippocampal functional connectivity (Wagner et al., 2021; Weng et al., 
2019). MDD patients with repeated or acute suicide attempts showed much smaller hippocampal 
volumes than patients with a first suicide attempt, non-suicidal patients or healthy controls 
(Colle et al., 2015; Kang et al., 2020; Sarkinaite et al., 2021). In addition, suicidal attempters 
with BD had significantly reduced gray matter volume in the hippocampus (Johnston et al., 
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2017; Niu et al., 2019). However, this suicide attempt-related cortical atrophy did not appear in 
schizophrenia (Spoletini et al., 2011), suggesting that reduced hippocampal volume promises to 
be a possible neuroimaging marker to predict suicidality in MDD. 
	 Furthermore, as whole-brain functional neuroimaging studies have shown that the 
connectivity of the hippocampus with the hypothalamus and PFC specifically predicts the 
subjective sensation of stress in humans (Goldfarb et al., 2020), we decided to include these 
three brain regions in our research.

SCOPE OF THE PRESENT THESIS 

Previously, our group has studied changes in glutamate- and GABA-related gene expression in the 
PFC in relation to stress, specific neurotransmitters, suicide and MDD (Zhao et al., 2015; Zhao 
et al., 2018; Zhao et al., 2016). However, very few studies have examined glial genes in patients 
with mental disorders and controls, accounting for confounding factors like suicide, gender and 
psychosis. Therefore, in Chapter 2, we studied whether suicide and psychotic features, either as 
parts of the symptoms of MDD, or as separate entities, are characterized by differences in glial 
gene expression in the human PFC. In Chapter 3, we focus on the question whether suicide and 
psychotic features are characterized by glia alterations in the human PFC in BD, and whether glia 
genes are differently expressed between genders in relation to suicide and psychotic features. As 
an extension of Chapter 3, we review in Chapter 4 the evidence on sex differences of BD in terms 
of epidemiology, cognition, clinical manifestation, neuroimaging, neurobiological mechanisms, 
and highlight the role of the DLPFC as a key brain region in providing molecular landscape. In 
Chapter 5, we study whether suicide, either as part of the symptoms of schizophrenia, or as a 
specific entity, is characterized by differences in glia expression in the human PFC.
	 Chapter 6 focuses on the hypothalamus in relation to a possible hormonal risk factor for 
suicide. In this chapter, we hypothesize, on the basis of epidemiological data, that progesterone 
in the hypothalamus may play a role in suicide behaviors. In order to validate our hypothesis, 
two experiments were performed. Firstly, we investigated the distribution of the progesterone 
receptor (PR) in the human hypothalamus and determined whether some common parameters 
(age and gender) affect its expression in specific hypothalamic nuclei. This first human 
hypothalamic map of PR distribution allows to localize the most probable site for progesterone 
action at the central level. Secondly, we studied alterations in PR/proopiomelanocortin (POMC)- 
and PR/neuro-peptide Y (NPY)-co-expressing neuronal densities, and their ratios in the INF 
and compared MD, suicide and control subjects. Two groups of individuals with euthanasia, 
i.e., MDs with euthanasia and controls (i.e., donors without psychiatric disorders) who also died 
by legal euthanasia, were included in order to distinguish the changes going together with the 
possible differences between a completed suicide and suicide ideation, and the pharmacological 
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and possible other effects of the euthanasia. Subsequently, corticotropin-releasing hormone 
(CRH) and thyrotropin-releasing hormone (TRH) positive neurons were quantified, in order 
to explore differential projections of the POMC and NPY innervation of the PVN in brains of 
suicide and MD cases. A better understanding of the molecular mechanisms underlying the 
involvement of progesterone in suicide pathophysiology may have future consequences for the 
prescription of oral anticonception types. 
	 Brain imaging and postmortem studies in suicide have demonstrated a reduction in the 
volume of the hippocampus as well as alterations in its cytobiology. Studies in the human 
hippocampus of suicide victims have shown alterations in neuronal-glial morphology and 
composition. A better understanding of the cellular and molecular mechanisms that underlie 
suicidal behavior and pharmacological responses may lead to the identification of novel targets 
that might make diagnoses and therapies more personalized. Chapter 7 therefore contains a 
review that discusses several leading theories of the neurobiological factors in the hippocampus 
that may contribute to suicide, including the serotonin system, Wnt signaling pathway, brain-
derived neurotrophic factor/tropomyosin receptor kinase B (BDNF/TrkB) signaling and the 
androgen receptors. We review in detail evidence for the role of these factors in suicide and in 
treatment response. In addition, cognitive dysfunction is discussed as a risk factor for suicide 
since novel evidence hints at a role for cognitive therapies in decreasing suicidal ideations, in 
addition to antidepressant therapy.
	 Chapter 8 is based on the finding that medications that regulate purine metabolism 
have antidepressant and anti-suicidal effects, indicating a pathophysiological involvement of 
purinergic disturbance in depression and suicide. Since the different psycho-pharmacological 
effects involve separate pathways, differences in purinergic receptor expression or activation 
may relate to suicide and MD, respectively. In addition, a hypothalamic involvement in suicide, 
MD and legal euthanasia has not been reported before, even though this subcortical region 
is driving key roles in emotion and stress regulation. Thus, in this chapter, we investigate in 
detail the expressions of stress-associated purinergic receptors in key stress regions of the human 
brain: the hippocampus, hypothalamus and PFC.
	 On the basis of our research findings shown in the above chapters, we discuss in Chapter 9, 
the feasibility and significance of using bio-samples from donors who died by legal euthanasia as 
potent novel research materials in suicide research. We also propose detailed strategies in both 
antemortem and postmortem studies in relation to this research cohort. 
	 In Chapter 10 and 11, we provide an overview of the main findings, and hypothesize how 
the different brain areas and systems studied here and, in the literature, may lead to a better 
understanding of the mechanisms underlying depression and different aspects of suicidality. In 
all, our research aims to unravel the novel pharmacological targets that are widely applicable to 
suicidal populations, independent of their psychiatric diagnoses, which sheds light on the direct 
control of global suicides. 
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