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CHAPTER 10

GENERAL DISCUSSION
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Suicide is conceptualized as having three stages with increasing graveness: suicidal ideations, 
suicide attempts, and completed suicide. On a range from moderate to severe, the former two 
can be further divided into a temporary ideation/single attempt and intense ideations/repeated 
attempts (Klonsky et al., 2016). Suicide and its catalysts, i.e., neuropsychiatric disorders, have a 
series of symptoms that affect people socially, occupationally, educationally and interpersonally. 
Recently, pharmacological and physiological studies found that the anti-suicidal effects of 
ketamine on patients with treatment-resistant depression were associated with acute reductions 
in the functional connectivity of their prefrontal cortex-related circuits, involving the ACC, 
DLPFC and superior parietal regions (Chen et al., 2019). Therefore, one of the main goals of 
neurobiological research in this field is to understand the molecular, cellular, and neurocircuitry 
alterations that underlie and distinguish the transitions from occasional to relapsing and intense 
suicidal ideations, and from single to control-losing suicidal behaviors. For many, treatment 
with medications for opioid use disorder is associated with a substantial reduction in suicide 
mortality (Watts et al., 2022). The increasing stages of suicidal severity, together with these 
opioid-based, anti-suicidal effects have prompted the hypothesis that the molecular background 
of suicide may at least to some extent, overlap with addictive disorders (Williams et al., 2019). 
	 Studies to clarify the neurobiology of suicide have progressed through the research of the 
human brain, both by antemortem neuroimaging and postmortem neuropathological studies. 
More specifically, neuroimaging is highly valuable to identify brain regions responsive to stress 
stimuli, and allow subsequent neurobiological investigations including genetic, epigenetic, 
transcriptional, translational approaches, and neural networking reconstructions. Understanding 
the neurobiological mechanisms underlying the two stages of suicidality, suicidal ideations and 
suicide attempts, can respectively reveal the specific neurocircuits involved in either suicidal 
thoughts or suicide acts, and can, in turn, provide novel ideas for suicide prevention. Therefore, 
we first summarize here the neuroimaging data in relation to suicidal ideations and attempts 
separately, which lays the basis for the rest of our General Discussion. 

Neurocircuitry of suicidal ideations
The range of suicidal ideations varies from temporary thoughts to detailed planning. The major 
risk factors for suicidal ideations consist of several elements, such as psychiatric disorders, 
adverse life events and family history (Barry, 2019). We focus here on the findings in the human 
brains specifically associated with suicidal thoughts, irrespective of these underlying factors. 
	 Volumetric measurement is the first step to study the association between the onset of 
suicide tendencies and vulnerable brain domains. There is a large amount of evidence showing 
that the cortical circuits are critically involved in suicidal ideations. Compared to non-psychiatric 
controls, patients with suicidal thoughts display decreased gray matter volumes in the orbital-
frontal-precentral-parietal circuits and the insula (Drachman et al., 2022; Segreti et al., 2019; 
Taylor et al., 2015). Correspondingly, functional constructs implicated in these brain regions, 
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such as executive control, stress regulation, and emotional processing were also affected. Studies 
have subsequently shown that the white matter integrity in cortical regions and their connections 
with subcortical limbic structures, such as the basal ganglia and thalamus, was also decreased 
in relation to the intensity of suicidal ideations (Davey et al., 2021; Fan et al., 2019; Myung et 
al., 2016; Taylor et al., 2015), suggesting that the cognitive control over incentive salience and 
habits might have been compromised (Upadhyay et al., 2022). These findings were specific to 
the presence of suicidal thoughts, independent of the psychiatric status of the subjects.
	 In the second place, resting-state functional connectivity (rsFC), in individuals with suicidal 
ideations, shows decreases in global connectivity across the cortico-striato-thalamic loops (Du 
et al., 2017; Kim et al., 2017). Of note, although volumetric and structural alterations associated 
with suicidal ideations have not been reported in the habenula, its connectivity to emotion- and 
reward-processing circuits (e.g., habenula-precuneus and -inferior frontal gyrus) were found 
to decrease in patients with suicidal ideations, compared to those without suicidal thoughts 
(Qiao et al., 2020), with notably, the reduction being positively correlated with the frequency of 
suicidal thoughts (Wills et al., 2020). However, a significant increase in resting-state involving 
the connection between the precuneus and amygdala, was found only in females with first-
episode MDD and suicidal ideation, suggesting that the gender-biased neural correlates of self-
centered mental dominance and aggression might be enhanced in the early stage of suicidality 
(Cavanna and Trimble, 2006; Wei et al., 2018). 
	 Alterations in task-based functional connectivity of suicide ideators are task-dependent. 
Under conflict- and self-monitoring conditions, a higher activation occurred in the anterior 
cingulate cortex (ACC) and related circuitry in individuals at risk for suicidal thoughts, which 
was strongly associated with their suicidal intensity (Matthews et al., 2012; Minzenberg et al., 
2015a; Minzenberg et al., 2016; Minzenberg et al., 2015c). On the other hand, past suicidal 
ideations were associated with a lower activation in the prefrontal cortex-based circuit under 
goal-representation demands (Minzenberg et al., 2014). 

Neurocircuitry of suicide attempts 
Compared to suicidal ideations, volumetric reductions have been found in subcortical regions 
in individuals with suicidal behaviors. For example, in addition to cortical areas, decreased gray 
matter thickness has been shown in their functionally connected subcortical areas, such as the 
amygdala, hippocampus, basal ganglia, and thalamus in people with previous suicide attempts 
(Giakoumatos et al., 2013; Kang et al., 2020; Wang et al., 2020). Among suicide attempters, a 
history of high lethality behaviors was associated with extensively diminished gray matter in the 
major components of the temporary lobe, such as the temporal gyrus, parahippocampal gyrus, 
and fusiform gyrus, together with adjacent regions, e.g., the inferior frontal orbital gyrus, insula, 
caudate, lingual gyrus and cuneus (Giakoumatos et al., 2013; Huber et al., 2019; Soloff et al., 
2012; Yang et al., 2020). 
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In patients with suicide attempts, increases in functional connectivity, as determined by 
resting-state fMRI, involves the activation of a multi-centered orbitofrontal cortex-precuneus-
paracingulate reward circuit (Dimick et al., 2022). This psychobiological framework is of 
special relevance for the suicide-addiction comorbid nature. In non-drug addictions, such 
as pathological gambling, the activation of the orbitofrontal cortex was involved in craving-
induced dopamine release and its D2 receptor-associated reductions in glucose metabolism 
(Koob and Volkow, 2016), and similar increases hold for the precuneus and paracingulate gyrus 
(Liu, 2010; Tarumov et al., 2019). Among these three hubs, the orbitofrontal cortex of suicide 
attempters had a higher connectivity with the dorsomedial prefrontal cortex and middle frontal 
gyrus compared to non-suicidal individuals (Chen et al., 2021). The connections between the 
precuneus and the supraorbital middle frontal gyrus and inferior parietal lobe were higher 
in suicide attempters than non-attempters among non-psychiatric youths (Cao et al., 2015). 
Moreover, its functional connectivity to the amygdala was higher in mood disorder patients with 
suicidal behaviors than in those with suicidal thoughts only (Zhang et al., 2021b). In patients 
with post-traumatic stress disorder, functional connectivity of the paracingulate gyrus to the 
pars orbitalis positively correlated with suicidality (Barredo et al., 2019). Of note, the neural 
connectivity of the habenula-parahippocampus circuit in individuals with suicidal behaviors 
was elevated compared to the healthy controls (Ambrosi et al., 2019). Additionally, the strength 
of the network between the abovementioned sensory cortex and striatum has been suggested to 
predict suicide-related behaviors (Marchand et al., 2012). 
	 On the other hand, a prefrontal cortex-centered reduction in connectivity, suggestive of 
a loss of cognitive control, occurs in emotion-encoding circuits in suicide. For example, MDD 
patients with a history of suicidal behaviors had diminished functional connectivity between 
the ventral and medial prefrontal cortex and amygdala, compared to the controls and patients 
without attempts (Wang et al., 2020). Young suicide attempters showed decreased connectivity of 
the middle frontal gyrus with the superior parietal gyrus and anterior cingulate cortex compared 
to non-suicide attempters (Jun et al., 2021). 
Task-based functional connectivity studies have demonstrated increases in decision-making and 
executive functions but decreases in reward-processing and cognitive control in association with 
suicide acts. During the Iowa Gambling Task that assesses decision-making, adolescents with 
suicide attempts and depression had a better performance than non-attempters with depression 
and the controls, involving a neural activation of the hippocampus, frontal and temporal cortical, 
striatal and thalamic regions (Pan et al., 2013). During Stroop task performance, higher activity 
was found in the frontal motor cortex to be associated with past suicidal behaviors (Minzenberg 
et al., 2015b). The activity of the motor cortex with its connection to the striatum is regarded a 
trait marker of suicide-related behaviors (Marchand et al., 2012). 
	 On the other hand, suicide-attempting adolescents could be distinguished from their 
non-attempting counterparts by a blunted reward circuitry responsivity in the bilateral caudate 
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nucleus during negatively valenced self-processing (Quevedo et al., 2022). In contrast, in 
cognitive control task performance, a history of suicidal behavior was related to lower activity 
in midline parietal regions, including the precuneus and cuneus (Minzenberg et al., 2015c). 
During conflict-monitoring tasks, past suicidal behavior was associated with lower conflict-
related anterior cingulate cortex, and in connectivity with multiple lateral and medial prefrontal, 
parietal and temporal cortical regions (Minzenberg et al., 2015a). However, in the ventrolateral 
and rostrolateral prefrontal cortex, frontal operculum, and insula, past suicidal behavior was 
associated with higher control-related activation (Minzenberg et al., 2015c). In individuals with 
long-term suicide risk who performed a goal-representation task, reported suicidal behavior was 
associated with lower control-related activation in the premotor cortex ipsilateral to the active 
primary motor cortex (Minzenberg et al., 2014). 
	 Based on the above findings, structural and functional profiles of suicidal ideations and 
suicide attempts show considerable variance, suggesting that molecular fingerprints of these two 
processes may also differ. As a result, we carefully grouped the data for analysis in this thesis, 
with each category having a distinct relevance. 

The originality of legal euthanasia brain samples in suicide research 
As reviewed above, it is necessary to study suicide through every stage of the entire process. 
Therefore, a novelty of our current research is the introduction of brain samples from donors 
who died by legal euthanasia. There are three points of innovation: First, the applicants 
were driven by intense and persistent suicidal thoughts derived from incurable physical or/
and psychiatric diseases. Second, studying the neuroimaging abnormalities involved in the 
neurocircuits associated with these strong and intense suicidal thoughts can discover hub brain 
regions with considerable relevance for the vulnerability, maintenance, and relapse associated 
with fatal suicidality. Therefore, in contrast to non-psychiatric or non-suicidal controls, we 
propose to investigate the neuroimaging profiles that map the neurocircuits in people with 
or without a psychiatric disease, who ultimately died by legal euthanasia. With these neural 
networks, one can observe the hubs and their functional connectivities in relation to strong and 
intense suicidal tendencies. Third, neuropathological alterations underlying legal euthanasia 
can imitate completed suicide but provide a short and precise postmortem interval against the 
postmortem decay of key molecules. In previous chapters, we demonstrated unique molecular 
features that were related to fatal suicidality by studying hypothalamic and hippocampal samples 
of individuals who died by legal euthanasia.

Neurobiological mechanisms of suicide
Neuroimaging studies have displayed differences in the pattern of dysfunctional features over the 
course of suicide processes. The divergent manifestations in structural and functional connectivity 
were shown in particular brain regions, especially the DLPFC, ACC and hippocampus. Although 
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these results reflect the differences between suicidal thoughts and suicidal acts, these studies did 
not provide information concerning the follow-up or prognosis in their analysis. On the other 
hand, neuropathological studies have so far mostly reported molecular or cellular findings from 
postmortem tissue of completed suicide cases. These changes can (partly) be independent of the 
underlying psychiatric disorders and take place in various anatomical structures, as illustrated 
in this thesis.
	 First of all, we found that completed suicide went together with distinct transcriptional 
alterations in the PFC relative to psychiatric disorders. Previous studies in our group have 
proposed two patterns of suicide-associated alterations in MDD (Zhao et al., 2015; Zhao et 
al., 2018; Zhao et al., 2016). One showed that suicide-associated alterations were presented 
while MDD-related changes were absent, compared to non-psychiatric controls. This was for 
example the case with an increased expression of glutamate- and gamma-aminobutyric acid 
(GABA)-related genes in the ACC. The other pattern was that alterations of the same genes 
in association with MDD and suicide, were both present, but they changed in opposite ways, 
especially in the dorsolateral prefrontal cortex (DLPFC). Interestingly, our former data did not 
report stress-related genes that showed elevations in suicide in addition to an increase in MDD. 
This supported the view that the molecular fingerprints of suicide might be distinct from MDD 
in the prefrontal areas.
	 In this thesis, and in addition to MDD, bipolar disorder (BD) and schizophrenia (SCZ) 
were added as conditions to our research cohorts (Zhang et al., 2020a, b; Zhang et al., 2021a). We 
addressed the expression of glial genes in the PFC and found that the majority of detected genes 
were not activated in suicide, except for the genes that reflected microglial phagocytosis (CD68) 
and neuronal monitoring (P2RY12). In addition, the altered microglia expression of different 
phenotypes has demonstrated that psychiatric disorders share specific pathogenic mechanisms in 
the prefrontal cortex, such as dopaminergic activation (ALDH1L1) and metabolic dysregulation 
of glutamate (GS) in MDD and SCZ, and synaptic pruning deficiency (TREM2) in BD and SCZ. 
	 Second, the human brain samples from the NBB (hypothalami and hippocampi) have 
allowed us to further analyze the concept of “fatal suicidality” in non-psychiatric controls and 
MD patients. We, surprisingly, found that the infundibular nucleus (INF) was a hypothalamic 
nucleus sensitive to suicide and MD in terms of different molecular patterns. Another important 
finding in these materials was that we confirmed the participation of the endogenous opioid 
system in suicide. This was shown by the dramatic increase of POMC neurons in the INF of MD 
patients who had completed suicide. Large sample epidemiological studies have emphasized 
that repeated suicide attempts, underlying psychiatric disorders and substance use disorders are 
the highest risk factors for attempting suicide (Fazel and Runeson, 2020). Repeated attempts are 
critically connected to suicidal fatality. Among the first-time suicide attempters, approximately 
30% repeat suicidal behaviors. The proportion of completed suicides in individuals with repeated 
attempts is 500 to 1000 times higher than in the general public (Harvard, 2021). This repeatability 
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of suicidal behaviors is the basis for the hypothesis, that a similar mechanism may be involved as 
present in addictive disorders. Also, medications for opioid use disorder were found associated 
with a substantial reduction in suicide mortality (Watts et al., 2022). The relationship between 
fatal suicidality and an activation of the opioid system activation in MD has additionally been 
confirmed by the increase of a subgroup of POMC-neurons that co-expressed progesterone 
receptors in the legal euthanasia subset. Epidemiological studies have further shown that the 
influence of progesterone on neural systems is related to the risk for suicide (Ho et al., 2022). 
Our data indicate that the POMC neurons may be involved in this mechanism.
	 Third, with increased sample sizes and detailed psychiatric records, more observations can 
be performed on the molecular differences between suicidal ideations and suicide attempts, and 
on suicidal severity (single/repeated attempts). By discussing the hippocampal results in this 
thesis, we conclude that from non-psychiatric controls to MD and then suicide, there may be 
a process of cellular homeostasis (in non-psychiatric controls) that changes into an activation 
(in MD) and subsequently into an overactivation-apoptosis (in suicide). In the actual practice 
of human postmortem studies in literature, however, results were often derived only from brain 
samples from donors with MD who died by suicide versus non-psychiatric controls, and the 
conclusions often seemingly based on the interest of the investigator as being related either to 
suicide or MD (Zhao et al., 2019). Therefore, our grouping arims to include only one suicide-
related variable in every comparison. 
	 In the second review of this thesis, we propose that suicide can be regarded as a cognitive 
disorder, and suicide-associated cognitive impairments have indeed been reported to be 
persistent across ages (Zhang et al., 2022). It has been found that the volumetric alteration of 
the entorhinal cortex was linked to the development of mild cognitive impairment (López et 
al., 2014). Our current study showed that in the entorhinal cortex of individuals with non-
fatal suicidality, a strongly positive correlation was present between age and CD68 expression, 
indicative of a microglia subset that typically function to clear cellular debris and promote 
microglial phagocytosis. We, therefore, consider the possibility that compared to individuals 
without suicidal thoughts, those who had pre-existing suicidality, even though it was not fatal, 
might present with specific cellular changes in certain brain regions that maintain throughout 
the lifetime.
	 In recent years, investigations associated with molecular pathology in suicide mostly 
focused on the prefrontal cortex, including the DLPFC and ACC, which no doubt are partly 
because of their involvement in executive functions, especially decision-making and impulse 
control (Bush et al., 2002; Liu et al., 2012; Philiastides et al., 2011). However, studies aimed 
to discover the brain areas that respond to the onset and development of suicidal thoughts, 
especially the thoughts that led to fatal outcomes, have not yet been published. The completion 
of suicide has a certain degree of randomness, which does not accurately reflect the severity 
of suicidality when the completers were still alive. Therefore, studies that address biomarkers 
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in key brain regions of suicidal ideations may identify therapeutic targets for future treatment 
strategies for suicide individuals before they attempt. 

FUTURE RESEARCH

On the basis of the results obtained in this thesis, three projects are formulated for future 
research. 

Endogenous opioid system and suicide
A previous history of suicide attempts, underlying psychiatric disorders, and substance use 
disorders represent the highest risk factors for subsequent suicide attempts (Fazel and Runeson, 
2020). Repeated suicidal behaviors are critically connected to suicidal fatality. The repetition 
of suicidal behaviors is the basis for the hypothesis, that a similar mechanism may be involved 
as in relapses of addictive disorders. In addition, treatment with medications for opioid use 
disorder has been found associated with a substantial reduction in suicide mortality (Watts et al., 
2022). Thus, addressing the molecular features of neural networks that specifically respond to 
suicidality, mental disorders and addiction is imperative for an early prevention of suicide acts. 
Our next step of work is to profile the expression of key molecules in the endogenous opioid 
system in suicide-related brain areas and to observe whether the opioid activity is associated 
with MD, suicide tendencies and accomplished suicide.

The neurobiological independence of suicide
Neurobiological alterations in key brain areas are decisive features that distinguish suicide from 
comorbid psychiatric disorders. Comparing the molecular fingerprints of suicide with or without 
underlying psychiatric disorder may therefore provide specific or/and shared treatments for these 
two psychiatric aspects. Our current findings have identified brain regions that are sensitive to 
fatal suicidality in both depression patients and non-psychiatric controls, as well as regions that 
are only sensitive in psychiatric patients. Therefore, the next stage of our research will be to find 
differences or similarities in suicide-specific changes in these brain regions between patients 
with psychiatric disorder and controls. We hope that by understanding the neurobiological 
independence of suicide, we may be able to provide new generation treatments for the suicidal 
populations with or without psychiatric disorders, and for the suicidal populations with or 
without psychiatric diagnosis. 

Sex differences in bipolar disorder
Gender differences penetrate every aspect of BD, from epidemiology, onset and development, 
clinical symptoms and cognitive flexibility to neuroimaging and biological data, comorbidity, 
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treatments, and prognosis. It is a clinical consensus that sex is a major factor in influencing 
treatment outcomes for BD (Altshuler et al., 2010). However, it is poorly understood which key 
brain areas show neurobiological evidence of sex differences. To the best of our knowledge, the 
gender differences we reported in glial expression in the DLPFC disclosed the first human brain 
region that had clear sexual dimorphisms in BD (Zhang et al., 2020b). In the first review of this 
thesis, the complex interactions are summarized between gender and clinical manifestations in 
BD, in as much as they are implicated in the prefrontal regions, as well as in cognitive functions 
integrated in emotion- and reward-related regulations. In addition, there is substantial overlap 
in gender-biased alterations of the primary and secondary symptoms of BD, which may share 
neurobiological portraits and even magnify the differences. As a next step, we will focus on the 
biological hallmarks that display sex-specific changes in the DLPFC of BD and try to discover 
new therapeutic targets for BD treatments. 
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