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Preface

According to a definition of the Institute of Medicine of the National Academies of
the USA [1], suicide is ‘a fatal self-inflicted destructive act with explicit or inferred
intent to die’. Globally, year by year, approximately one million people die by suicide,
which corresponds to a rate of 16 per 100,000. In the year 2012, suicide accounted for
1.4% of all deaths worldwide, making it the fifteenth leading cause of death through-
out the lifespan and the second leading cause of death among 15- to 29-year-olds [2].
In Germany, the suicide rate as of 2013 is almost twice as high as the death rate from
traffic accidents [3]. Therefore, effective and evidence-based interventions should be
implemented at population, subpopulation, and individual levels to prevent suicides
and suicide attempts. However, the reliable assessment of suicide risk in an individu-
al person is a major scientific challenge. Although apparently relevant, psychological,
psychosocial, and cultural factors offer merely weak predictive power with regard to
suicidal behaviour, and even the clinical history of a patient, though extremely valu-
able, can be non-specific. It is generally accepted that mental disorders per se repre-
sent a risk factor for suicidal behaviour, but there appear to exist other causative fac-
tors — environmental as well as dispositional - which are independent of psychiatric
diseases. During recent years, an increasing amount of research has been dedicated
to the analysis of the neurobiological basis of suicide, enabling the development of
neuro-psycho-biological models which may help to improve our understanding of
this complex behaviour. This book provides a comprehensive overview on the epide-
miological, neurobiological, and psychopharmacological aspects of suicide and sui-
cide attempts throughout the lifespan.

Virnik and Wasserman present a meticulous review of the worldwide epidemiol-
ogy of completed and attempted suicide. Mainly based on data from the World Health
Organization, they draw our attention to the broad spectrum of factors influencing
suicide rates, among which age and gender are only the most prominent ones. In ad-
dition, among others, societal, cultural, socioeconomic, and geographic effects have
been identified. Methodological problems involved in the recording of suicide and
attempted suicide rates are also discussed.

The important issue of suicidal ideation, suicide attempts, and completed suicide
in adolescents is dealt with in the chapter by Sarchiapone, D’Aulerio and Iosue, with
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special emphasis on neurobiological aspects. The authors review alterations in major
neurotransmitter and signalling systems found to be related to suicidal behaviour.
Most interestingly, different results have been obtained in a number of parameters
when groups of adolescents and adults were compared. In many cases, the biological
significance of these differences has yet to be revealed.

A great number of clinical as well as post-mortem brain studies have shown neu-
robiological abnormalities associated with suicidal behaviour. Many of these were
pointed out to be related to the serotonergic and noradrenergic neurotransmitter sys-
tems. The role of these systems, their intracellular signalling pathways and down-
stream effector molecules and their effects on the regulation of target genes in sui-
cidal behaviour are discussed in the chapter by Dwivedi.

Among neurotransmitter systems, special attention has focused on the role of
GABA in depression and suicide. Pabba and Sibille review the current evidence -
mainly from post-mortem studies - suggesting a dysfunction of GABAergic systems
in suicide victims having suffered from major depressive disorder (MDD-related sui-
cides) compared to those not having suffered from major depression (MDD-unrelat-
ed suicides).

Giegling and Rujescu focus on the genetic part of suicidal behaviour. Beside medical,
psychological, psychosocial, social, cultural, and socioeconomic parameters, biological
factors, especially genetic variants, were also shown to be risk factors for suicidal behav-
iour. The heritability is about 55% assuming a polygenic risk model. The chapter gives
an overview on first-candidate gene studies focusing mainly on the serotonergic sys-
tem. Additionally, newly started genome-wide association studies are discussed.

The relative contributions of heritable versus environmental risk factors to sui-
cidal behaviour have become a more and more challenging question. In their chapter,
Mandelli and Serretti provide a comprehensive overview on studies regarding the
interaction between genes modulating brain functions and stressful life events in the
aetiology of suicide.

A great number of studies have confirmed an association between early-life adver-
sity and increased suicide risk. Turecki describes how epigenetic mechanisms in-
duced by early-life adversity are able to mediate altered behavioural development,
resulting in increased vulnerability toward psychopathology in general and suicidal
behaviour in particular.

In an analysis of what might predispose individuals to make a suicide attempt or
completed suicide, neurocognitive processes appear to play a crucial role. Richard-
Devantoy and Courtet review evidence from the current literature showing that, in
addition to impulsive aggression and persistent hopelessness, impairments in cogni-
tive domains may increase the vulnerability to suicidal behaviour.

Clinical electrophysiology, although mostly neglected in earlier reviews, has also
contributed to our knowledge on the neurobiological basis of suicide. For example, it
was shown that the habituation of P300, an event-related potential, differed between
patients with MDD and a history of suicidal behaviour and MDD patients without
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such a history. Hodgkinson, Steyer, Kaschka, and Jandl summarize recent electro-
physiological studies and discuss their implications for suicide risk assessment and
suicide prophylaxis.

The rapid development of neuroimaging techniques during the last decades has
provided us with tools that allow the investigation of suicidal behaviour in vivo. Re-
sults obtained using the different methods of structural and functional neuroimaging
are reviewed by Jollant. Derived from the data presented in the context of the current
literature, the author proposes a neurocognitive model of suicidal behaviour which
could stimulate the development of interventions for the prevention of suicide.

In recent years, evidence has accumulated indicating that inflammatory processes
and alterations within the immune system may contribute to the pathophysiology not
only of depression but also of suicidal behaviour. Postolache, Manalai, Brenner, and
Brundin give a comprehensive overview of the available data and delineate novel
strategies of intervention, targeting immune dysregulation and aiming at the im-
provement of suicide risk assessment and suicide prevention.

The topic of pharmacological influences on suicidal ideation and behaviour is ad-
dressed by Miiller-Oerlinghausen and Lewitzka. Whereas a large variety of pharmaco-
logically different compounds is able to induce depressive states, suicidal ideation and
suicidal behaviour, pharmaceutical agents that effectively counteract suicidality are
surprisingly rare. Over the years, satisfactory evidence of an antisuicidal efficacy has
been presented for lithium salts and clozapine only. The authors provide a comprehen-
sive review of the literature, also covering the question of possible mechanisms of ac-
tion. As for lithium, in addition to studies based on the use of lithium salts as pharma-
ceutical drugs, some studies have been published on the potential antisuicidal effects of
lithium as a trace element in drinking water. These are also critically discussed.

Rujescu, Kaschka and Kaschka outline possible further directions of research
which might be promising to improve our understanding of the neurobiological foun-
dations of suicidal behaviour. It is suggested that biological parameters should be in-
tegrated into algorithms for the assessment of suicide risk in individual persons.
Thereby, neurobiological research can be expected to make a significant contribution
to personalized medicine in general and to suicide prevention in particular.

Wolfgang P. Kaschka, Ulm/Ravensburg
Dan Rujescu, Halle
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Abstract

Suicide s a serious public health problem worldwide. The suicide rate, i.e. the number of suicides per
100,000 of population, is considered to be an important indicator of national mental health and gen-
eral well-being of society. The prevalence of suicide is often underestimated due to cultural, political
and economic circumstances. The number of suicides in the world was estimated to be 804,000 in
2012, according to the WHO global suicide report. The age-standardized global suicide mortality rate
was 11.4 per 100,000, accounting for 1.4% of all deaths. The highest crude suicide rate was in South
Korea (36.6). In developed countries, male suicides have traditionally outnumbered female suicides.
In 2012, the highest male-to-female suicide rate ratios (over 5.0) were found in Eastern Europe and
the lowest in China (under 1.0). The risk to die by suicide increases with age. Notably, however, fe-
males in the age group 15-29 years had the highest suicide rate of all age groups in India and Latin
America. The WHO estimates that for each adult suicide there may have been more than 20 others
attempting suicide. Suicide risk is much higher in individuals who previously made a suicide attempt
and research shows that suicide attempt is the single most important predictor of death by suicide.
In suicide prevention work, strategies can be directed to the health care services or at the general
population. A great need for preventive strategies for young people has been identified by the WHO.
Therefore, an evidence school-based preventive method called Youth Aware of Mental Health (YAM)
directed towards the entire classroom was developed in the EU-funded project ‘Saving and Empow-
ering Young Lives in Europe’. ©2016 S. Karger AG, Basel

Suicide is a serious public health problem worldwide. The negative effects are magni-
fied manifold due to several reasons. Suicide not only concerns the deceased person
but also affects family members, friends and colleagues several years after the event,
sometimes throughout life. Every suicide death is premature and the average age at
death is much lower in comparison with other causes of death. The proportion of po-
tential years of life lost due to suicide is several times higher than the proportion of
suicide deaths. Suicides are massively outnumbered by suicide attempts, which may



cause serious injury and long-term disability. Therefore, in addition to human suffer-
ing, large economic costs are involved.

Although the decision to kill oneself is made on a very personal level, for more than
a century it has been acknowledged as a social act [1] that can be investigated at soci-
etal levels. Suicide is often considered an important indicator of national mental
health, reflecting the general well-being of the respective society.

Suicide is commonly measured in cases per 100,000 of inhabitants. Ideally, the rate
is calculated as cases divided by person-years but the latter are seldom available, so
mid-year counts of the population, or sometimes even the beginning-of-year popula-
tion, are considered to be a close approximation. In addition to crude death rates, it
is possible to calculate age-adjusted rates if mortality data are available by age groups.
This eliminates the effects of population age structure, thereby facilitating an im-
proved comparison between regions and over time. There are several versions of stan-
dardized populations used for calculating rates and the choice of method for stan-
dardization slightly affects the numerical outcome.

The prevalence of suicide is often underestimated due to cultural, political and eco-
nomic circumstances. It may be reported under other subcategories of external causes of
death, the most likely being death by injury of undetermined intent. Underestimations
differ by method, e.g. suicide by hanging or firearm has better validity than suicide by
poisoning or drowning because it is much harder to determine the intent for the latter.

Suicide Mortality Rates

Worldwide data about suicide mortality are improving year by year and this develop-
ment is reflected in the WHO mortality databases. The latest achievement was the
comprehensive WHO report ‘Preventing Suicide: A Global Imperative’ published in
the second half of 2014 [2]. An impressive list of international contributors and work-
ing group members chaired by Phillips, Wasserman, Berman and De Leo created an
overview of the current status of suicide and its prevention in the world. Annex A of
the report, compiled by the Epidemiology Working Group (Phillips, Ajdacic-Gross,
Carli, Corcoran, Crosby, De Leo, Gunnell, and Simon) includes best estimates of sui-
cide data for 172 countries, including some demographic characteristics, and is there-
fore used as the source for the current chapter. The tables in this chapter include data
from 104 countries with vital registration.

The number of suicides in the world was estimated to be 804,000 in 2012, accord-
ing to the WHO report [2]. It is less than the frequently quoted 1 million cases per
year and also much less than the 1.5 million cases that were predicted in 2002 by the
WHO for 2020 [3]. It is extremely positive that this trend, which seemed to be going
upward at the end of the 20th century, has reversed in many parts of the world. The
age-standardized global suicide mortality rate was 11.4 per 100,000, accounting for
1.4% of all deaths. The largest number of suicides occurred in India, where estimates
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Table 1. Top 20 countries according to the age-standardized suicide rate per 100,000 in 2012

Rank  Country Quality  Part of the Number Crude Age-
level of  world of suicides  suicide  standardized
data rate suicide rate

1 Guyana 2 America S 277 348 44.2
2 South Korea 1 Asia W Pacific 17,908 36.6 28.9
3 Sri Lanka 2 Asia S 6,170 29.2 28.8
4 Lithuania 1 Europe E 1,007 333 28.2
5 Suriname 1 America S 145 27.2 27.8
6 Kazakhstan 1 Asia C 3,912 24.0 23.8
7 India 3 Asia S 258,075 209 21.1
8 Turkmenistan 2 Asia C 1,003 19.4 19.6
9 Russia 1 Europe E 31,997 224 19.5

10 Hungary 1 Europe E 2,519 253 19.1

11 Japan 1 Asia W Pacific 29,442 23.1 18.5

12 Belarus 1 Europe E 2,051 21.8 18.3

13 Ukraine 1 Europe E 9,165 20.1 16.8

14 Poland 2 Europe E 7,848 20.5 16.6

15 Latvia 1 Europe E 419 204 16.2

16 Montenegro 2 Europe E 117 18.9 153

17 Finland 1 Europe N 901 16.7 14.8

18 Belgium 1 Europe W 1,955 17.7 14.2

19 Iceland 1 Europe N 49 15.1 14.0

20 Moldova 1 Europe E 566 16.1 13.7

S = South; W = west; E = east; C = central; N = north.

show 258,000 persons died by suicide in 2012, accounting for 32% of all world sui-
cides. The highest crude suicide rate in 2012 - 36.6 per 100,000 — was in South Korea.
This number reflects the proportion of the population lost by suicide regardless of age.
The age-standardized suicide rate, which is the best-suited indicator to make interna-
tional comparisons, was highest in Guyana - 44.2 per 100,000 (table 1).

The WHO has measured suicide mortality rates since 1950 — shortly after its cre-
ation in 1948. The list of countries which have been leading in suicide rates in the
world is not long. Japan had the highest suicide rate in the 1950s, while Hungary was
the top country for the following three decades, followed by Lithuania from the early
1990s for another two decades [4]. Recently, Korea became the leading country with
the highest suicide rate in the world.

Although available data on suicide are scarce for the years preceding the 1950s, a
decrease from high levels of suicide morality during the 1930s and 1940s was observed
in Switzerland, indicating they could have had the highest global suicide rate prior to
that time period [5]. Contrary to the WHO figures, it has been estimated that the sui-
cide rate in Sri Lanka reached 47 cases per 100,000 in the first half of the 1990s [6],
which would make it the leading country with the highest suicide rate between the
‘Hungarian period’ and the ‘Lithuanian period’.
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Suicide has been in a preventive focus in Finland and Denmark but even when the
rates surpassed 30 per 100,000 they were dwarfed by more extreme rates in Hungary
during the same period. Similarly, very high suicide rates in Russia, Latvia and Estonia
were overshadowed by those of Lithuania [4].

The earliest statistical reports on suicide rates date back to the mid-19th century.
There is notable variability in developmental patterns of individual countries. During
the past 150 years, the suicide rate in the USA has fluctuated between 10 and 15 per
100,000 and there does not seem to be a clear trend [7]. The suicide rate in Russia
showed only a slight increase for one century from its first known level of 2.9 per
100,000 in 1838 but increased rapidly thereafter to one of the highest suicide mortal-
ity rates in the world [8]. Thomas and Gunnell [9] analysed suicide rates in England
and Wales from 1861 to 2007. The suicide rate for males (30.3 per 100,000) peaked in
1905 and 1934 and has been declining since then. The female suicide rate peaked in
the 1960s (11.8 per 100,000) and has also been declining since then.

An analysis of Swiss suicide data by Ajdacic-Gross et al. [5] covering the period
1881-2000 found that the male suicide rate peaked in the 1930s, while the rates for
females peaked a decade later. Both line shapes yielded a low in the 1890s and in the
1960s. Condorelli [10] analysed Italian suicide rates from 1864 to 2005 and found that
they rose from 2 per 100,000 in the beginning of the study period to over 10 in the
1930s and declined after that, never reaching the previous high. In Denmark, Paer-
regaard [11] found that the suicide rate was relatively high in 1861 (29.9 per 100,000)
but declined to 12.8 in 1918, only to show an increasing trend in 1976 (26.0 per
100,000). In the 1980s, however, it started to decline again.

At a broader regional level, however, a clear pattern emerges. Evidence shows that
during the last 60 years the heart of the problem of suicide mortality has shifted from
Western Europe to Eastern Europe and now to Asia [4]. It may take another decade
but there are some signs that it may next move on to Latin America.

The Proportion of Male and Female Suicides

Male suicides have outnumbered female suicides in nearly all regions and countries
for which data are available. In 2012, among the 172 member states of the WHO with
populations over 300,000, the mean male-to-female gender ratio (M/F ratio) was 3.2
according to the WHO report [2]. The M/F ratio in the world was also 3.2 in the 1950s
but by the turn of the 21st century it had increased to 3.6 and further growth was pre-
dicted [3]. This did not happen and with hindsight it appears that the temporary in-
crease was primarily caused by political changes in Eastern Europe.

There are clear gender differences observed between world regions in relation to
suicidality. In 2012, data show that the highest M/F ratios were found in Eastern
European countries, commonly over 5.0 (table 2), and the lowest in Asian countries —
under 2.0 (China notably under 1.0). In developed countries, the ratio was between

4 Varnik - Wasserman

Kaschka WP, Rujescu D (eds): Biological Aspects of Suicidal Behavior.
Adv Biol Psychiatry. Basel, Karger, 2016, vol 30, pp 1-10 (DOI: 10.1159/000435765)



Table 2. Top 20 and bottom 10 countries according to the male-to-female age-standardized suicide rate
ratio in 2012 in comparison with 2000

Rank  Country Part of the world Year 2012 Year 2000 Ratio
of M/F suicide suicide M/F  suicide suicide M/F R,
1 rate, rate, rate rate, rate, rate ANt
AvZ male female ratio male female ratio A2
1 Malta Europe S 1.1 0.7 15.9 9.8 2.2 45 114
2 Belize America C 4.9 0.5 9.8 7.3 0.6 122 -24
3 Morocco Africa Arab 2.9 1.2 83 4.2 13 32 5.0
4 Poland Europe E 30.5 3.8 80 338 4.8 7.0 1.0
5 Slovakia Europe E 18.5 25 74 218 43 5.1 23
6 Latvia Europe E 30.7 43 7.1 528 9.3 5.7 1.5
7 Barbados  America Carib. 4.1 0.6 6.8 6.0 1.0 6.0 0.8
8 Estonia Europe E 24.9 3.8 6.6 43.6 9.5 4.6 2.0
9 Romania Europe E 18.4 29 63 194 3.6 54 1.0
10 Panama America C Latin 8.1 1.3 6.2 108 1.6 6.8 -05
1 Lithuania  EuropeE 51.0 8.4 6.1 793 15.0 53 0.8
12 Ukraine Europe E 30.3 53 5.7 545 9.1 6.0 -03
13 Georgia Europe E 5.7 1.0 5.7 7.6 1.4 54 0.3
14 Russia Europe E 35.1 6.2 57 643 9.6 6.7 -1.0
15 Armenia Europe E 5.0 0.9 5.6 5.9 1.0 59 -03
16 Czech Rep. EuropeE 21.5 3.9 55 23.0 5.2 4.4 1.1
17 Cyprus Europe S 7.7 1.5 5.1 1.5 1.1 1.4 3.8
18 Belarus Europe E 327 6.4 5.1 66.2 8.8 75 -24
19 CostaRica America ClLatin 11.2 2.2 51 121 1.8 6.7 -16
20 Moldova Europe E 24.1 4.8 50 289 4.0 72 =22
95 Singapore  Asia SE 9.8 53 1.8 147 7.7 1.9 -0.1
96 Maldives Asia S 7.8 4.9 16 233 18.3 13 0.3
97 India Asia S 25.8 16.4 16 262 20.3 13 0.3
98 Brunei Asia SE 7.7 52 1.5 6.8 4.2 16 -0.1
929 Haiti America Carib. 33 24 1.4 3.8 25 1.5 -0.1
100 Albania Europe S 6.6 5.2 1.3 8.5 5.6 1.5 -0.22
101 Kuwait Asia Arab 1.0 0.8 1.3 1.4 1.3 1.1 0.2
102 Jordan Asia Arab 2.2 1.9 1.2 2.7 2.1 1.3 -0.1
103 China Asia W Pacific 7.1 8.7 08 174 21.7 0.8 0.0
104 Iraq Asia Arab 1.2 2.1 0.6 1.0 1.9 0.5 0.0

Carib. = Caribbean (for other abbreviations, see table 1 footnote).

3.0 and 4.0. This general pattern has persisted for a longer period, even so long that
Kushner [12] referred to several authors from the 19th century who state that the ear-
liest statistics showed that approximately 3 out of every 4 completed suicides in both
Europe and North America were found among males.

Many different causes have been offered to explain the persistent gender differ-
ence. Moscicki [13] named four based on suicidal behaviour in the USA, three of
which have gained wider acceptance: lethality, alcohol abuse and socialization. Men
tend to choose more lethal methods for suicide [14], perhaps more so in Europe than
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in the USA [15]. Large-scale intentional pesticide self-poisoning in economically less
developed countries is partly the reason behind lower M/F ratios there [16]. A clear
link between suicide and alcohol abuse has been found in several cultural settings,
most notably in Western Europe [17], Eastern Europe and Russia [18]. The effect is
stronger among males. Rapid social changes and perceived reduction in social role
opportunities for men lead to social exclusion [19].

Age Patterns

The risk to die by suicide increases with age. However, variability in suicide rates by
age in different countries is great. Trying to apply a systematic approach, Girard [20]
described four different age patterns and showed how each of these is typical of a cer-
tain level of societal development. In most developed countries, the age curve peaks
in the elderly, while in the countries with lower development levels the age curve peaks
in adolescents and young adults. In countries with an intermediate level of develop-
ment, the age curve is bimodal, with peaks among middle-aged adults and the elderly.
In some of the most developed countries, which are able to provide a comfortable re-
tirement, the age curve is convex, with a decline in older ages. This is a very good
framework that holds true for many countries. However, there are also many coun-
tries to which it is not applicable. Notably, many countries in the African region have
an age pattern similar to highly developed countries, according to estimates in the
WHO report [2].

In 2012, the age curve peaked in the elderly in the majority of countries. There were
more exceptions among females than males when genders were analysed separately.
Most notably, there was a concentrated group of countries, including almost the
whole Latin American region, where females in the age group 15-29 years had the
highest suicide rate of all age groups (table 3). The list of such countries, however, was
headed by India, where the suicide rate of females in the age group 15-29 years was
estimated at 36.1 per 100,000, which was 2.2 times higher than the rate for the total
population.

Another quite clear pattern was among females in age group 50-69 years. This age
group had the highest suicide rate of all age groups in a number of Western European
countries, particularly Northern Europe, as well as Canada and the USA. Within this
set of countries, another clear distinction could be made. In continental Europe, the
lowest suicide rate was among the age group 15-29 years, whereas in Northern Europe
and North America the lowest suicide rate was among the oldest age group, which
corresponds to the convex age pattern. The only exception was Sweden, where the
pattern was similar to continental Europe (table 3).

This pattern where suicide risks among the elderly were somewhat lower in coun-
tries with higher economic development, although less pronounced, could also be
found among males.

6 Varnik - Wasserman

Kaschka WP, Rujescu D (eds): Biological Aspects of Suicidal Behavior.
Adv Biol Psychiatry. Basel, Karger, 2016, vol 30, pp 1-10 (DOI: 10.1159/000435765)



Table 3. Countries where female age groups 15-29 and 50-69 years had the highest suicide rate of all age
groups per 100,000 of population in 2012

Country Part of the world  All Age groups M/F ratio M/F ratio

a9€S 1529 30-49 50-69 70+ agegroup  agegroup
15-29 50-69

India Asia S 16.7 36.1 17.2 111 11.2 1.0

Bolivia America S Latin 86 17.2 7.7 5.5 8.6 1.4

Kazakhstan Asia C 94 150 10.5 9.5 11.9 3.1

Turkmenistan  Asia C 7.5 120 8.0 9.4 12.0 33

Ecuador America S Latin 53 109 4.0 4.4 9.4 1.9

El Salvador America C Latin 5.8 9.6 5.9 6.5 6.9 2.7

Guatemala America C Latin 4.1 8.4 4.5 33 49 2.0

Nicaragua America C Latin 4.8 8.1 55 4.8 55 23

Chile America S Latin 6.0 8.0 79 6.9 5.0 3.1

New Zealand  Oceania 54 73 7.1 55 55 2.5

Mauritius Africa 3.0 4.5 3.0 34 2.8 3.7

Peru America S Latin 2.1 4.0 1.9 2.0 3.1 1.5

Colombia America S Latin 1.9 3.6 1.6 2.2 0.4 34

Costa Rica America C Latin 2.2 3.2 3.2 2.5 0.6 3.8

Mexico America N Latin 1.7 3.1 2.0 1.3 0.5 2.9

Panama America C Latin 13 3.0 0.4 2.0 0.9 2.8

Cyprus Europe S 1.6 24 2.0 1.5 1.5 3.8

Philippines Asia SE 1.1 22 13 1.0 1.9 29

Malta Europe S 0.7 2.1 0.0 1.2 0.0 2.8

Kuwait Asia Arab 0.9 1.4 1.3 0.3 0.0 0.9

Belize America C 0.6 1.2 0.8 0.0 0.0 1.6

Iceland Europe N 7.5 4.5 9.8 17.1 25 1.7

Belgium Europe W 9.7 49 11.1 16.4 124 2.0

Slovenia Europe E 6.8 1.5 44 14.0 11.1 238

Cuba America Carib. 6.0 1.5 4.2 134 12.0 2.7

France Europe W 7.9 3.2 8.8 13.0 12.7 2.6

Sweden Europe N 7.1 53 8.2 121 6.8 2.5

Switzerland Europe W 6.6 44 5.9 1.7 8.8 24

Finland Europe N 8.1 107 10.0 10.9 5.6 29

Denmark Europe W 5.5 29 5.1 9.8 8.4 27

Moldova Europe E 55 35 4.8 9.7 8.0 54

USA America N 5.8 4.7 8.0 9.2 4.0 34

Norway Europe N 5.8 55 7.6 8.6 52 24

Netherlands Europe W 5.9 36 7.9 8.4 7.4 25

Ireland Europe N 55 6.2 74 8.3 34 2.7

Canada America N 5.5 5.2 7.1 8.0 33 29

Slovakia Europe E 32 1.7 3.0 55 54 7.2

Israel Asia W 24 1.8 33 5.0 34 3.7

Brazil America S Latin 2.6 2.6 37 3.8 33 33

Carib. = Caribbean (for other abbreviations, see table 1 footnote).
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Age and gender patterns of suicide demonstrate remarkable cross-cultural and his-
torical stability [20, 21]. However, when significant variation or change can be ob-
served, it is always worthwhile to investigate potential underlying triggers. Pampel
[22] stated that age patterns of suicide become increasingly important as indicators of
economic and social well-being.

Suicide Methods

According to the current diagnostic tool - ICD-10 - deaths from external causes are
diagnosed in chapter XX under codes V1-Y98, with suicide as a separate subcategory
under codes X60-X84. It includes codes for poisoning, hanging, drowning, firearm
use, jumping, and others. Notably, the list of diagnoses is exactly the same for deaths
of undetermined intent (Y10-Y34 in ICD-10), the only difference being whether the
intent to die was uncertain. The list of diagnoses is also quite similar for homicides
(X85-Y09 in ICD-10), the difference being auto-aggression in the case of suicides.

Data about methods are very informative but due to insufficient reporting the
worldwide picture is not complete. Nevertheless, considerable variability can be found
among developed countries where reporting is not deficient. According to the WHO
report [2] in 2012, hanging accounts for 50% of suicides and firearms are the second
most common method, accounting for 18% of suicides, which was driven by the USA,
where firearms accounted for half of all suicides. A systematic review by Gunnell et
al. [16] estimated that pesticide self-poisoning accounts for 30% of suicides globally.
These deaths occur mostly in economically less developed countries.

Suicide Attempts

The WHO estimates that for each adult suicide there may have been more than 20
suicide attempts [2]. Suicide risk is much higher in individuals who previously made
asuicide attempt and research shows that suicide attempt is the single most important
predictor of death by suicide.

There are very few registries worldwide on suicide attempts. Most of those surveys
are hospital based or rely on self-reports. Only a few surveys are administered to the
same population over time. Comparisons between countries of self-reported suicide
attempt rates are problematic, as the willingness to report suicidal behaviour varies by
age, gender, ethnicity, religion, and other factors. Similarly to the suicide rates, the
ratio of suicide attempt to suicide death shows wide variations by region, gender, age,
and method of suicide.

Longitudinal epidemiological surveillance of both attempted and completed sui-
cide on the population level, as well as samples collected in health care institutions, is
of vital importance for planning and performing suicide preventive activities.
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Suicide Prevention

The strong taboo surrounding suicide still exists and suicidal acts are associated with
shame, uneasiness and guilt. As a result, suicides are concealed and the view that sui-
cide is impossible to prevent or treat still prevails. These perceptions must be combat-
ted by information underscoring the fact that suicide is preventable. However, differ-
ent groups of suicidal persons require different strategies [23, 24].

In suicide prevention work, strategies can be directed to the health care services or
at the general population. The health care approach is characterized by identifying
risk groups, improving the diagnosis and treatment of suicidal patients and offering
rehabilitation for suicide attempters. There are many pharmacological, psychothera-
peutic and psychosocial treatments showing efficacy in the treatment and rehabilita-
tion of suicidal persons [25].

The public health approach is directed at the general population. At the population
level, restricting access to lethal means of suicide, developing policies to reduce the
harmful use of alcohol and encouraging the media to follow responsible reporting
practices on suicide are the most applied strategies to date. Preventive intervention
for vulnerable populations and support for bereaved families and significant others
who have lost a loved one by suicide are increasingly getting attention.

There is also a great need for preventive strategies for young people, as suicidal be-
haviours, according to the WHO global suicide report, constitute a great problem in
young populations. An evidence-based method was developed in the EU-funded proj-
ect ‘Saving and Empowering Young Lives in Europe’ (SEYLE) in 10 European coun-
tries. Results from the SEYLE cluster-randomized controlled trial demonstrated that
the YAM (Youth Aware of Mental Health) programme (www.y-a-m.org), which is a
universal school-based intervention, led to a significant reduction of incident suicide
attempts and severe suicidal ideation with plans compared with the control group [26].
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Abstract
Suicidal behavior is a complex and multidetermined phenomenon that affects countries around the
world and all age groups. Adolescence is a critical period in human growth, ranging from 10 to 19
years of age, and it is one of the stages of life with the highest risk for the adoption of risky and sui-
cidal behavior. In the USA, for youths between the ages of 10 and 24 years, suicide is the third lead-
ing cause of death. Deaths from youth suicide are only part of the problem. Among the age group
of 15-24 years, it is estimated that approximately 100-200 suicide attempts take place for every
completed suicide. In recent years, several studies and research projects have been conducted to
better understand teenage suicide in order to implement effective prevention strategies. However,
the majority of these have focused on psychosocial aspects of suicidal behavior among young peo-
ple, such that the neurobiological aspects associated with it still remain unclear to a large degree.
However, the involvement of specific abnormalities in neurobiological mechanisms as predisposing
to, or as risk factors for, suicidal behavior is supported by several research studies, which have found
an association between young suicide and abnormalities in the hypothalamic-pituitary-adrenal axis,
serotonergic system, signal transduction pathways, and inflammatory markers.

©2016 S. Karger AG, Basel

Adolescence is a critical period in human growth and development that occurs after
childhood and before adulthood, ranging from 10 to 19 years of age. This is a crucial pe-
riod for laying the foundations for healthy development and good mental health. In fact,
during adolescence, which is characterized by a particular vulnerability to the pressures
and challenges in daily lives, it is possible to adopt different health risk behaviors. These
behaviors, which are established during adolescence and often maintained into adult-
hood, may affect mental health and well-being in later life [1]. Suicidal behavior is one of
the extreme consequences of a psychological disease that is undetected and untreated.
Suicidal behavior represents a serious public health problem, since suicide is among
the leading causes of death worldwide, especially among adolescents and young adults



[2]. In the USA, among youths aged 10-24 years, suicide is the third leading cause of
death. The top three methods used in this age group include firearms (45%), suffoca-
tion (40%) and poisoning (8%) [3]. According to the WHO [1], suicidal thoughts and
behaviors are increasing in Western countries, especially in Europe. Every year, in the
27 EU member states, approximately 63,000 Europeans die by suicide — one of the
highest suicide rates in the world [4]. Among this population, the rate of suicide in-
creases with age and is substantially higher in boys than in girls [5, 3]. Of the reported
suicides in the age group of 10-24 years, 81% of the deaths were males and 19% were
females. Girls, however, are more likely to report attempting suicide than boys [3].

The deaths from youth suicide are only part of the problem. Among the age group
of 15-24 years, it is estimated that approximately 100-200 suicide attempts take place
for every completed suicide [6].

The vast majority of youths with suicidal behaviors have preexisting mental disor-
ders. Nock et al. [2] found that the vast majority of adolescents with a lifetime history
of suicide ideation (89.3%) and attempt (96.1%) meet lifetime criteria for primary
DSM-1V disorders and that most suicidal adolescents (>80%) receive some form of
mental health treatment. In most cases (>55%), treatment starts prior to the onset of
suicidal behaviors but fails to prevent these behaviors from occurring.

Despite extensive studies of psychosocial factors associated with youth suicide and sui-
cidal behavior, the neurobiology of suicidal behavior still remains unclear to alarge degree.
However, several research studies have shown that specific abnormalities in neurobio-
logical mechanisms may be associated with suicidal behavior, at least among adults [7, 8].

The Neurobiology of Suicidal Behavior

The studies of biological abnormalities associated with suicidal behavior — performed
in biomaterials such as blood cells, cerebrospinal fluid (CSF) and plasma obtained
from suicidal patients — have shed some light on this matter. The studies conducted
on postmortem brain samples of suicide victims allow a better understanding of the
pathomechanisms in the brain [9]. As a result, an involvement of serotonergic and
noradrenergic systems, abnormalities in the hypothalamic-pituitary-adrenocortical
axis, signal transduction pathways, and inflammatory markers (cytokines in the post-
mortem brain) were found in teenage suicide [10].

The Serotonergic System

Serotonergic (5-HT) dysfunction has been extensively studied in adults and has been
postulated as a biological marker for suicide [11]. The studies that analyze this asso-
ciation include several elements such as serotonin receptors, serotonin transporter
and tryptophan hydroxylase [9].
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Several research studies have suggested a role of serotonin in suicide. The pioneer
studies of Asberg et al. [12] and Linnoila and Virkkunen [13] found an association
between alow CSF concentration of 5-hydroxyindoleacetic acid (5-HIAA) - the main
metabolite of serotonin - and increased impulsiveness, impaired control of aggressive
behaviors and suicide attempts [14]. Brent and Mann [15], in their postmortem and
imaging studies of persons who had completed or attempted suicide, identified al-
terations in the number and function of serotonin receptors in the regions of the
prefrontal cortex (PFC) that are involved in emotion regulation and behavioral
inhibition.

Even if the correlation between suicidal behavior and the serotonergic system in
adulthood is well analyzed, to date, few of these studies have been conducted on sam-
ples of adolescents [16].

Pandey et al. [17] analyzed the relationship between some abnormalities of sero-
tonin (5-HT), the receptor subtypes - specifically the 5-HT,4 receptor — and suicidal
behavior. In their study, the authors observed the 5-HT,4 receptor levels in the PFC,
hippocampus and nucleus accumbens of postmortem brains obtained from 15 teen-
age suicide victims and 15 psychiatrically normal teenage subjects who died of other
causes. The cellular localization of the 5-HT,4 receptors was determined by means of
gold immunolabeling. The authors found that 5-HT,, receptor binding sites, protein
and mRNA expression were more numerous in the PFC and hippocampus of teenage
suicide victims than in normal subjects. These brain regions are implicated in emo-
tion, stress and cognition; similar results were also observed in adults who died by
suicide. There was no higher level in the nucleus accumbens, which is implicated in
drug dependence and craving. The findings of the authors suggest that a higher level
of 5-HT, receptors may be one of the neurobiological abnormalities associated with
teenage suicide.

Tyano et al. [18] studied the relationship of plasma serotonin (p5-HT) levels
and psychometric measures between depressed suicidal adolescents and controls.
The sample, composed of 211 Israeli adolescents, was divided into four groups
(suicidal psychiatric inpatients, nonsuicidal psychiatric inpatients, adolescents re-
ferred to the emergency room due to a suicide attempt, and a community-based
control group from 4 high schools in the same catchment areas). All adolescents
were interviewed and assessed for violence, aggression, depression, impulsivity,
anger, and anxiety. The results showed significantly lower levels of p5-HT in the
control group compared with all other groups and a significant negative correla-
tion between p5-HT level and suicidal behavior severity among the suicidal inpa-
tients. There was no difference in serotonin levels among psychiatric diagnostic
categories.

However, Picouto et al. [11], who conducted a comprehensive review on the role
of serotonergic (5-HT) dysfunction in suicidal behavior - both in adults and adoles-
cents — noticed that the studies on 5-HT conducted in adults and replicated in ado-
lescents yielded inconsistent results. For this reason, they suggested that subsequent

Neurobiological Aspects of Suicide in Adolescence 13

Kaschka WP, Rujescu D (eds): Biological Aspects of Suicidal Behavior.
Adv Biol Psychiatry. Basel, Karger, 2016, vol 30, pp 11-20 (DOI: 10.1159/000435767)



studies on the neurobiology of adolescent suicide should consider the biological spec-
ificities of this life stage and gender differences during this period in an effort to inte-
grate findings in the psychological and biological domains.

The Hypothalamic-Pituitary-Adrenal Axis

Several studies have reported an association between abnormalities in the hypotha-
lamic-pituitary-adrenal (HPA) axis and suicidal behaviors [19].

Stress plays a major role in the various pathophysiological processes associated
with mood disorders and suicidal behavior [20]. Moreover, high stress levels may
cause unfavorable effects in different brain functions such as those of the HPA axis.
Indeed, the HPA axis is responsible for the modulation of cortisol levels — one of the
main stress hormones.

Pandey et al. [21] analyzed the protein and gene expression of glucocorticoid and
mineralocorticoid receptors in the PFC, hippocampus, subiculum, and amygdala in a
sample of 48 teenagers (24 suicide victims and 24 control subjects). The aim of the
study was to test the hypothesis that the reported dysregulation of the HPA axis in
suicide may be related to a disturbed feedback inhibition caused by decreased corti-
coid receptors in the brain. The results showed a significant decrease both in the pro-
tein and gene expression of glucocorticoid-a in the PFC and amygdala, but not in the
hippocampus or subiculum, and in the mRNA levels of glucocorticoid-inducible tar-
get gene GILZ in the PFC and amygdaloid nuclei of teenage suicide victims but not in
the control group. In contrast, no differences were found both in the protein and gene
expression of mineralocorticoid receptors in any of the studied areas and the expres-
sion of glucocorticoid-P in the PFC between teenage suicide victims and normal con-
trol subjects.

Abnormal HPA axis functioning associated with an anomalous interaction with
other systems such as the serotonergic system may be one of the neurobiological cor-
relates of emotion dysregulation, with important implications for the adolescent. In-
deed, psychopathological conditions such as depression or childhood psychological
trauma increase suicidal risk in adolescents and are also associated with HPA axis
dysregulation. Moreover, emotion dysregulation could be a predisposing factor that
augments the vulnerability to suffer from psychiatric conditions [22].

Signal Transduction Studies in Teenage Suicide

Studies conducted on the involvement of the abnormalities of the serotonergic mech-
anism in suicidal behavior have allowed us to expand our knowledge on the neurobi-
ology of suicidal behavior. The presence of abnormalities in specific serotonin recep-
tor subtypes such as the 5-HT,, receptor, which is linked to signal transduction
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pathways in the brains of suicide victims, has motivated an increase in studies on the
role of transduction processes in the understanding of the biological aspects of suicide
[23]. To date, most studies have focused their attention on the abnormalities in the
component of this signaling system, indicating a role of abnormalities of phos-
phoinositide (PI), adenylyl cyclase, MAP kinase, and brain-derived neurotrophic fac-
tor (BDNF) signaling systems [24].

Protein Kinase A

Protein kinase A (PKA), also known as cyclic AMP (cAMP)-dependent protein ki-
nase, is a family of enzymes whose activity is dependent on cellular levels of cAMP.
PKA has several functions in the cell. It is involved in regulating gene transcription,
cell survival and plasticity [11] and is implicated in the pathophysiology of depression
and suicide [25]. While analyzing PKA and protein kinase C (PKC) protein levels in
human postmortem brain tissue in a sample of 20 persons with major depression and
20 controls, Shelton et al. [26] found that the group with major depression, and in
particular those who died by suicide, had low PKA Rla (regulatory Ia) and PKA Ca
(catalytic a), supporting the role of abnormalities of these two key kinases in the phys-
iopathology of suicide and mental illness.

In a postmortem brain study, Pandey et al. [27] analyzed the PKA activity and the
protein and mRNA expression of different subunits of PKA in cytosol and membrane
of the PFC, hippocampus and nucleus accumbens of 17 teenage suicide victims and
17 nonpsychiatric control subjects. The authors found that in the group of teenage
suicide victims PKA activity was significantly decreased in the PFC but not in the hip-
pocampus. Moreover, the protein expression of two PKA subunits, PKA Rla and PKA
RIB, were significantly decreased in both membrane and cytosol fractions of the PFC
and in the nucleus accumbens of teenage suicide victims compared with controls.

Further studies showed significant differences between teenage and adult suicide
victims. Decreased cAMP binding and PKA activity was found in both teenage and
adult suicide victims. However, in teenagers, abnormalities of RIa and RIP subunits
seem to be involved, while decreased RIla and C( were found in adults. Considering
these conflicting results, more studies are needed to better understand the implications
of these observations with regard to the pathophysiology of teenage and adult suicides.

Protein Kinase C

Protein kinase C (PKC) is a critical phosphorylating enzyme in the PI signaling path-
way. It is present in various tissues, including the brain, and is localized presynapti-
cally and postsynaptically. PKC is involved in the pathogenesis of mood disorders and
is a target for the therapeutic action of mood-stabilizing drugs [28].
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Despite the discovery of the implication of PKC in the pathogenesis of mental dis-
orders and suicidal behavior, very few studies have been conducted to verify this re-
lationship in adolescents and, to date, it seems that only a couple of studies have been
conducted to examine this relationship.

One of these research studies analyzed the relationship between abnormalities in
PKC and suicidal behavior using postmortem brain materials pertaining to 17 teenage
suicide victims and 17 nonpsychiatric control subjects. The authors reported a statis-
tically significant decrease in PKC in membrane and cytosol fractions of the PFC and
hippocampus of teenage suicide victims. Statistically significant decreases in protein
levels of PKC-a, -BI, -BII, and -y isozymes were also observed in both of these frac-
tions. These decreases were associated with decreases in levels of their respective mes-
senger RNAs. The authors suggest that the pathogenesis of teenage suicide may be
associated with abnormalities in PKC and that PKC may be a target for therapeutic
intervention in patients with suicidal behavior, since many physiological functions
are mediated through phosphorylation by PKC and because PKC is a target for the
therapeutic action of psychoactive drugs [28].

Phospholipase Cin Suicide

The enzyme PI-specific phospholipase C (PI-PLC) is a component of the PI signal
transduction system and some studies have shown its implication in neuropsychiatric
disorders, including suicidal behavior in the young and adults [29, 30]. Lo Vasco et al.
[29] reported a reduction of overall PLC expression and a complex reorganization of
the isoforms in postmortem brain samples of 28 individuals who committed suicide
compared with controls.

Concerning adolescents, a study conducted on the postmortem brains of 18 teenage
suicide subjects and 18 matched comparison subjects showed that PI-PLC activity and
immunolabeling of the specific PLC-B1 isozyme, in both membrane and cytosol frac-
tions of Brodmann areas 8 and 9 combined, were significantly lower among suicides than
among controls. Moreover, in the group of teenage suicide subjects, a significant correla-
tion between PI-PLC activity and protein levels of the PLC-B1 isozyme was identified.
These results supported the role of PLC in the pathophysiology of suicidal behavior [30].

Transcription Factor CREB

The cAMP response element binding protein (CREB) is a transcription factor acti-
vated by PKA and PKC that phosphorylates several transcription factors, which then
influence gene expression.

The literature indicates an implication of CREB in the pathophysiology of suicide
[9]. A significant increase in the levels of CREB, both in total and phosphorylated
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form, was found in the brains of depressed suicide victims compared with those of
control subjects. The increases in CREB were specifically observed in antidepres-
sant-free subjects but not in the antidepressant-treated subjects, suggesting the role
of the cAMP signaling system in the therapy with antidepressants [31]. The research
conducted by Young et al. [32] reported increased numbers of phosphorylated
CREB-stained cells in several amygdalar nuclei in subjects who had died by suicide.
In contrast, patients treated with lithium at the time of death had significantly low-
er phosphorylated CREB levels in the same region. However, the association be-
tween the increase in CREB and suicide was not confirmed in a study by Dwivedi et
al. [33], which reported a significant reduction of the protein expression of CREB
in the nuclear fractions of both the PFC and the hippocampus obtained from suicide
victims compared with control subjects. Also, Pandey et al. [34] reported a specific
decrease in CRE-DNA binding and mRNA as well as the protein expression of
CREB in the PFC of teenage suicide victims. However, they did not find any
significant differences in hippocampal CREB levels between teenage suicides and
controls.

Brain-Derived Neurotrophic Factor and Tyrosine Kinase B Receptors in Suicide

BDNF is the most abundant neurotrophin in the brain. Even if its role in the patho-
physiology of anxiety and depression is clear, less is known about its role in suicidal
behavior. In fact, BDNF is involved in the pathophysiology of many psychiatric dis-
orders associated with suicidal behavior and its dysregulation could be associated with
increased suicidality, independent of psychiatric diagnoses [35]. Keller et al., in their
study conducted in 2010, reported a decrease of BDNF levels in the brain and plasma
of suicide subjects; in fact, a statistically significant increase of DNA methylation was
found in the Wernicke area at specific CpG sites in BDNF promoter/exon IV com-
pared with nonsuicide control subjects [36]. Also, Dwivedi et al. [37], analyzing Brod-
mann area 9 and the hippocampus of 27 suicide subjects and 21 nonpsychiatric con-
trol subjects, found that the BDNF and tyrosine kinase B (TrkB) were significantly
reduced in both the PFC and hippocampus in suicide subjects compared with those
in control subjects.

BDNEF is involved in the regulation and growth of neurons during childhood and
adolescence. For example, it is hypnotized that the serotonin dysfunctions associated
with adolescent and adult suicidal behavior could be related to the low level of BDNF,
which impedes the normal development of serotonin neurons during brain develop-
ment. This dysfunction could play a more significant role in the pathophysiology of
psychiatric disorders and suicidal behavior in adolescents than in adults [35]. Using
the Western blot technique, the protein expression of BDNF was determined in the
PFC, Brodmann area 9 and hippocampus in a sample of 29 teenage suicide victims
and 25 matched normal control subjects. The results showed a decrease in the protein
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expression of BDNF in the PFC of teenage suicide victims compared with normal
control subjects but no change in the hippocampus. Also, the protein expression of
TrkB full-length receptors was significantly decreased in both the PFC and hippocam-
pus of teenage suicide victims. The mRNA expression of both BDNF and TrkB was
significantly decreased in the PFC and hippocampus of teenage suicide victims com-
pared with normal control subjects. All these data suggest that altered BDNF may
represent a major vulnerability factor in teenage suicidal behavior [38].

Cytokines and Suicidal Behavior

The association of cytokines with the pathophysiology of depression, psychiatric dis-
orders and suicidal behavior is well described and documented. Significantly higher
levels of cytokine were found in blood, CSF and postmortem brain samples of pa-
tients with suicidality. The levels of interleukin (IL)-1p and IL-6 were most robustly
associated with suicidality and these cytokines may help distinguish suicidal from
nonsuicidal patients [39]. IL-6 is significantly higher in the CSF in suicide attempt-
ers, possibly through mechanisms involving alterations of dopamine and serotonin
metabolism [40]. Ducasse et al. [41] conducted the first meta-analysis of studies com-
paring the plasma and CSF concentrations of cytokines in suicidal patients with those
of nonsuicidal patients or healthy controls. The meta-analysis comprised a total sam-
ple of 494 suicidal patients, 497 nonsuicidal patients and 398 healthy controls. The
results obtained supported the hypothesis of altered inflammatory markers in sui-
cidal patients for both proinflammatory (IL-2) and anti-inflammatory (IL-4 and
TGF-P) cytokines. In a study conducted in 2012, Pandey et al. [27] measured the gene
and protein expression levels of proinflammatory cytokines IL-1f, IL-6 and tissue
necrosis factor (TNF)-a in the PFC of 24 teenage suicide victims and 24 matched
normal control subjects. Their results confirmed the role of cytokines also in adoles-
cent suicide — the mRNA and protein expression levels of IL-1p, IL-6 and TNF-a
were significantly increased in Brodmann area 10 of the suicide victims, suggesting
an important role for IL-1B, IL-6 and TNF-a in the pathophysiology of suicidal
behavior.

Conclusion

Suicide among adolescents is a serious problem that the world cannot underestimate.
For this reason it is necessary to improve the studies and research regarding the risk
factors for suicide in order to identify and properly treat the adolescents at risk. The
studies on suicidal behavior in adolescents correlate with several neurobiological evi-
dence, independent of underlying psychiatric disorders. These include, for example,
the involvement of the HPA axis [42], serotonergic system, signal transduction
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pathways and inflammatory markers. Even if, in recent years, much has been done
with respect to the psychosocial aspects of suicide, much remains to be done with re-
gard to understanding the neurobiological aspects of suicidal behavior. Moreover,
most of these studies were conducted on samples of adult subjects, while recent re-
search studies suggest that suicidal behavior in teenagers can have both common and
different neurobiological abnormalities compared with adult suicide [23].
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Serotonergic and Noradrenergic
Neurotransmitter Systems in Suicide
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Abstract
Suicide is a major public concern. About one million people commit suicide every year worldwide.
In the teenage population, it is the third leading cause of death in the USA. Although the underlying
pathophysiology of suicide is not very well understood, postmortem brain studies have provided a
greater understanding of the neurobiological abnormalities associated with suicide. This chapter
discusses the role of neurotransmitter systems, particularly the serotonergic and noradrenergic sys-
tems, in suicidal behavior. Since these neurotransmitters mediate their functional responses by ac-
tivating intracellular signaling pathways, a detailed account of changes in receptor signaling has
been discussed. Major emphasis has been given to the phosphoinositide and adenylyl cyclase-cyclic
adenosine monophosphate signaling pathways as these signaling components have been shown
to be activated by both the serotonergic and noradrenergic pathways. More specifically, the role of
GTP binding proteins and downstream effector molecules protein kinase C and protein kinase A and
the regulation of target gene brain-derived neurotrophic factor have been discussed. Altogether,
these studies provide a comprehensive knowledge of neurobiological abnormalities associated with
suicide and provide vulnerability factors that may predispose a person to suicidal behavior.

© 2016 S. Karger AG, Basel

In the past two decades, there are multiple lines of evidence that point to a role of
biological factors in the etiology and pathophysiology of suicide. Most of these bio-
logical factors are associated with abnormal stress response and impulsive aggressive
behavior. Because of the critical role played by the serotonergic system in impulsive
aggressive behavior, the serotonergic system has been the most extensively studied
neurotransmitter system in suicide. Although comparatively less studied, the central
noradrenergic system, which plays key roles in stress response, attention, memory,
sleep-wake cycle, decision making, and regulation of sympathetic states, has also
shown a strong correlation with suicidal behavior. Intracellular signaling systems me-
diated by the binding of neurotransmitters to receptors facilitate behavioral and en-
vironmental adaptations, which are primarily mediated through the regulation of



neural plasticity and the integration of physiological processes. Each signaling path-
way has multiple levels of controlling mechanisms and components of various signal-
ing pathways interact with each other to integrate the functional response. The pres-
ent chapter will elaborate on the role of the serotonergic and noradrenergic systems
in suicide based on findings in the human postmortem brain. In addition, the role of
intracellular signaling pathways, particularly phosphoinositide (PI) and adenylyl cy-
clase-cyclic adenosine monophosphate (cAMP) signaling, in the context of suicidal
behavior will be discussed. The genetic aspects of these neurotransmitter systems in
suicide have been discussed in other chapters.

Serotonergic System in Suicide

5-Hydroxyindoleacetic Acid and Serotonin Transporter in Suicide
5-Hydroxyindoleacetic acid (5-HIAA) is the main metabolite of serotonin. Recently,
Bach et al. [1] examined levels of 5-HT and 5-HIAA in the brainstem of suicide victims
and found that the levels of both 5-HT and 5-HIAA are significantly increased through-
out the rostrocaudal extent of the brainstem dorsal raphe nucleus (DRN) and median
raphe nucleus (MRN). The extracellular levels of 5-HT or uptake of 5-HT are regulated
by the serotonin transporter 5-HTT, both in central and peripheral systems [2]. A large
number of studies have been done in platelets of suicidal patients, which indicate that
serotonin uptake and 5-HTT levels are decreased in suicidal patients [3, 4]. In the central
serotonergic system, 5-HTT is localized on the terminals of 5-HT neurons. Using *H-
imipramine as ligand, several studies have shown lower 5-HTT in postmortem brains of
suicide subjects [for review, see 5]. Using *H-cyanoimipramine, receptor autoradiogra-
phy studies by Arango et al. [6, 7] showed reduced 5-HTT binding in the ventral pre-
frontal cortex (PFC) of depressed suicides. Similar changes were reported by Austin and
O’Donnell [8], who found a deficit in the length and density of 5-HTT-immunoreactive
neurons. Arango et al. [9] also noted that although there was no change in total 5>-HTT
mRNA in the brainstem, depressed suicides had fewer 5-HTT-expressing neurons and
these neurons had higher 5-HTT transcriptional capacity. Recently, Okada et al. [10]
examined DNA methylation profiles at the CpG island of SLC6A4 as a diagnostic bio-
marker for major depression. Although they did not find differences in methylation be-
tween depressed and healthy controls, they did, however, find that the methylation rates
for several CpGs differed significantly after antidepressant treatment. These results sug-
gest that a pretreatment methylation rate of SLC6A4 is associated with therapeutic re-
sponses to antidepressants in unmedicated patients with major depression.

Serotonin Receptors in Suicide

Serotonin receptors have been classified into several families and subtypes. Of these,
5-HT,, and 5-HT,, receptors have been the most implicated in suicidal behavior. In
addition, some reports also show the involvement of 5-HT, receptors in suicide.
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5-HT, 5 Receptors

5-HT,, receptors are expressed both pre- and postsynaptically. In the DRN, the
5-HT) 4 receptor functions as a somatodendritic inhibitory autoreceptor on 5-HT
neurons [11]. Greater autoinhibition of the 5-HT 4 receptor in the brainstem raphe
nuclei may be a mechanism that contributes to reduced serotonergic neurotransmis-
sion in the PFC of suicide subjects [12]. Autoradiography studies of Brodmann’s areas
45 and 46 using *H-80H-DPAT show a significant increase in the ventrolateral PFC
of suicide victims compared with control subjects. However, no changes were found
in Brodmann’s areas 8, 9, 11, 12, 24, or 32 of suicide victims [6]. 5-HT autoreceptor
levels have been shown to be elevated in the midbrain of suicide subjects by some [12],
but not all [9], investigators. The apparent discrepancy between these findings could
be associated with the brain regions examined. Whereas Stockmeier et al. [12] exam-
ined the most rostral part of the DRN, an increase in 5-HT 4 receptors in the rostral
part of the DRN in suicides and a decrease in the remaining part of the DRN could
result in a net decrease in binding in the DRN [13]. 5-HT 4 receptors have also been
studied in the hippocampus of suicide victims. Joyce et al. [14] found an increase in
5-HT) 4 receptor binding sites in the CA1 area of the hippocampus of suicide victims.
However, studies by Stockmeier et al. [15] and Dillon et al. [16] did not show any dif-
ference. Recently, Sullivan et al. [17] determined the relationships between brain
5-HT; binding and subjects with suicidal behavior major depressive disorder (MDD)
using PET and the 5-HT;, antagonist radiotracer 'C-labeled WAY 100635. They
found that raphe nuclei 5-HT, 5, binding potential was 45% greater in higher-lethality
attempters compared with lower-lethality attempters, whereas no difference was ob-
served in the PFC regions. 5-HT 4 binding potential in the raphe nuclei of suicide at-
tempters was positively correlated with the lethality rating and the subjective lethal
intent factor based on the most recent suicide attempt. Suicide ideation in participants
with MDD was positively correlated with 5-HT;, binding potential in the PFC re-
gions and in the raphe nuclei. These results suggest that lower levels of serotonin re-
lease at key brain projection sites such as the prefrontal regions may favor more severe
suicidal ideation and higher-lethality suicide attempts.

5-HT,4 Receptors

5-HT,4 receptors have been the most studied serotonergic receptors in the brain of
suicide victims. Using *H-spiperone as ligand, Stanley and Mann [18] reported that
5-HT),4 receptors are increased in Brodmann’s areas 8 and 9 of suicide victims com-
pared with normal control subjects. On the other hand, Owen et al. [19], who used
SH-ketanserin as radioligand, did not find any significant differences in the PFC be-
tween suicide victims and normal control subjects. Subsequently, several studies ex-
amined 5-HT, receptors in postmortem brains of suicide victims and found them to
be increased primarily in the PFC [20-23]. A few studies did not find any significant
differences [24, 25]. On the other hand, one study found a decrease in ketanserin
binding in the PFC of suicide victims [26] and two studies found a decrease in the
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hippocampus of suicide victims [24, 25]. Using ketanserin as ligand, more recently,
Dean et al. [27] found that cortical HTR2A are lower in schizophrenia, MDD and
people with mood disorders who died by suicide. It is difficult to assess the reasons
for these differences in the 5-HT,4 receptor studies in the brains of suicide victims.
Different ligands, specifically, spiperone, ketanserin and LSD, were used in these stud-
ies. Researchers who found an increase in 5-HT,4 receptors used spiperone and ket-
anserin, as well as LSD; therefore, these inconsistencies cannot be attributed to the
difference in the ligands used for these studies. Differences in age, sex and axis I diag-
nosis may explain some of the discrepancies.

In addition to radioligand binding, we examined the protein and mRNA expres-
sion of 5-HT,4 receptors in Brodmann’s area 9, the hippocampus and nucleus accum-
bens of teenage suicide victims [23]. We observed a significant increase in 2°I-LSD
binding in the PFC of suicide victims. A significant increase in protein expression
levels of 5-HT,4 receptors was noted in both the PFC and hippocampus of suicide
victims; however, no such significant differences were found in the nucleus accum-
bens. Immunohistochemistry studies indicated that the expression of 5-HT,4 recep-
tors was significantly greater in the pyramidal cells of layer V of the teenage suicide
victims, whereas no changes were found in the pyramidal cells of other cortical layers
(IIT and VI) or in the surrounding neuropil (layers IV, V, and VI). The increase in
5-HT),, receptor protein was associated with increased mRNA expression in both the
PFC and hippocampus. These changes were not associated with mental disorders. Us-
ing PET imaging, Soloff et al. [28] recently assessed the relationships between 5-HT,4
receptor function, gender and personality traits in borderline personality disorder, a
disorder characterized by impulsive aggression and recurrent self-injurious or sui-
cidal behavior. Region-specific differences were found in 5-HT,, receptor binding
related to diagnosis and gender, which predicted the clinical expression of aggression
and impulsivity, suggesting that vulnerability to suicidal behavior in borderline per-
sonality disorder may be related to 5-HT,4 binding through the expression of person-
ality risk factors.

5-HT),c Receptors

Although the 5-HT)¢ receptor has been shown to play a crucial role in regulating
mood and anxiety, it has relatively been less studied in suicidal behavior. We were the
first to examine 5-HT,¢ receptors in postmortem brains of suicide subjects and re-
ported that protein levels of 5-HT,¢ receptors were higher in the PFC but not in the
hippocampus or choroid plexus of suicide victims [29]. On the other hand, no sig-
nificant differences in mRNA levels between suicide victims and control subjects were
noted in these brain areas. Interestingly, transcripts of the gene encoding the 5-HT,¢
receptor are modified by RNA editing, a posttranscriptional modification that con-
verts adenosines to inosines. Compared with nonedited receptors, extensively edited
receptor isoforms activate G protein less efficiently. Studies on mice revealed that
5-HT,c pre-mRNA editing is regulated in a serotonin-dependent manner and
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postmortem studies on brain tissues of patients with schizophrenia and major depres-
sion found distinct site-specific alterations of 5-HT,¢ editing in the PFC [30]. To date,
the most complex alterations in 5-HT,¢ pre-mRNA editing have been found in the
brains of depressed suicide victims. In these brains, 5-HT,¢ receptor isoforms with
reduced functions are expressed at significantly increased levels, suggesting that the
regulation of editing by synaptic serotonin is defective [31]. An examination of the
efficiencies of RNA editing of the 5-HT,¢ receptor in the PFC of control individuals
versus subjects diagnosed with schizophrenia or MDD revealed no significant differ-
ences in RNA editing among the three populations. However, subjects who commit-
ted suicide exhibited a significant elevation of editing at the A site, which is predicted
to change the amino acid sequence in the second intracellular loop of the 5-HT, re-
ceptor [32]. Gurevich et al. [33] found that in suicide victims who had a history of
major depression, the pre-mRNA editing for the 5-HT,¢ receptor at the C' site was
significantly increased, the editing at the D site was significantly decreased, and the C
site showed a trend towards increased editing in the suicide victims compared with
control subjects. Very recently, Di Narzo et al. [34] analyzed the connections among
5-HT)¢ receptor editing, genome-wide gene expression and DNA methylation in sui-
cide victims, individuals with MDD and nonpsychiatric controls. They found an over-
representation of highly edited mRNA variants (which encode hypoactive 5-HT,¢
receptors) in the brains of suicide victims. A large set of genes for which the expression
level is associated with editing was detected. This signature set of editing-associated
genes was significantly enriched for genes that are involved in synaptic transmission,
genes that are preferentially expressed in neurons and genes whose expression is cor-
related with the level of DNA methylation. They also reported that the link between
5-HT),¢ receptor editing and gene expression was disrupted in suicide victims. The
results suggest that the postulated homeostatic function of 5-HT, receptor editing is
dysregulated in individuals who committed suicide.

Noradrenergic System in Suicide

The role of the noradrenergic system in depression and suicide has been studied using
blood, urine and CSF samples from depressed or suicidal patients, catecholamine
depletion in living patients and postmortem brain tissues from depressed subjects and
suicide victims. The major evidence implicating noradrenergic mechanisms in sui-
cide is derived from the studies of a metabolite of norepinephrine known as 3-me-
thoxy-4-hydroxyphenylglycol (MHPG) in the CSF of suicidal patients. It has been
shown that low CSF MHPG predicts the risk of suicide attempts and the greater the
MHPG deficiency the more lethal the suicide attempts [35]. On the other hand, the
results from the studies of another metabolite, homovanillic acid, in CSF are mixed
and only one of several studies demonstrated that low levels of CSF homovanillic acid
were associated with suicidal behavior in patients with depressive illness [36]. Two
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studies reported that the 24-hour norepinephrine/epinephrine ratio in psychiatric
patients with a history of suicide was lower than that of other psychiatric patients [37,
38]. Similarly, the studies of tyrosine hydroxylase in suicidal behavior showed incon-
sistent results. Whereas Arango et al. [39] found decreased numbers of locus coeru-
leus neurons, Ordway [40] found elevated tyrosine hydroxylase immunoreactivity
and Biegon and Fieldust [41] reported decreased tyrosine hydroxylase immunoreac-
tivity in these neuronal populations.

Adrenergic Receptors in Suicide

B-Adrenergic Receptors in Suicide

Noradrenergic receptors, particularly a,- and f-adrenergic receptors, have received
considerable attention in studies of postmortem brain pathology in suicide. One of
the earliest studies determining the f-adrenergic receptor in postmortem brains of
suicide victims was reported by Meyerson et al. [42]. Using *H-dihydroalprenolol
(DHA, a B-adrenergic antagonist) as the ligand for B-adrenergic receptor binding,
they did not find significant differences in the PFC of suicide victims, although there
was a trend towards an increase in 3-adrenergic receptor binding. On the other hand,
Mann et al. [20] found a significant increase in DHA-specific binding in the frontal
cortex of suicide victims, which was further supported by studies of Arango et al. [21]
with similar findings. Autoradiographic studies also found a significant increase in
B-adrenergic receptors in the gray matter outer layers and in the inner layers of the
PFC and temporal cortex of suicide victims. Contrary to these reports, DePaermentier
et al. [43] found decreased B-adrenergic receptors in the temporal cortex of suicide
subjects. A similar finding was reported by Little et al. [44] using **I-pindolol as the
radioligand. Thus, the results of studies of B-adrenergic receptors in postmortem
brains of suicide victims appear to be mixed.

a-Adrenergic Receptors in Suicide

In contrast to f-adrenergic receptor, a-adrenergic receptors have been studied exten-
sively in suicide brains. For example, using agonist binding for labeling a,-adrenergic
receptors, DePaermentier et al. [45] did not find any significant differences in the a;-
or a;p- adrenergic receptors in the postmortem brains obtained from antidepressant-
free suicide victims. Arango et al. [21] determined a;-adrenergic receptors using pra-
zosin as the radioligand and failed to find any difference in the PFC and temporal
cortex of suicide victims. On the other hand, Gross-Isseroff et al. [46] found decreased
a;-adrenergic receptor binding in the PFC, temporal cortex and caudate nucleus of
suicide victims. Gonzalez et al. [47] determined a,-adrenergic receptors using the
agonist *H-UK14304 in the hippocampus and frontal cortex and found a significant
increase in the number of a,-adrenergic receptors in the CA1 and dentate gyrus and
in the external layers of the frontal cortex of suicide subjects. An increase in a,-
adrenergic receptors was also observed by Meana and Garcia-Sevilla [48] in the fron-
tal cortex of suicide victims. Subsequent studies from this group showed increased
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protein and mRNA expression of a,-adrenergic receptors in the PFC of suicide sub-
jects. Ordway et al. [49] reported that only the agonist binding (}**I-iodoclonidine) to
ay-adrenergic receptors and not the antagonist binding (*H-yohimbine) was greater
in the locus coeruleus of suicide victims. Functional analyses suggest that a,-
adrenoceptor-linked Gja signaling is increased in depressed suicide subjects [50], im-
plicating this receptor in suicide. Underwood et al. [51] determined a;- and a,-
adrenergic receptors using *H-prazosin and *H-p-aminoclonidine (*H-PAC) by au-
toradiography in postmortem brains obtained from alcoholic suicide and alcoholic
nonsuicide subjects, as well as normal control subjects. They found that the a,-
adrenergic receptors were decreased in alcoholic suicide victims in the dorsolateral
frontal cortex and ventrolateral B46 and B47 of the PFC compared with control sub-
jects. They also found that a,-adrenergic receptors determined by autoradiography
using *H-PAC were significantly decreased in B46/47 and B11 compared with control
subjects.

Intracellular Signaling Mechanisms and Suicide

Downstream signal transduction pathways are important for behavioral and environ-
mental adaptations by regulating neural plasticity and integrating various physiolog-
ical processes, including modulation of neurotransmitter synthesis and release, regu-
lation of receptors and ion channels, neuronal excitability, gene expression, and cell
proliferation. Given the critical importance of intracellular signaling pathways, recent
studies have focused on the role of various signaling molecules in the pathophysiol-
ogy of suicide. The most studied intracellular signaling pathways in the pathophysiol-
ogy of suicide are the PI and the adenylyl cyclase-cAMP pathways.

Phosphoinositide and Adenylyl Cyclase-cAMP Signaling Systems in Suicide

In the PI signaling pathway, agonist binding to neurotransmitter receptors such as
5-HT,4, 5-HT,¢ or a;-adrenergic receptors causes activation of G proteins, which
then activate the enzyme PI-specific phospholipase C (PI-PLC). PI-PLC then hydro-
lyzes phosphatidylinositol 4,5 biphosphate (PIP,) and generates two intracellular sec-
ond messengers - inositol 1,4,5 trisphosphate (IP;) and diacylglycerol (DAG). DAG
remains within the membrane and activates phospholipid- and calcium-dependent
enzyme protein kinase C (PKC) and increases its affinity for calcium. PKC phosphor-
ylates substrate proteins in the plasma membrane and cytosol. DAG is short-lived and
is rapidly phosphorylated to form phosphatidate by diacylglycerol kinase, thus caus-
ing the termination of PKC activation. The other second messenger, IP;, leaves the
cell membrane and diffuses within the cytosol. IP; then binds to IP; receptors and
mobilizes Ca?* from intracellular sources such as the endoplasmic reticulum. Once
released, Ca?* interacts with Ca?*-sensitive calmodulin (CaM), which then activates
calmodulin-dependent protein kinases (CaM kinases). PKC and CaM kinase can
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activate transcription factors such as CREB. PKC has many substrates in cytosol
where it can phosphorylate substrates, including MARCKS (fig. 1).

In the adenylyl cyclase-cAMP signaling system, agonist-induced modulation of G
proteins causes the activation of adenylyl cyclase, which converts substrate ATP to
cAMP. cAMP then activates phosphorylating enzyme protein kinase A (PKA). PKA,
like PKC, activates several transcription factors, resulting in alterations in the tran-
scription of genes. The intracellular level of cAMP is determined by the rate of its
synthesis from ATP by adenylyl cyclase and its catabolic conversion to 5" AMP by
phosphodiesterases (fig. 1).

G Proteins in Suicide

Ga subunits have been classified into four major classes - G, Gj, G, and Gy,. More
than 16 distinct genes encode the G protein a subunits; 5 distinct f subunit genes and
12 y subunit genes have also been identified [52]. G,a stimulates adenylyl cyclase,
whereas Gja mediates the inhibition of adenylyl cyclase. Gqa is coupled to PLC, an
enzyme that is involved in PI hydrolysis. G and Gja have also been shown to be op-
erative in gating L-type Ca?* channels and K* channels, respectively. A particular G
protein can couple to more than one effector.

G protein function has been studied in the postmortem brains of suicide victims by
several investigators. Cowburn et al. [53] found that basal and GTP-y-S-stimulated ad-
enylyl cyclase activity was significantly lower without any change in the expression of
Gsa or Gja. The decreased GTP-y-S-stimulated adenylyl cyclase activity was more pro-
found in those suicide subjects who died from violence or had a history of depression.
Pacheco et al. [54] found that GTP-y-S-stimulated PI hydrolysis was decreased in the
frontal cortex of depressed suicide subjects. In addition, they reported an increased ex-
pression of Gsa and a decreased expression of Gya in depressed suicide subjects. Gurguis
etal. [55] found super-coupling of the receptors to the Gya protein in the PFC of suicide
subjects. Dowlatshahi et al. [56] did not find any significant differences in the protein
expression of Gsa or Gja in suicide subjects. Recently Valdizan et al. [50] reported that
basal GTP-y-S binding and cAMP accumulation did not differ but there were significant
35§ GTP-y-S binding potency and maximal inhibition of AC activity in the suicide brain.

In a large postmortem brain study, we found that the levels of Gj;a and G,a were
decreased and the level of Gsa-S was increased in the PFC of suicide subjects [57].
When suicide subjects were divided into subgroups of teenagers and adults, we ob-
served that the mRNA levels of Gja and G,a were significantly decreased and those
of Gsa-S were significantly increased in the PFC of adult suicide subjects, without any
change in mRNA levels of Gjja. On the other hand, there were no significant differ-
ences in mRNA levels of any of the G protein subunits between teenage controls and
teenage suicide subjects. Interestingly, in brains of depressed suicide subjects, we
found that Gsa was less available for adenylyl cyclase signaling because of its presence
in cytoskeletal-associated lipid raft-like domains, suggesting that membrane micro-
domains are critical in G protein signaling and are impaired in the suicide brain [58].
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Fig. 1. Overview of G proteins, Pl and adenylyl cyclase-cAMP signaling. R = Regulatory; C = catalytic.
In the inactive state, the a subunit of G protein is bound to GDP and to By subunits. The binding of
agonists to receptors causes an interaction of receptors with G proteins, which, in turn, releases GDP
in exchange with GTP. This leads to the generation of a-GTP and a By subunit dimer. Both a and By
subunits can interact with effectors. In the Pl signaling pathway, the binding of neurotransmitter to
G protein-coupled receptors leads to the activation of G proteins, which, in turn, activate enzyme
PLC, which then converts PIP, into IP; and DAG. DAG then activates PKC and IP3 binds to IP; recep-
tors and mobilizes Ca?* from intracellular sources such as the endoplasmic reticulum. Once released,
Ca?* interacts with CaM, which then activates CaM kinases. PKC and CaM kinases can then activate
substrates such as CREB or MARCKS. In the adenylyl cyclase-cAMP signaling pathway, the binding of
neurotransmitter to G protein-coupled receptors leads to the activation of G proteins, which, in turn,
activate adenylyl cyclase, leading to the production of cAMP. PKA is a holoenzyme composed of two
subunits: regulatory and catalytic. These regulatory and catalytic subunits form a tetrameric holoen-
zyme (R,C5). In the absence of cCAMP, PKA exists as a stable inactive tetramer. The catalytic activity of
cAMP is suppressed when the catalytic subunits form a complex with the regulatory subunits. c-AMP,
generated in response to adenylyl cyclase activation, binds to the regulatory subunits of tetrameric
PKA holoenzymes. The binding of cAMP to a regulatory subunit lowers its affinity for the catalytic
subunit. This causes the release of free catalytic subunits. The catalytic subunit can catalyze phos-
phorylation of substrates in the cytoplasm or, after translocation of the catalytic subunits, in the
nucleus. PKA is also anchored with A-kinase-anchoring proteins, causes compartmentalized localiza-
tion of PKA and initiates phosphorylation of substrates in a localized fashion. As with PKC, PKA can
activate CREB, which regulates the transcription of many neuronally expressed genes, including
BDNF. Deactivation of PKA is achieved through the degradation of cAMP to 5" AMP by cAMP-specif-
ic phosphodiesterases.
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Phosphoinositide-Specific Phospholipase C and Protein Kinase C in Suicide

In the PI signaling, the enzyme PI-PLC converts PIP, into DAG and IP; and helps in
the transduction of signals from the receptors to the nucleus (fig. 1). PI-PLC isoforms
are classified into three major families - PLC(, PLCy and PLCS. The PLCp family
consists of three members that are highly expressed in the brain - PLCB,, PLCB, and
PLCs. PLCy consists of y; and y, subunits, whereas PLCS is subtyped into §; and §,.
Pacheco et al. [54] measured the expression levels of PLCP in the PFC of depressed
suicide victims but did not find any significant differences between suicide subjects
and normal controls. In the PFC of teenage suicide, we observed that PI-PLC activity
was significantly lower, which was associated with decreased expression of the PLCp,;
isozyme [59].

PKC is the downstream regulatory enzyme in the PI pathway activated by DAG.
The PKC family has been subgrouped into three classes — conventional (a, BI, fII, and
v), novel (8, €, 1, and 0) and atypical (i, k, A and t). The conventional isozymes are
phospholipid- and calcium-dependent, whereas the novel PKC isozymes do not re-
quire calcium for activation. The atypical isozymes are unresponsive to phorbol esters
but can be activated by phosphatidylserine. We were the first to report that the bind-
ing of *H-PDBu to regulatory regions of PKC was decreased in the PFC of teenage
suicide subjects, suggesting lower capability of PKA regulatory subunits to bind its
activators [60]. In addition, we found that PKC activity was significantly decreased
along with decreased expression of PKCa, BI, BII, and y in both the PFC and hippo-
campus of teenage suicide subjects. In contrast, Coull et al. [61] did not find any
change in *H-PBDu binding in antidepressant-treated suicide victims but noted in-
creased *H-PBDu binding in antidepressant-free suicide victims. Using PCR and
morphological microscopy observation, Lo Vasco et al. [62] recently examined the
whole panel of expression of PLC isoforms in the brains of individuals who commit-
ted suicide and in normal controls in order to evaluate the involvement of specific
PLC isoforms. They found that not only was the expression of PLC reduced but there
was a complex disarrangement of the PLC panel of expression in suicide brains, with
variable loss of expression of PLCp,, PLCB;, PLCpB4, PLCn;, and PLCO,;. The most rel-
evant differences were observed in the brains of the youngest (aged less than 29 years)
suicide victims, which did not express a number of isoforms commonly detected in
normal control brains. In this subgroup, from 2 to 4 out the commonly expressed 6
isoforms were not detected. These results suggest that the impaired expression of PLC
enzymes worsens the signal transduction network in the brain, thus predisposing to
suicidal behavior.

Myristoylated alanine-rich C kinase substrate (MARCKS), a major substrate of
PKC, belongs to a family of homologous proteins that binds to calmodulin in a calci-
um-dependent manner. McNamara et al. [63] determined MARCKS expression in
the PFC and hippocampus of suicide subjects and did not observe any differences.
Similar to this study, we also did not find a change in the expression of MARCKS in
the PFC of total suicide subjects [64]. However, we found that the expression of
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MARCKS was increased in depressed suicide subjects but was decreased in nonde-
pressed suicides. Interestingly, PKC-mediated phosphorylation of MARCKS was low-
er in the PFC of both depressed and nondepressed suicides. It appears that the PKC-
mediated functional response at the level of MARCKS is abnormal in suicide subjects
regardless of its expression level.

Protein Kinase A in Suicide

In the adenylyl cyclase-cAMP pathway, the effects of cCAMP are primarily mediated
by its receptor PKA. The activation of PKA is discussed in figure 1. In a comprehen-
sive study, we examined PKA in the PFC of suicide victims [65, 66]. We observed that
cAMP binding to regulatory subunits of PKA was decreased. However, there were no
differences in the affinity of cAMP binding to these subunits. In addition, we observed
that PKA activity was decreased in both the presence and the absence of cAMP, sug-
gesting that decreased activation of PKA was not dependent on less availability of
cAMP. This is a surprising finding given that Gj,a and G,a were decreased and the
level of G4a-S was increased in the brains of suicide subjects, suggesting greater avail-
ability of cAMP. Interestingly, we found that the expression of selective regulatory
RIIP and catalytic CP subunits was decreased in the PFC of suicide subjects, suggest-
ing that decreases in cAMP binding and PKA activity could be due to decreases in the
expression of these subunits. These results have been independently confirmed by
Odagaki et al. [67].

In the teenage suicide population we found that PKA activity was decreased in the
PFC. However, in contrast to the adult suicide population, teenage suicide subjects
showed decreased expression of Rla and RIP [60]. This is quite distinct from what we
observed in the adult population. Why different regulatory and catalytic subunits are
altered in teenage versus adult populations is not clear but could be related to spe-
cific behavioral characteristics such as affective disorders or impulsive aggressive
behavior. Shelton et al. [68] reported that PKA activity is decreased in the PFC of de-
pressed subjects. In another study, these investigators demonstrated that melanchol-
ic depressed subjects showed lower PKA Rla and Cp expression in the frontal cortex,
whereas those who died by suicide showed lower PKA Rla and Ca expression [69].
Thus, whether a decrease in specific PKA subunits is related to specific clinical phe-
notype needs to be further examined.

BDNF in Suicide

BDNF is a critical gene regulated by both PKA and PKC and participates in a wide
range of physiological functions, including neurite outgrowth, phenotypic matura-
tion, morphological plasticity, and synthesis of proteins for differentiated function-
ing of neurons and synapses. Our group was the first to examine the role of BDNF in
suicide [70]. In this study, we found that the expression of BDNF was significantly
lower in both the PFC and hippocampus of suicide subjects regardless of the psychi-
atric diagnosis. These results are further supported by a recent study which found

Neurotransmitter System and Suicide 31

Kaschka WP, Rujescu D (eds): Biological Aspects of Suicidal Behavior.
Adv Biol Psychiatry. Basel, Karger, 2016, vol 30, pp 21-36 (DOI: 10.1159/000435768)



decreased expression of BDNF in the hippocampus of suicide subjects [71]. Karege
etal. [72] examined BDNF expression in 30 suicide victims and 24 drug-free nonsui-
cide subjects, who were devoid of psychiatric or neurological disease. They found a
significant decrease in BDNF levels in the hippocampus and PFC, but not in the en-
torhinal cortex, of suicide victims who were drug free compared with nonsuicide
controls. The decrease was observed in all suicide victims, regardless of diagnosis.
This study supports a role of BDNF in the pathophysiological characteristics of sui-
cidal behavior. It also suggests that a decrease in BDNF may be specific only to brain
areas that are related to emotion and cognition. Karege et al. [72] also found that sui-
cide subjects who were receiving antidepressant treatment did not show any change
in the level of BDNF, suggesting that psychotropic drugs normalize the decreased
level of BDNF in suicide subjects and that BDNF may be a mediator of psychotropic
drug action. Interestingly, Kozicz et al. [73] examined the sex difference in the expres-
sion of BDNF in suicide subjects. They found that the BDNF level was much lower
in the midbrain of male suicide subjects, whereas female suicide subjects showed an
increased level of BDNF in this brain area, suggesting a possible sex effect in the reg-
ulation of BDNF expression in suicide subjects. Although the other studies did not
find sex-specific changes in BDNF expression in the hippocampus or cortical areas
of suicide subjects [70, 72], whether the sex-specific effect in BDNF expression is spe-
cific to the midbrain area needs to be further studied.

Because the epiphenomenon of teenage suicide may be different from that of
adults, in a recent study we attempted to delineate the pathogenic mechanisms of
adult versus teenage suicide [74]. We found that the expression of BDNF mRNA was
decreased in the PFC and hippocampus of teenage suicide subjects. However, the pro-
tein expression of BDNF was decreased only in the PFC, not in the hippocampus.
Thus, there is a disconnection between mRNA and protein expression of BDNF in the
hippocampus of teenage suicide subjects. There is a possibility that differences in the
expression of BDNF between the PFC and hippocampus of teenage suicide subjects
could be associated with a defective translation or turnover of BDNF in the hippo-
campus.

Conclusion

In this chapter, we have critically discussed abnormalities associated with serotoner-
gic and noradrenergic systems in suicide. It has been generally observed that suicidal
behavior is associated with the presence of major mental disorders. Impulsive aggres-
sive behavior and stress are also important risk factors for suicidal behavior. Since
impulsive aggressive behavior, as well as stress, is implicated in abnormal serotonergic
mechanisms, it is not surprising that the initial studies of neurobiological abnormali-
ties in suicide focused on the serotonergic system. Overall, it appears that changes in
serotonergic systems, particularly at the levels of 5-HT,, and 5-HT) 4 receptors, are
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quite consistent. The noradrenergic system, on the other hand, has not been studied
as extensively as the serotonergic system and the findings are also mixed. However, at
the downstream level, both these receptor systems show abnormalities in the brains
of suicide subjects. The results indicate abnormalities in G proteins and of the effector
molecule PLC as well as the phosphorylating enzymes PKA and PKC. The abnormal-
ities in BDNF in suicide are compelling. Many postmortem brain studies consistently
show decreased BDNF expression. One of the critical questions of these findings is
whether the observed changes are specific to suicide, since the risk factors for suicide
are not only the presence of major mental disorders — impulsive aggressive behavior
and stress also play a critical role in suicidal behavior. The majority of the postmortem
brain studies have been performed in samples obtained from depressed suicide sub-
jects. Thus, it will be important to examine whether the observed changes are inde-
pendent of depression or for that matter independent of psychiatric diagnosis.
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Abstract

A significant proportion of patients diagnosed with major depressive disorder (MDD) encounter fre-
quent hospitalization because of suicidal ideation or after attempting suicide. Moreover, a significant
proportion of subjects with MDD commit suicide. As a result, MDD-related suicide is a leading cause
of death globally and the main contributor to the number of deaths by suicide. However, the bio-
logical mechanisms underpinning both MDD-related and MDD-unrelated suicide remain elusive.
Studies using human postmortem brain samples of MDD patients who died as a result of suicide
suggest dysfunction of neurotransmitter systems, including the GABAergic systems at the biochem-
ical, gene, cellular, brain area, and function levels. In this chapter, we review human postmortem
studies on major depression from our research group, which suggest selective and robust alterations
in the functioning of specific GABA-related genes. We then compare these findings between MDD
subjects who died from suicide and those who died from other causes. Despite the low level of evi-
dence provided by these studies in support of a dysfunction in the GABA system associated with
suicide, we suggest that further and systematic molecular studies are needed to resolve the conflict-
ing results reported in the literature. Moreover, clinical investigations using tools that directly engage
cortical GABA function, such as transcranial magnetic stimulation, suggest that functional studies of
the GABA system in clinical subjects may provide mechanistic insight and have potential therapeu-
tic purpose. ©2016 S. Karger AG, Basel

Depression is a complex neuropsychiatric disorder. According to the American Diag-
nostic and Statistical Manual of Mental Disorders, 5th edition (DSM-5), depression is
characterized by low mood or reduced interest towards pleasurable activities (anhe-
donia) and disturbances in cognitive (attention, concentration, recurrent suicidal
thoughts) as well as somatic (weight, locomotor, sleep patterns) symptoms [1]. Based
on the severity, recurrence and duration of episode characteristics, depression is fur-
ther categorized into several distinct classes [1-3]. Epidemiological studies indicate
that major depression or major depressive disorder (MDD) is the most prevalent
among different classes of depression. It is estimated that about 17% of the US



population and approximately 6.7% of the world’s population (both men and women)
are affected by MDD during their lifetime [3-5]. Interestingly, women experience
MDD at a greater percentage than men. A significant proportion of patients diag-
nosed with MDD encounter frequent hospitalization because of suicidal ideation or
after attempting suicide. Moreover, a significant proportion of subjects with MDD
commit suicide [3, 6, 7]. As a result, MDD-related suicide is a leading cause of death
globally and the main contributor to deaths by suicide [8]. However, the biological
mechanisms underpinning both MDD-related and MDD-unrelated suicide remain
elusive. Studies using human postmortem brain samples of MDD patients who died
as a result of suicide suggest dysfunction of neurotransmitter systems, including the
serotonergic and GABAergic systems at gene, cellular and network levels. Here we
review human postmortem studies on major depression from our research group,
which suggest selective and robust alterations in the functioning of specific GABA-
related genes. We then compare these findings between MDD subjects who died from
suicide and those who died from other causes. Aspects of this chapter have previous-
ly been presented elsewhere [9-11].

Brief Summary of Current Research on Suicide

Several models have been put forward in attempting to delineate the biological mecha-
nisms underlying depression-mediated suicide [12, 13]. According to these models, sui-
cide or suicidal attempt results from the interaction of distal and proximal risk factors
[13]. The distal factors include familial and genetic predisposition, genetic variation and
early-life adversity. These distal factors are of distant temporal time framei.e. without any
direct involvement, and predispose individuals to the development of suicidal behavior.
On the other hand, proximal risk factors are often considered as the precipitating factors,
which include alterations in the brain neurochemical compositions at a time point closer
to the onset of the suicidal event [13]. Indeed, many postmortem examinations of brain
tissue from depressed suicide victims suggest changes in several neurotransmitter sys-
tems, cellular signal transduction and neuroendocrine response [12-15]. The changes in
neurotransmitter systems in the brain tissue of depressed suicide victims mostly include
abnormalities in the serotonergic and GABAergic systems. The hypothesis that altera-
tions in the serotonergic system are involved in suicide mainly came from the following
seminal findings: (1) low cerebrospinal fluid levels of the serotonin metabolite 5-hy-
droxyindoleacetic acid (5-HIAA) [16] and (2) altered levels of serotonin receptor and
uptake sites throughout the frontal cortex [17, 18] and in the midbrain serotonergic nu-
clei of suicide completers [19-22]. In spite of the vast literature suggesting the involve-
ment of the serotonergic system in suicide, outstanding questions remain such as to what
extent and how specific are those postmortem changes associated with suicidal behavior
[13]. Several chapters of this book review the literature on genetics, epigenetics and cel-
lular signal transduction pathways implicated in suicide.
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Early Studies of the GABA System in Suicide

Multidisciplinary-based examinations performed on depressed suicide or control
subjects have provided conflicting results for the involvement of GABAergic sys-
tem components in depression-related suicide. For example, no differences were
found in the levels of GABA either in the cerebrospinal fluid of individuals who at-
tempted suicide or in the postmortem frontal cortex tissue of suicide victims who
suffered from major or bipolar depression compared to subjects without a history
of suicidality or normal controls [23, 24]. Similarly, neuropeptides expressed in
GABA neurons, e.g. somatostatin (SST), neuropeptide Y (NPY) and GABA levels,
were not significantly different between depressed patients who did or did not at-
tempt suicide [25]. Interestingly, there were also no differences in neuropeptide
levels in the cerebrospinal fluid of these patients in a 5-year follow-up study [25].
Sundman et al. [26] reported no differences between the depressed suicide victims
and controls when GABA uptake sites were measured. In addition, no differences
in the GABAGg receptor levels were reported in the frontal cortex between depressed
suicide and control subjects [27-29]. Similarly, an early study from our group also
reported no differences in the expression of GABAergic components in the dorso-
lateral or orbital ventral prefrontal cortex, as tested by gene microarray analysis
[30].

These results contrast with later reports suggesting alterations in the GABAergic
system through targeted or large-scale investigations of gene expression profiles from
postmortem brain tissue of individuals diagnosed with MDD and who died of suicide
versus good mental health individuals who died of other causes [31, 32]. For instance,
using qPCR-based analysis, the Anisman group observed a downregulation of
GABA 4 receptor subunits mRNA levels in a region-dependent manner in depressed
suicide victims [33, 34]. The same group also reported evidence suggesting increased
methylation in the GABA , receptor promoter, as a potential molecular mechanism
for the observed downregulated expression in suicide victims [35]. Two separate stud-
ies from the Turecki group revealed an altered expression of GABAergic components
when analyzed for microarray-based global gene expression in suicide subjects with
or without depression [31, 36]. By employing pathway analysis for microarray data,
Zhurov et al. [37] suggested a wide range of perturbations in the gene expression that
are required for synaptic activity, including GABAergic transmission in subjects di-
agnosed with MDD and who died of suicide. Another separate study reported that
altered GABAergic transmission in suicide victims could result from alterations in the
glutamate-GABA synthesis cycle [38].

Contrary to the above studies, by evaluating the changes in the levels of drug-
binding sites e.g. benzodiazepine to GABA 4 receptors, Cheetham et al. [39] report-
ed an increase in the GABA 4 receptors in the frontal cortex tissue of depressed sui-
cide subjects. Choudary et al. [32] and Sequeira et al. [40], using gene microarray
analysis, observed an upregulation of GABA, receptor subunits, specifically
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GABA, al and GABA, B3 in specific cerebral cortical areas of subjects with depres-
sive symptoms and who committed suicide. Lee et al. [41] found an increase in the
cerebrospinal fluid GABA levels with personality-disordered subjects who had a
history of suicidal behavior. The summary of these findings suggests a complex pic-
ture and it is not clear whether the inconsistent results reflect the inherent variabil-
ity across depressed populations or the lack of common molecular techniques to
assess the underlying neurobiology.

GABA in Depression: Evidence from Human Postmortem Studies from Our Research
Group

Molecular and cellular evidence from postmortem studies and in combination with
in vivo imaging data suggests alterations in several components of the local cell cir-
cuitry in MDD [9, 10]. These components include deregulated GABA and gluta-
mate homeostasis, specifically changes to the structure and function of glutamater-
gic neurons, dendritic-targeting GABAergic neurons, astrocytes, and oligodendro-
cytes. Based on our findings which we have summarized elsewhere [10], a
hypothetical set of events contributing to disrupted processing and altered transfer
of synaptic information in depression may occur in corticolimbic circuits, as fol-
lows: (1) changes in pyramidal neuron structure and in the availability of glutamate
could disrupt the synaptic transfer of information; (2) reduced inhibition by den-
dritic targeting SST-positive GABA interneurons may lead to suboptimal modula-
tion of excitatory postsynaptic signals onto dendritic spines; (3) suboptimal con-
duction of action potentials along the pyramidal axon could be caused by decreased
oligodendrocyte support, leading to decreased integrity of information input or
output, and (4) impaired astrocyte function may cause altered extracellular neu-
rotransmitter clearance and recycling, which in turn may lead to an imbalance in
GABA and glutamate homeostasis within their respective tripartite synapses [10].
Evidence from studies performed on corticolimbic regions of human postmortem
brains by our group suggests a robust effect of depression on the GABA component,
specifically affecting dendritic inhibition.

Reduced Markers of GABA-Related Dendritic Inhibition in Major Depression

GABA-positive neurons can be divided into subgroups based on morphology, neu-
ropeptides that they express, electrophysiological properties, and the cellular com-
partments they target. GABA neurons expressing SST, NPY and cortistatin (CORT)
target and inhibit the dendrites of pyramidal neurons, whereas interneurons ex-
pressing parvalbumin and cholecystokinin target the cell body and axon initial seg-
ment. Vasoactive intestinal peptide or calretinin-expressing neurons inhibit other
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GABA neurons. Reduced density of GABA neuronal immunoreactivity for spe-
cific calcium-binding proteins has been reported in the dorsolateral prefrontal cor-
tex (dIPFC) in major depression [42]; however, for contrary findings, see also [43,
44]. The density of calbindin-positive neurons was reduced by 50% in the dIPFC
and no differences in parvalbumin-positive neurons were observed. Reductions in
the density of calbindin-positive neurons were also reported in the occipital cortex
[45].

We have reported a reduction in the expression of SST in the dIPFC [46], subgen-
ual anterior cingulate cortex (sgACC) [47, 48] and amygdala [49] of subjects with
MDD. These findings are consistent with previous studies, as SST is mostly expressed
in calbindin-positive cells in the cortex [50]. NPY and CORT expression was also
lower in the sgACC and amygdala in subjects with major depression [48, 49]. In con-
trast, cholecystokinin and calretinin were unaffected in the ACC and amygdala, while
parvalbumin expression was lower in the ACC but not in the dIPFC [46, 48]. Alto-
gether, these results suggest a common effect on markers of GABA neurons specifi-
cally inhibiting the dendrites of excitatory pyramidal neurons.

On the other hand, reduced gene expression levels of GAD67, an enzyme re-
sponsible for the synthesis of GABA from glutamate, have not been consistently
reported but were observed in some studies, including at the protein level in the
dIPFC [51] and at the mRNA levels coding for both GAD65 and GAD67 in the
sgACC [48]. These cellular findings are consistent with reports of decreased GABA
concentration in major depression, as observed by 'H-MRS (proton magnetic reso-
nance spectroscopy) or by transcranial magnetic stimulation (TMS) of the occipital
and frontal cortices [52-55]. Selective serotonin reuptake inhibitors or electrocon-
vulsive therapy reverse these changes [56, 57]. The combined functional imaging
and resting-state MRS studies have suggested that the concentration of GABA in
the ACC mediates the responses of the default mode network during emotion pro-
cessing [58] and, intriguingly, reduced GABA levels in the ACC correlate with mea-
sures of anhedonia across depressed and control adolescents [54]. These brain-
based observations in human subjects with MDD provide evidence for the GABA
hypothesis of emotion dysregulation in depression [59, 60] which was originally
proposed in 1980 based on the efficacy of sodium valproate, a GABAergic anticon-
vulsant, in the treatment of mania [61]. This was further supported by various re-
ports demonstrating low GABA levels in the plasma and cerebrospinal fluid of sub-
jects with psychiatric illnesses, including major depression [62-65], and later by the
association between GABAergic transmission and control of stress [for review, see
60], by the effect of monoaminergic antidepressants on GABAergic transmission
[56], and genetic manipulation studies in rodents [66]. Taken together, these stud-
ies provide compelling evidence for reduced GABA levels and selective cellular
changes that potentially affect neuropeptide-related and/or GABA-related func-
tions, specifically those involving the regulation of information input onto pyrami-
dal neurons (dendritic tree).
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A Model Linking Reduced GABA-Mediated Dendritic Inhibition with Increased
Focus on the Self in Major Depression

Taking into account the available literature on altered GABA function in depression,
we recently proposed a working model that links our molecular and cellular findings
from human postmortem brain tissue with brain imaging findings, psychological
concepts and all the way to symptom dimension [9]. Specifically, selective changes in
the GABA-related inhibitory components of the input/output regulation of excitato-
ry pyramidal cell function, combined with anatomical and connectivity differences
between the ACC and dIPFC, may underlie the observed opposite functional changes
between those two regions in MDD and the associated shift in neural network activi-
ties that include those regions (increased default mode and decreased executive net-
work function). The resultant changes in integrated brain function may then emerge
as a critical shift in awareness, specifically in the balance from external to internal
mental focus. This is reflected by unspecific somatic symptoms and the predominance
of the own cognitions manifested in increased self-focus, hence potentially underlying
the common symptom of rumination that plagues many MDD patients [for further
details, see 9]. Therefore, restoring GABA-mediated dendritic inhibitory function
may reduce pyramidal cell activation and the excitatory tone, contributing to reduced
ACC activation with a positive response to therapeutic intervention such as deep
brain stimulation, for instance [67].

It is interesting to note that cortical inhibitory deficits are frequent across neuro-
psychiatric disorders. For instance, alterations in SST levels have also been identified
in schizophrenia [68], bipolar disorder [69, 70], Huntington’s disease [71], Alzheim-
er’s disease [72, 73], and Parkinson’s diseases [74]. This could suggest the presence of
intrinsic vulnerability factors within SST and related GABA neurons and that com-
mon biological insults may similarly affect this cell population across several brain
disorders [75]. Accordingly, using genetic and environmental stress models in mice,
we recently identified the basic cellular mechanism of endoplasmic reticulum-medi-
ated unfolded protein response as a putative cellular mechanism underlying the vul-
nerability of SST neurons to physiological and psychosocial stress [76]. It is not known
whether this mechanism occurs in human SST neurons but one can speculate that
those intrinsic cellular vulnerabilities may represent a common biological mechanism
for deficits in SST-mediated GABA function across disorders and may in fact under-
lie the mood component (depressive symptoms) across neuropsychiatric disorders.
We discuss this hypothesis in more details in the study by Lin and Sibille [75]. More-
over, with regard to suicidality and based on the GABA, self-awareness and depres-
sion model described earlier in this chapter, those common cellular and molecular
deficits could also be linked to the negative cognitive processes associated with in-
creased self-awareness and self-focus that may contribute to suicidal tendencies across
neuropsychiatric disorders. We next review our past studies and the broader literature
in search for evidence in support of this premise.
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Somatostatin-Related GABA Measures in Major Depressive Disorder According to
Suicide Status

In the literature, death by suicide has been previously associated with reduced BDNF
expression [77-79] (see also chapter by Richard-Devantoy and Courtet, this vol., pp.
88-100). Suicide victims exhibit low hippocampal and midbrain BDNF levels [79],
reduced activity-dependent BDNF expression, possibly through hypermethylation of
BDNF promoter/exon IV [80], and increased risk for violent suicide in BDNF Met
allele carriers [81, 82]. Do the cellular and molecular changes we reported in MDD,
as described in the previous sections of this chapter, support a role for those changes
in suicide when reanalyzed according to suicide status? Two of our studies provide
enough data to investigate this question.

In the first study we tested the hypothesis that the illness may be associated with
robust molecular changes in depressed suicide subjects and we investigated large-
scale gene expression in the postmortem brains of 21 MDD female subjects paired
with matched controls [49]. We focused on the lateral, basolateral and basome-
dial complex of nuclei of the amygdala as a neural hub of mood regulation af-
fected in MDD. The most robust finding that we observed was the downregulation
of gene transcripts encoding for GABA interneuron-related peptides, including
SST, NPY and CORT, in a pattern reminiscent of that previously reported in mice
with low BDNF [83, 84]. BDNF itself was significantly downregulated at the RNA
and protein levels in MDD subjects. This pattern of gene expression changes was
recapitulated in mice with a constitutive (BDNF heterozygous) or activity-depen-
dent (exon IV knockout) decrease in BDNF function, with a common effect on
SST and NPY. Collectively, the above observations provide direct (low RNA/pro-
tein) and indirect (low BDNF-dependent gene pattern) evidence for reduced
BDNF function in the amygdala of female subjects with MDD [49]. The observa-
tion of reduced BDNF function is specifically interesting with respect to our hy-
pothesis linking reduced BDNF to suicidality, since altered BDNF structure and
function have been reported in depressed suicide victims [77-79, 85]. When split-
ting the sample according to death by suicide or other means, we observed that
BDNF mRNA and pro-BDNF protein levels were further, although nonsignifi-
cantly, decreased in depressed suicide victims [mRNA: log, (suicide/controls ra-
tio) = —0.41 vs. —0.28 for nonsuicide MDD patients compared to matched controls,
p = 0.34; pro-BDNF protein: log, (suicide/controls ratio) = -0.62 vs. -0.47 for
nonsuicide MDD patients compared to matched controls, p = 0.28]. However, we
also observed reduced effect sizes on BDNF-dependent and GABA-related genes
in suicide versus nonsuicide MDD subjects (fig. 1). Note that these results were
not significant, potentially due to reduced sample size. Nevertheless, the observed
direction of effects in the depressed suicide group does not provide sufficient evi-
dence in support of a greater effect of GABA dysfunction associated with suicide
status.
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Table 1. Suicide effect on BDNF and BDNF-dependent GABA-related gene expression in the sgACC
of depressed subjects who died by suicide compared to subjects who died from other causes

All MDD and suicide MDD not suicide

ALR p value ALR p value ALR p value
TrkB -0.52 0.0032 -0.51 0.039 -0.52 0.015°2
CORT -0.58 1.69E-052 -0.54 0.0022 -0.68 2.63E-06°
VGF -0.63 0.0012 -0.69 0.007 -0.58 0.0102
SST -0.59 0.0012 -0.04 0.861 -0.83 0.005°2
TAC1 -0.42 0.016 -0.26 0.285 -0.55 0.008?
NPY -0.66 1.01E-042 -0.53 0.015 -0.72 4.25E-052
SNAP25 -0.69 4.53E-042 -0.82 0.008 -0.65 0.0012
GAD2 (GAD65) -0.48 2.00E-03° -0.37 0.116 -0.54 0.0012
GAD1 (GAD67) -0.41 1.00E-032 -043 0.019 -0.40 0.0032
PVALB (PV) -0.58 0.0052 -0.86 0.0042 -0.42 0.0382

Changes in suicide and nonsuicide MDD subjects for genes with significant MDD effects are shown.
ALR = Average log ratio. p < 0.05: statistically significant. The table has been reproduced with per-
mission from Tripp et al. [48].

aSignificance after correction for multiple testing.

In the second study, we used quantitative PCR to assess the gene expression of
BDNF and the same GABA-related genes in the sgACC in a large cohort of postmor-
tem MDD and control subjects (n = 51/group; 49% female) [48]. Parallel studies in
mice with reduced BDNF function confirmed the BDNF dependency on many of the
relevant GABA markers in this brain region. In MDD, BDNF itself was unchanged
but the expression of its main receptor (TrkB, tropomyosin-related kinase B) was
reduced. Genes with demonstrated BDNF dependency, including markers of den-
dritic-targeting interneurons (SST, NPY, CORT) and a GABA synthesizing enzyme
(GAD?2), were robustly downregulated in the combined MDD cohort, together sug-
gesting reduced neurotrophic function in MDD affecting multiple aspects of the
GABA inhibitory local cell circuit. However, when splitting the sample by suicide
status in this study, the observed gene expression differences appeared less robust in
MDD subjects who died by suicide compared to MDD subjects who died by other
causes (table 1). Therefore, similar to the first study performed in the amygdala, re-
sults in the ACC of depressed suicide group do not provide sufficient evidence to
support a greater effect of GABA dysfunction associated with suicide status. How-
ever, do the above-described molecular studies preclude any role for GABA in sui-
cidality? We believe that additional studies need to be performed on multiple mo-
lecular and cellular components of the GABA system in suicidal victims in the con-
text of other psychiatric disorders, since taken together the literature is currently
inconclusive on this topic.
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GABA, Transcranial Magnetic Stimulation and Suicide

What other source of information provide putative links between altered GABA func-
tion and suicidality? Interestingly, recent studies using neurostimulation techniques
such as TMS are emerging as therapeutic approaches not only as antidepressant but
also to potentially protect subjects against suicidal ideation, suicide attempts and even-
tually suicide deaths. TMS is a safe and noninvasive method that delivers small focal
varying frequencies of currents to the brain regions (e.g. dIPFC in the case of depressed
subjects) under the dynamic magnetic field [86-88]. Several studies have shown TMS
as an effective treatment therapy for reducing apathy and decreasing suicidal ide-
ations. For example, repeated TMS treatment for multiple days in several sessions was
found to be safe and decreased suicidal ideations in depressed suicide subjects [89, 90].
Repetitive prefrontal TMS on patients suffering from treatment-resistant MDD and
having prior suicidal ideation experienced reduced suicidal thinking after the treat-
ment [91]. A separate prefrontal repetitive TMS study recently concluded by George
etal. [92] on 41 subjects who had been admitted to hospital based on suicidal thoughts
out of a large pool of enrolled inpatients showed a rapid antisuicide effect after the
treatment, although the TMS effect did not differ from sham treatment over the 3 days
of the treatment. Notably, in contrast to antidepressant medications such as selective
serotonin reuptake inhibitors, none of these TMS studies reported increases in sui-
cidal thoughts. Though there are several studies demonstrating the efficacy of TMS in
treating patients with suicidal thoughts, it is important to note that TMS is not direct-
ly intervening in suicidal ideation or behavior [88]. Rather, TMS might actually mod-
ulate the preconditions that are associated with suicidality, e.g. depression [93, 94].

How do these TMS studies relate to putative GABA function in depression and in
suicidality? Although the mechanisms by which TMS exerts antidepressant effects
and potentially reduce suicidality remain obscure, TMS represents a noninvasive
technique to measure cortical inhibition and associated GABA function. TMS has
been used to measure neurophysiological features of brain functions such as short-
interval cortical inhibition and cortical silent period [95, 96]. Pharmacological ma-
nipulations suggest that these measure GABAergic inhibitory neurotransmission re-
lated to GABA 4 and GABAp receptor-mediated neurotransmission [97-99]. Reduced
cortical inhibition has been reported by TMS in depression [53]. Moreover, since
TMS signal is thought to only penetrate the superficial cortical layers, we could spec-
ulate that it may selectively affect the GABAergic fibers that populate those superficial
layers, namely fibers from the traditional Martinotti cells, which represent a main
subgroup of SST-positive neurons - the same neurons we discussed earlier in this
chapter. Thus, one could speculate that TMS may exert antidepressant activity through
the modulation and recruitment of GABA neurons that are otherwise affected in de-
pression, as measured in the postmortem brain. Indeed, preliminary studies showing
a role for TMS in reducing suicidality [91, 92] suggest that this effect may be simi-
larly mediated by boosting GABA function [100, 101].
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Conclusion

As discussed in this chapter, reduced GABA function in depression can be linked
from the molecular and cellular levels all the way to the symptom of exaggerated self-
focus and potential rumination in depression [9]. However, those molecular and cel-
lular changes appear less robust in samples from depressed subjects who died by sui-
cide. Moreover, without control groups of subjects who committed suicide in the
absence of depression, one cannot conclude that these findings reflect a pathology (or
lack of it) associated with suicide itself rather than a subtype of depression character-
ized by death by suicide. Nonetheless, despite the low level of evidence provided by
these studies in support of a dysfunction in the GABA system associated with suicide,
we suggest that further molecular studies are needed to resolve the conflicting results
reported in the literature. Results from studies using TMS in depression suggest a po-
tential role in reducing suicidal thoughts and suicidality. Therefore, since TMS di-
rectly engages cortical GABA function, further functional studies of the GABA system
in live patients, using TMS, may provide mechanistic insight and have potential ther-
apeutic purpose.
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Abstract

Suicidal behavior is multidimensional. As well as medical, psychological, psychosocial, social, cul-
tural, and socioeconomic parameters, it also includes biological, especially genetic, risk factors. The
heritability is about 55% assuming a polygenic risk model. First linkage and candidate gene studies
have focused mainly on the serotonergic system. Interestingly, most associations were found not
with suicidal behavior per se but with personality traits like aggression and impulsivity. Newly start-
ed genome-wide association studies are promising but actually mostly do not show genome-wide
significant results. The main reason seems to lie in the sample size. Exome and whole genome se-
quencing studies are in their earliest beginnings and will hopefully help to dissect the genetic risk
proportion of suicidal behavior. ©2016 S. Karger AG, Basel

Heritability of Suicidal Behavior

Someone commits suicide worldwide every 40 s. This makes over 1 million people
each year. The number of suicide attempts is 10-fold higher. Suicide accounts for 2%
of the world’s death. It has emerged as one of the leading causes of death among ado-
lescents. Suicide is the second leading cause of death among 15- to 29-year-olds [1].
Attempted suicide is regarded as the most important predictor of a future death from
suicide [2]. Almost one quarter of suicides are preceded by nonfatal suicidal behavior
in the previous year [3]. Nearly 2% of suicide attempters end their own life during the
12 months subsequent to the index event [4].

Suicidal behavior is complex and mostly a consequence of interactions of risk
factors like medical (e.g. mental disorders), psychological (e.g. hopelessness,



impulsivity, aggression), psychosocial (e.g. social isolation), social (e.g. lack of so-
cial support), cultural (e.g. religion), socioeconomic (e.g. unemployment), and bio-
logical factors (e.g. genetics, disorders in brain functioning) [5]. The genetic risk is
supported by family, twin and adoption studies, indicating that suicidal acts have
a genetic contribution that is independent of the heritability of psychopathology
(6,7].

One of the largest epidemiological studies by Mittendorfer-Rutz et al. [8] includ-
ing 14,440 suicide attempters and 144,440 healthy controls showed that the risk of
suicide attempts increased by a factor of 4.2 when the biological mother had com-
mitted a suicide attempt or by a factor of 3.3 when the father was affected. Further-
more, the risk was increased by 4.5 when siblings showed suicidal behavior or by a
factor of 3.7 if any family member was involved. If suicide attempts were present in
2 or more family members the risk for an own suicide attempt increased by a factor
of 7.3 [8]. This familial accumulation of suicidal behavior could be partly due to
genetic risk factors. Twin studies compare the concordance for suicidal behavior in
monozygotic twins, which mostly share 100% of their genes, with dizygotic twins
sharing 50% of them. This allows us to separate effects due to a shared environment
from genetic factors. Roy et al. [9] examined 62 monozygotic and 114 dizygotic
twin pairs and reported concordance rates of 11.3 and 1.8%, respectively. An
Australian twin study with a total of nearly 6,000 twins estimated the heritability of
suicide attempts at 55% [10]. Interestingly, Voracek and Loibl [11] found conver-
gent evidence from a multitude of research designs (adoption, family, genome scan,
geographical, immigrant, molecular genetics, surname, and twin studies of suicide)
suggesting genetic contributions to suicide risk. Their work focused on twin stud-
ies. A total of 32 studies located through extensive literature search strategies were
analyzed (19 case reports, 5 twin register-based studies, 4 population-based epide-
miological studies, 4 studies of surviving co-twins). The literature was based on
publications between 1812 and 2006 in six languages and reports data from 13
countries. A meta-analysis of all register-based studies and all case reports aggre-
gated showed that concordance for completed suicide was significantly more fre-
quent among monozygotic (24.1%) than dizygotic twin pairs (2.3%). The totality of
evidence from twin studies of suicide strongly suggests genetic contributions to li-
ability for suicidal behavior [11]. Adoption studies have been less commonly per-
formed and classical studies often used the same Danish health statistics register
[12-14]. The investigation of Schulsinger [13] identified 57 suicide victims among
early adopted Danish citizens and defined them as index cases. The biological rela-
tives of these index cases showed a 6-fold higher suicide rate (4.46%) than the bio-
logical relatives of a matched, nonsuicidal adoptee control group (0.74%). Further-
more, there was no suicide among the adoptive relatives of the index cases. von
Borczyskowski et al. [15] presented a very large study based on the Swedish registry
with a total of 2,471,496 people, including 27,600 adoptees, supporting the role of
a genetic risk.
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Association Studies of Suicidal Behavior

Serotonergic System

The involvement of serotonin in suicidal behavior is already known since the 70s.
Clinical studies found lower levels of the serotonin metabolite 5-hydroxyindoleacetic
acid (5-HIAA), a putative indicator for low serotonin turnover, in suicidal patients
[16, 17]. Furthermore, many studies investigating postmortem brains of suicide vic-
tims have shown alterations of the serotonergic system, especially in the prefrontal
cortex [18]. Besides that, low CSF 5-HIAA is associated with aggressiveness, low social
affiliation, high-risk behavior, and premature mortality [19, 20]. In humans, 5-HIAA
in the CSF correlates inversely with various aggressive behaviors, as demonstrated in
healthy and psychiatric samples throughout the life span. Most genetic association
studies have focused on genes involved in serotonergic neurotransmission. Seroto-
nergic function was regarded as crucial for the regulation of impulsive and aggressive
behavior, which in turn has been demonstrated to correlate with suicidal behavior in
various studies [21].

Tryptophan Hydroxylases 1

Serotonin (5-hydroxytryptamine, 5-HT) is a monoamine neurotransmitter. Bio-
chemically, L-Tryptophan is converted to 5-hydroxy-L-tryptophan through trypto-
phan hydroxylase (TPH). This enzyme is a rate-limiting step to 5-hydroxytryptophan.
To find genetic risk factors for suicidal behavior, early studies concentrated on single
nucleotide polymorphisms (SNPs) in these genes. A first meta-analysis [22] did not
find an association of the commonly studied intron 7 A218C (TPH1) SNP with sui-
cidal behavior per se. A further meta-analysis summarized the results of 7 studies in-
vestigating the A218C SNP in Caucasians and found a higher frequency of the A218
allele in patients [23]. Another meta-analysis including 9 studies confirmed the asso-
ciation for the A218C polymorphism [24]. Li et al. [25] provided a meta-analysis of
22 studies and showed further support for association. Additional support for the in-
volvement of THP1 (SNP rs1800532) and suicidal behavior was provided by the me-
ta-analysis by Clayden et al. [26].

Recently, a meta-analysis was conducted with a total of 37 genetic association stud-
ies of TPH1 (A218C and A779C). Subgroup analyses were done by Caucasian and
Asian populations. In the case of TPH1 gene variants (A218C and A779C), 5,683
cases and 11,652 controls were involved. The analyses provided evidence that A218C/
A779C TPHI variants may be risk factors for the presentation of suicidal behavior,
which is in agreement with previously reported meta-analyses [27].

Interestingly, this risk allele ‘A’ was also associated with aggression and anger [28].
This result was further supported by Rujescu et al. [29], who showed that A carriers
had higher scores on the Trait Anger Scale of the STAXI (State Trait Anger Expres-
sion Inventory) in 2 independent samples (healthy controls and suicide attempters).
An involvement of TPHI in anger and aggression phenotypes was furthermore
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presented by Baud et al. [30], who reported that suicide attempters carrying the AA
genotype scored significantly lower on the anger control subscale than C allele carri-
ers. A number of further studies showed the involvement of TPHI in personality
traits. For example, Cicchetti et al. [31] explored the hypothesis that TPH1 interacted
with maltreatment subtype to predict peer reports of antisocial behavior. TPH1 poly-
morphisms also moderated the effects of maltreatment subtype on adult reports of
antisocial behavior; genetic effects were strongest for children who were abused. Ad-
ditionally, TPH1 moderated the effect of developmental timing of maltreatment and
chronicity on adult reports of antisocial behavior [31]. Andre et al. [32] reported that
the number of TPH1 A alleles was associated with increasing levels in novelty seeking
(NS) scores 1 and 2 and decreasing levels in harm avoidance (HA) 1 and 2 between
TPHI1 A218C genotypes. TPH1 genotype and treatment response had an interactive
effect on both HA1 and HA2 and to a lesser degree on NS2 scores. Additionally, an
interaction between remission status and TPH1 A218C genotype was found to be as-
sociated with the end point HA score, with a more marked effect of the interaction
between the CC genotype and remission status compared to A allele carriers [32].

Tryptophan Hydroxylases 2
Walther et al. [33] discovered a second TPH isoform in mice - termed TPH2 [34]. Bre-
identhal et al. [35] screened the coding and exon-flanking intronic sequence of the
TPH2 gene and identified several genetic variants that might serve as markers for as-
sociation studies. The investigation of SNPs in the TPH2 gene in a sample of suicide
victims and matched controls showed an association of one SNP with completed sui-
cide [36]. Since then several case-control studies have been provided showing positive
and negative results (for review, see Tsai et al. [37]). Lately, a meta-analysis by Gonza-
les-Castro et al. [27] analyzed three TPH2 SNPs (G-703 T, A-473 T and G19918A) in
4,196 cases and 5,990 controls. The meta-analysis did not detect any significant asso-
ciation with patients presenting suicidal behavior for these variants [27]. In addition,
Choong et al. [38] provided a meta-analysis on 2,536 cases and 3,101 controls for nine
TPH2 SNPs (rs4570625, rs7305115, rs1386486, rs11178997, rs1386493, rs1386494,
rs1386495, rs10784941, and rs4290270) based on 11 case-control studies with 13 inde-
pendent samples published between 1998 and 2013. No significant results were de-
tected, suggesting that TPH2 may not play a significant role in suicidal behavior per se.
Interestingly, polymorphisms in the TPH2 gene were associated with personality
traits like aggression or impulsivity [39-41], cognitive control and emotion regulation
[42] and neuroticism [43, 44] but more studies including large sample sizes are neces-
sary to provide further support.

Serotonin Transporter

The serotonin transporter (5-HTT) is responsible for the reuptake of released sero-
tonin from the synaptic cleft. The 5’-promotor region of the 5-HTT gene contains a
functional insertion/deletion variant (5-HTTLPR) with former 2 and later 3 common
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alleles that were designated as ‘short’ (s) and ‘long’ (14 and lg). A meta-analysis con-
ducted by Anguelova et al. [45] included 12 studies investigating the 5-HTT promot-
er polymorphism. The study samples compromised 10 Caucasian populations, 1 US
population and 1 Chinese sample. There was a total number of 1,168 cases (suicide
completers and suicide attempters) and 1,371 controls. A significant association was
found with the s allele and suicidal behavior. A following meta-analysis, including 18
studies with 1,521 suicide attempters or completers and 2,429 controls, found no as-
sociation [46]. Interestingly, they observed an association of the s allele with violent
suicidal behavior. Three years later Li and He [47] provided a meta-analysis including
39 studies and examined the association between suicide attempts and the s allele.
Clayden et al. [26] analyzed the association between the serotonin transporter s allele
and suicidal behavior in 31 primary case-control studies (6,324 cases, 10,285 controls)
with no significance. When only the attempted suicide case-control studies were ana-
lyzed, the pooled OR reached significance. A recent meta-analysis by Schild et al. [48],
including 2,536 cases and 3,984 controls, further supports the involvement of the
5-HTTLPR in suicidal behavior. More detailed studies are required, as it seems that
this functional variant is associated with particular intermediate phenotypes of sui-
cidal behavior [for review, see 49-51].

Serotonin Receptors

There are several serotonin receptors named from 5-HT), to 5-HT5, including various
subtypes. For the most part, the following genes for serotonin receptors were analyzed
in the context of suicidal behavior.

5-HT; 4 Receptor

Lemonde et al. [52] examined the common C-1019G SNP in the promoter region in
a sample of suicide victims and controls. They found the G allele to be significantly
overrepresented in the suicide group. This association was not replicated by Huang et
al. [53]. The investigation of the structural polymorphisms Prol6Leu and Gly272Asp
revealed no association with suicidal behavior in Japanese subjects [54] and the result
for the Prol6Leu was replicated by a second Japanese group [55]. A meta-analysis for
the A6526G polymorphism provided no association [25] and three further meta-anal-
yses for the C1019G variant showed no significance [26, 48, 56].

5-HT,p Receptor

Genetic variants within the 5-HT 5 gene seem not to play a crucial role in suicidal be-
havior. Kia-Keating et al. [57] performed a meta-analysis on 789 cases and 1,247 con-
trols with negative results. Furthermore, Clayden et al. [26] including 2,948 cases and
4,066 controls and Schild et al. [48] with 1,161 cases and 1,826 controls did not pro-
vide evidence for association. However, there seems to be an association with aggres-
sive behavior. Studies of serotonin 1B knockout mice show an increase in aggressive
behavior relative to wild-type mice [58]. Interestingly, Jensen et al. [59] provided
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evidence that a common polymorphism moderates regulation by miR-96 and associ-
ates with aggressive human behaviors. Furthermore, Conner et al. [60] showed that
functional polymorphisms predict self-reported anger and hostility among young
men. Recently, Hakulinen et al. [61] examined whether HTR1B is related to hostility,
anger and aggressive behavior phenotypes over a lifespan and whether it modifies the
connection between childhood aggressive behavior and adulthood hostility and an-
ger. The participants were 967 women and men from a large population-based sample
(the Young Finns Study) with a 27-year follow-up. HTR1B SNP rs6296 was associ-
ated with childhood aggressive behavior but not with adulthood anger or hostility and
modified the association between childhood aggressive behavior and adulthood
hostility [61].

5-HT,4 Receptor

The 5-HT,4 receptor gene has been regarded as a major candidate for genetic sus-
ceptibility due to the increased density of brain and platelet serotonin 2A (5-HT,,)
receptors in subjects with suicidal behavior [62]. However, a first meta-analysis
pooling 9 studies with 596 suicide completers or attempters and 1,003 controls did
not find any association with the T102C SNP [45]. A later meta-analysis of 25 stud-
ies supported this result and more recent meta-analyses also did not provide an as-
sociation of this SNP [25, 26, 48], including the latest by Wang et al. [63]. Interest-
ingly, a meta-analysis with another genetic variant within the promoter (A1438G;
rs20070040) showed an association [64]. This same SNP was also associated with
major depressive disorder (MDD) in a recent meta-analysis including 9 studies with
a total of 1,510 patients and 2,281 controls. The study suggests that the A allele of
the A1438G polymorphism might play a role in susceptibility to MDD. On the con-
trary, the T102C polymorphism does not seem to be capable of modifying MDD risk
[65].

Dopaminergic System and Catecholamines

CSF studies provided support for the involvement of dopamine in suicidal behavior,
showing correlations between low levels of the dopamine metabolite homovanillic
acid and suicidal behavior [66]. The following will only mention genetic association
where meta-analyses with a sufficient number of studies are available.

Catechol-O-Methyltransferase
Catechol-O-Methyltransferase (COMT) is a major enzyme involved in the inactiva-
tion of the catecholamines dopamine and noradrenalin. The functional polymor-
phism replacing valine (Val) at codon 158 with methionine (Met) was studied inten-
sively in psychiatric diseases by Lachman et al. [67].

For suicidal behavior Kia-Keating et al. [57] provided a meta-analysis based on 6
related studies including 519 cases and 933 control subjects. There was evidence of a
significant association between the COMT 158 Met polymorphism and suicidal
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behavior. The meta-analysis by Calati et al. [68] included 10 studies with 1,324 pa-
tients and found no association. Further meta-analyses also provided no significance
[26, 48, 69].

Further Genes

Brain-Derived Neurotrophic Factor

A high number of further genes have been studied in the context of suicidal behavior.
Brain-derived neurotrophic factor (BDNF) should be mentioned as an example.
BDNF is a member of the neurotrophin family of growth factors. The first meta-anal-
ysis was performed by Zai et al. [70], who performed an analysis of the functional
BDNF marker Val®®Met (rs6265, 196G>A) in suicidal behavior using data from 11
previously published samples plus their own sample (total n = 3,352 subjects, 1,202
with history of suicidal behavior). The meta-analysis showed a trend for the Met-car-
rying genotypes and the Met allele conferring risk for suicide. Furthermore, they
found the Met allele and the Met allele-carrying genotypes associated with history of
suicide attempt (8 studies).

Genome-Wide Association Studies of Suicidal Behavior

The last years have provided a new stage of technical possibilities in genetic associa-
tion studies. More than one million SNPs were studied in parallel and also first exome
or whole genome sequencing studies are under way. Up to now only a few of these
studies have been looking at suicidal behavior.

Treatment-Emergent Suicidal Ideation

Laje et al. [71] performed a genome-wide association study (GWAS) on treatment-
emergent suicidal ideation (TESI). A clinically representative cohort of outpatients
with nonpsychotic MDD enrolled in the Sequenced Treatment Alternatives to Relieve
Depression (STAR*D) trial were treated with citalopram under a standard protocol
for up to 14 weeks. DNA samples from 90 white participants who developed TESI and
a sex-matched and race-matched equal number of treated participants who denied
any suicidal ideas were genotyped with 109,365 SNPs on the Illumina Human-1 Bead-
Chip (Illumina, San Diego, Calif., USA). One SNP in PAPLN was genome-wide sig-
nificant and another SNP in IL28RA showed a trend. Another TESI study was pro-
vided by Perroud et al. [72]. A total of 706 patients treated for major depression with
escitalopram or nortriptyline over 12 weeks in the Genome-Based Therapeutic Drugs
for Depression (GENDEP) study were genotyped with Illumina Human 610-Quad
BeadChips. A total of 244 subjects experienced an increase in suicidal ideation during
follow-up. The genetic marker most significantly associated with increasing suicidal-
ity was an SNP (rs11143230) located 30kb downstream of a gene encoding guanine
deaminase (GDA) on chromosome 9q21.13.
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A third GWAS on TESI within the MARS study was provided by Menke et al. [73].
The study was evaluated in depressed inpatients (n = 397) and defined by an emer-
gence of suicidal thoughts during hospitalization without suicidal thoughts at admis-
sion using the suicide item 3 of the Hamilton Depression Rating Scale. Genotype
distribution of 405,383 SNPs in patients with TESI (n = 32, 8.1%) was compared to
patients without an increase in suicidal ideation (n = 329, 82.9%) and to a subgroup
who never reported suicidal ideation (n =79, 19.9%). Top results were analyzed in an
independent sample (n = 501). No variant reached genome-wide significance.

Suicide Attempts

Perlis et al. [74] provided the first GWAS on suicide attempts. The authors analyzed
data on lifetime suicide attempts from GWAS of bipolar I and II disorder as well as
MDD. The strongest evidence of association for suicide attempt in bipolar disorder
was observed in a region without identified genes (rs1466846); five loci also showed
suggestive evidence of association. In major depression, the strongest evidence of as-
sociation was observed for an SNP in ABI3BP, with six loci also showing suggestive
association.

One year later Schosser et al. [75] presented a genome-wide association scan of
suicidal thoughts and behavior in major depression. No SNP was associated at ge-
nome-wide significance level. For the quantitative trait, evidence of association was
detected at GFRA1, a receptor for the neurotrophin GDRA. For the discrete trait of
suicide attempt, SNPs in KIAA1244 and RGS18 showed trends. None of these SNPs
showed evidence for replication in the additional cohorts tested. Candidate gene anal-
yses provided some support for a polymorphism in NTRK2, which was previously
associated with suicidality. Willour et al. [76] conducted an attempted suicide GWAS
that compared the genotypes of 1,201 bipolar patients with a history of suicide at-
tempts to the genotypes of 1,497 bipolar patients without a history of suicidal behav-
ior. None of these SNPs were significantly associated in the replication sample after
correcting for multiple testing but the combined analysis of the 2 sample sets pro-
duced an association signal on 2p25 (rs300774) at the threshold of genome-wide sig-
nificance. The associated SNPs on 2p25 fall in a large linkage disequilibrium block
containing the ACP1 (acid phosphatase 1) gene, a gene whose expression is signifi-
cantly elevated in bipolar patients who have completed suicide. Furthermore, the
ACP1 protein is a tyrosine phosphatase that influences Wnt signaling, a pathway
regulated by lithium, making ACP1 a functional candidate for involvement in the
phenotype [76].

Based on the previous GENDEP study, Mullins et al. [77] derived polygenic scores
from each sample and tested their ability to predict suicide attempts in the mood dis-
order cohorts or ideation status in the GENDEP study. Polygenic scores for MDD,
bipolar disorder and schizophrenia from the Psychiatric Genomics Consortium were
used to investigate pleiotropy between psychiatric disorders and suicide phenotypes.
No significant evidence for association was detected at any SNP in the GWAS or
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meta-analysis. Polygenic scores for MDD significantly predicted suicidal ideation in
the GENDEP pharmacogenetics study and also predicted suicidal behavior in a com-
bined validation data set. Polygenic scores for suicidal behavior showed no predictive
ability for suicidal ideation [77]. A recent SNP GWAS on suicidal behavior was pub-
lished by Zai et al. [78], who conducted a GWAS of suicide behavior severity in 3
independent samples of bipolar patients: 212 small nuclear families with bipolar pa-
tients, a further 428 patients and 483 patients from the UK. No genome-wide signifi-
cant association of any tested markers in any of the bipolar samples was detected [78].
The latest GWAS on suicidal behavior was performed by Galfalvy et al. [79]. A con-
sortium of US, Canadian and German teams assembled 2 groups of cases: suicide at-
tempters and suicides (n = 577) and nonattempter psychiatric and healthy controls
(n = 1,233). Logistic regression was used to test for association. The test was repeated
separating suicide attempt and completed suicide as outcomes. No SNP reached ge-
nome-wide significance but several SNPs within STK3 (neuronal cell death),
ADAMTS14, PSME2 (both linked to inflammatory response), and TBX20 (brainstem
motor neuron development) genes reached p < 1 x 10~°. Pathway analysis identified
the following pathways: ‘cellular assembly and organization’, ‘nervous system devel-
opment and function’, ‘cell death and survival’, ‘immunological disease’, ‘infectious
disease’, and ‘inflammatory response’ [79].

In summary, GWAS have only started and a greater number of larger samples need
to be combined to make valid conclusions. There is hope that new exome and whole
genome sequencing studies will contribute to our knowledge of genetic risk factors
for suicidal behavior.
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Abstract

Increasing evidence supports the involvement of both heritable and environmental risk factors in
suicidal behaviour (SB). Gene-environment interaction (G x E) studies may be useful for elucidating
the role of biological mechanisms in the risk for mental disorders. In the present article, we will re-
view the literature regarding the interaction between genes modulating brain functions and stress-
ful life eventsin the aetiology of SB (G x E studies) and discuss their potential added benefit compared
to genetic studies only. Within the context of G x E investigation thus far, only a few reliable results
have been obtained. However, since traditional G x E studies overall suffer from important method-
ological limitations, further effort is required to develop novel methodological strategies with an
interdisciplinary approach. ©2016 S. Karger AG, Basel

Suicidal behaviour (SB) is an important public health issue, not only because of its
often devastating consequences for the suicidal subject and his/her loved ones, but
also because of its high prevalence and incidence in the population [1]. According to
the World Health Organization [2], over 800,000 people die due to suicide every year
and there are many more who attempt suicide. Suicide occurs throughout the lifespan
and was the second leading cause of death globally in 2012 among those aged 15-29
years. The annual global age-standardized suicide rate is 11.4 per 100,000 population
(15.0 for males and 8.0 for females). Social, psychological, cultural, and other factors
can interact to lead a person to suicidal acts. Although SB can occur in different psy-
chopathological conditions, patients affected by major depressive disorders (MDD)
have the highest risk of attempting or committing suicide [3]. However, though ex-
tensive literature exists documenting an important overlap between MDD and SB
with regard to familial risk, treatment and environmental risk factors, it has also been



reported that SB may aggregate in families independently from the familial transmis-
sion of MDD [4], suggesting that independent genetic risk factors for SB may exist.
The heritability and the estimated risk factors in relatives for SB is less clear than that
of other mental disorders, also because SB mostly occurs within the context of other
psychopathological conditions. However, twin studies have consistently documented
genetic influences in SB, even when accounting for the effects of psychopathology.
Concordance rates ranging from 6 to 35% have been reported in different studies of
identical twins [5]. A number of biological factors and candidate genes have been
tested in SB [6-9]. However, to date, only few consistent findings have been reported.
One major challenge is that SB is a complex behaviour that may be produced by a
combination of variations in multiple genes together with environmental factors,
which modulate or trigger an existing genetic predisposition [10, 11]. For this reason,
in the early 2000s, researchers have focused on studying the interplay between genet-
ics and environmental risk factors. Gene-environment interaction (G x E) studies are
useful in identifying interactive effects between genetic risk and environmental fac-
tors [12]. In addition to providing a better characterization of candidate genes, these
studies may enable the identification of genes, which effects are dependent on the
level of exposure to a specific environment. In the present chapter, after a brief review
of the genetic factors involved in SB, we will review the studies focused on G x E in
SB, highlighting the major and interesting findings obtained thus far. For this pur-
pose, published G x E studies in SB were screened using several literature search strat-
egies. Up to December 2014, appropriate search terms (gene, genetics, heritability,
suicide, suicide attempt, completed suicide, suicidality, suicidal behaviour, suicidal
ideation, and suicide intent) were entered into the common scientific literature data-
bases (PubMed, Scopus and ISI Web of Science). The same terms were also entered
in conjunction with other terms for G x E studies (stress, trauma, life events, adverse
events, sexual abuse, physical abuse, emotional abuse, emotional neglect, and physical
neglect). The reference lists of all the retrieved studies were reviewed in order to re-
trieve further relevant studies. The literature search was limited to reports in the Eng-
lish language.

Genetic Basis of Suicidal Behaviour

A number of candidate genes in SB have been tested in several studies, most frequent-
ly examining candidates related to the risk for MDD and involved in monoamine sig-
nalling, immunology/inflammation processes, neurotrophins, and neuroendocrino-
logical factors. Genes that have been more or less consistently associated with SB
(found positive in 2 or more independent studies and/or reported as associated in
large meta-analyses) are reported in table 1.

Several genes such as serotonin transporter (SLC6A4), serotonin receptor 2A
(5HTR2A), neuronal tryptophan hydroxylase (TPH2), brain-derived neurotrophic
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Table 1. Genes associated with the risk for MDD and SB

Biological system/process Gene SB
Serotonin SLC6A4 +
Serotonin HTR2A +
Serotonin TPH2 +
Dopamine DRD2 +
Noradrenalin ADRA2A +
Dopamine/noradrenalin COMT +
CNS prosurvival factor BDNF +
Lipid transporter APOE +
Blood pressure regulation ACE +

The genes, except for DRD2 and ADRA2A, have also been consist-
ently associated with MDD. SB: + indicates consistent association;
* indicates uncertain association.

factor (BDNF), and others have also been reported as risk genes for MDD. This is not
surprising since the majority of genetic studies in SB were performed on suicide at-
tempters/completers suffering from depressive disorders compared to healthy (con-
trol) individuals. Nevertheless, studies comparing patients with SB to patients without
SB (all affected by some psychopathology) have been performed as well, and some
genes have been found positive in SB but not in MDD [13].

Gene Environment Interaction Studies in Suicidal Behaviour

Main Monoaminergic Central Systems (Serotonin, Dopamine and Noradrenalin)

A common polymorphism within SLC6A4 (5SHTTLPR) has been the focus of much
investigation in psychiatric disorders, especially in MDD and SB. Thus, it is not sur-
prising that the pioneering G x E study in MDD by Caspi et al. [14] investigated this
polymorphism. The study provided evidence that the short variant increased depres-
sive symptoms, the risk of developing a depressive episode and also suicidal ideation
after exposure to stressful life events (SLEs) in a large prospective community cohort.
Subsequently, several studies have attempted to replicate this finding on depressive
symptoms, MDD and correlated traits, with different measures of environmental risk
for depression, and mixed results were obtained. Focussing on SB, studies confirmed
the original finding of Caspi et al. of increased suicidal ideation after exposure to 2 or
more SLEs in 5SHTTLPR short-allele carriers. In particular, significant effects were
observed in samples exposed to childhood maltreatment [15], childhood trauma
[16], child abuse and severe SLEs [17, 18], school-aged children exposed to maltreat-
ment [19], and community seniors [20]. However, Zalsman et al. [21], though con-
firming the interactive effect on depressive risk, failed to find the same effect on
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suicidal ideation. In community samples, Coventry et al. [22] failed to detect interac-
tive effects on both MDD and SB. Nevertheless, a recent study confirmed an interac-
tion between SHTTLPR and childhood abuse on the risk for SB in a sample of MDD
patients and found that the opposite variant (the long-long genotype) confers a high-
er risk for SB in individuals exposed to childhood abuse. Despite these inconsisten-
cies, 6 out of 9 studies indicated that the SHTTLPR genotype moderates the effect of
stress on SB risk. However, with the exception of the first report by Caspi et al. [14]
in 2003, 6 positive studies investigated psychiatric samples and 2 negative studies
were performed on community samples. Thus, one may hypothesize that the interac-
tive effect on SB is specific in the context of a pre-existing mental disorder. Converse-
ly, we may also postulate that as suicide rates are lower in community samples com-
pared to those in psychiatric samples, the power to detect true significant effects is
decreased and true positives may have been missed. Other interesting genes investi-
gated in G x E studies in both MDD and SB are 5SHTR1A and 5HTR2A. Almost all
studies focusing on 5SHTRI1A focused on the promoter polymorphism rs6295(C>G);
2 out of 4 studies reported interactive effects in SB, although these positive studies
reported different alleles of risk (G allele in suicide attempters [23] and the CC geno-
type in suicide completers [24]). Therefore, clear conclusions regarding the potential
role of this polymorphism in modulating the effect of environmental risk in SB can-
not be drawn. A second polymorphism of interest in 5SHTR1A is rs878567T>C. The
minor C allele has been reported to have no direct effects on SB but may exhibit en-
vironmentally mediated effects [13]. Unfortunately, only 1 study, to our knowledge,
took into account this variant in a G x E investigation. In the case of positive replica-
tion, this genetic variant would be of interest for predicting SB in individuals exposed
to traumas early in life. G x E investigations on 5SHTR2A produced conflicting results
as well: two variants of the promoter polymorphism rs6313 (102T>C) provided some
evidence of interactive effectsin SB [25], although not consistently [24]. The rs7997012
was also found to interact with child abuse on SB in MDD patients [26]. Brezo et al.
[13] reported three variants (rs7997012, rs6561333 and rs1885884) interacting with
early trauma in SB but not in MDD. It is likely that such inconsistencies could be due
to varied measures of environmental risk. However, because of the low number of
studies performed, further studies are required to elucidate the role of this gene in
modulating environmental risk and to identify the type of environmental risk in SB.
Other genes encoding for serotoninergic receptors were poorly investigated in the
G x E study, with mainly negative results. The tryptophan-hydroxylase genes TPH1
and TPH2 represent excellent candidates for investigation in G x E studies in SB,
since they have been associated with this phenotype, particularly TPH2. Neverthe-
less, to our knowledge, only 2 G x E investigations have been published taking into
account different genetic variations in TPH1 combined with childhood trauma [13,
24] but no positive interactive effects were detected. Similarly, neuronal TPH2 dem-
onstrated poor evidence of interactive effects with environmental risk factors in
MDD and SB - out of 3 studies, only 1 found an interaction between the rs7305115A>G
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variant and recent SLEs in SB risk in MDD patients [27]. Interestingly, in this study,
the A allele in rs7305115 demonstrated a protective effect against SB in MDD patients
exposed to recent SLEs. In view of the paucity of positive findings obtained, particu-
larly with regard to TPH2, the potential environmental modulation of TPH2 and
TPHI deserves much more exploration. The dopaminergic and noradrenergic sys-
tems have also been investigated in the pathophysiology of depressive disorders and
SB [28]. In particular, the dopamine receptor D2 (DRD2) has been consistently im-
plicated in SB, while less evidence has been reported for MDD. However, to the best
of our knowledge, no G x E study focusing on DRD2 in SB has been performed. In 1
study only, a positive interaction between the dopamine transporter (SLC6A3) and
perceived maternal rejection in adolescents was found in SB risk [29]. Nevertheless,
considering a different genetic variant within SLC6A3, another study found no evi-
dence of an interactive effect with early sexual/physical abuse in adults [24]. There-
fore, different environmental risks should be further investigated in association with
SLC6A3 and SB. Regarding the noradrenergic system, only two genes have been in-
vestigated in a G x E study [24] - the noradrenalin transporter (SLC6A2) and the
dopamine pB-hydroxylase (DBH), which catalyzes the oxidative hydroxylation of do-
pamine to noradrenalin. However, no interactive effects with experience of sexual/
physical abuse in childhood were detected on SB. Two genes involved in the metabo-
lism (degradation) of monoamines have been consistently involved in MDD as well
as other mental diseases in classical association studies - monoamine oxidase A
(MAOA), which is involved in the metabolism of serotonin and noradrenalin, and
catechol-O-methyltransferase (COMT), which is involved in the metabolism of do-
pamine and noradrenalin. Within the context of G x E studies, 3 published studies
focused on SB and MAOA; all reported no interactive effects. This is consistent with
simple association studies, which found that MAOA consistently involved in depres-
sive disorders but not in SB. Similarly, no evidence has been reported for COMT in
G X E studies in SB [24]. Nevertheless, Perroud et al. [30], by studying a sample of
suicide attempters, found increased levels of anger in carriers of the Val allele in the
rs4680 polymorphism (158Val>Met, considered as a protective variant against
MDD), but only in individuals exposed to abuse in childhood. This finding may in-
dicate that the protective variant for MDD may increase SB-related phenotypes (ag-
gressiveness) in combination with early adversity.

Glutamatergic and GABAergic Endocannabinoid Genes

Genes involved in these systems have been investigated to a lower extent in MDD and
SB in traditional genomic studies. However, the role of glutamate in modulating var-
ious mood states has been increasingly recognized [31]. Similarly, the GABA hypoth-
esis of depression has found increasing support [32]. Further, the endocannabinoid
system is known to participate in the control of emotional behaviour and mood [33].
In the context of G x E, only a few studies, to our knowledge, have investigated genes
related to these systems in SB; 2 recent studies investigated some variants within genes
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pertaining to glutamate and GABA systems in combination with exposure to early
adversity as potentially modulating the risk for SB, but no significant effects were ob-
served [24, 34], although a combination of linked alleles in glutamate receptor 2B
(GRIN2B) was found more frequently in suicide attempters compared to non-suicide
attempters, independent of early adversity [34]. In addition, 1 study only focused on
cannabinoid receptor 1 (CNUMBERI) in combination with environmental risk in SB
but it failed to identify interactive effects in SB [24]. However, further studies are re-
quired to elucidate the role of this gene in SB and in combination with environmental
adverse exposure.

Corticotrophin-Related Genes

Hyperdrive of corticotrophin-releasing hormone (CRH) has long been considered a
fundamental neurobiological correlate of MDD [35]. However, thus far, genomic
studies have found little evidence for this factor in MDD, particularly with regard to
the major candidate gene encoding for CRH receptor 1 (CRHR1). Nevertheless, some
evidence has supported the significant role of this gene within the context of G x E
studies, although highly mixed results were obtained [19, 36-40]. Mixed results were
also obtained in the context of SB, where the genetic variants investigated were found
not to interact with environmental stress in some studies [24, 41], to increase SB risk
in low-stressed individuals [42] or to decrease it in early traumatized individuals [43].
Given these results, albeit conflicting, the CRHR1 may be reliably implicated in the
modulation of environmental effects on mental and behavioural psychopathology but
it is likely that a complex combination of mutations, timing of SLEs and interactions
with other genetic effects (epistasis) have to be considered in further studies. Further-
more, two G x E studies investigated genetic variants in other genes involved in the
central corticotrophin system such as the gene encoding for CRH [41, 42], CRH re-
ceptor 2 (CRHR2) and CRH-binding protein (CRHBP). However, little evidence has
been obtained, with the exception of CRHBP. Indeed, a variant in CRHBP was found
to increase the risk for SB in combination with childhood trauma [41]. However, fur-
ther studies are required to confirm this finding.

Genes Involved in Neurotrophic Processes

Genes encoding for prosurvival factors in CNS cells, neurotrophins and proteins
promoting cellular survival and proliferation are thought to be important mediators
of cellular alterations observed in psychiatric disorders and mental/behavioural dis-
turbances [44]. In recent years, a large number of studies have focused on BDNF,
with consistent evidence of its involvement in both MDD and SB. This gene, togeth-
er with the 5-HTTLPR polymorphism in SLC6A4, was also the most investigated
gene in G x E studies. Evidence has been reported that the Met or G allele in the
rs6265 polymorphism of BDNF may be a risk factor for MDD in combination with
exposure to environmental adversity [45-57]. Conversely, the ‘protective’ Val (or A
allele) has been associated with an increased risk for SB in combination with exposure
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to environmental stress [58-60]. As previously discussed, similar opposite effects of
alleles in MDD and SB were reported for the rs4680 (158Val>Met) variant in the
COMT gene. These findings may suggest that genetic variations within BDNF also
differentially affect intermediate phenotypes, eliciting individuals to exhibit different
pathological responses to stress. However, it is not easy to draw clear hypotheses.
BDNF binds to the tyrosine kinase receptor B (NTRK2). Genetic variations for
NTRK?2 have been implicated in both MDD [61] and SB [62]. Recently, Murphy et
al. [24] found a common genotype (C/C) in NTRK2 to increase the risk for SB in in-
dividuals exposed to early trauma. However, we found no other studies in the litera-
ture supporting or contrasting this result. Ornithine decarboxylase (ODC) is the first
committed step in the synthesis of polyamines, which are important factors for sta-
bilizing DNA structures and for the DNA double-strand break repair pathway and
which function as antioxidants [63]. A recent study by Sokolowski et al. [34] found
a variant in ODCI1 (rs7559979) to increase the risk of severe suicide attempts in in-
dividuals exposed to physical assault in childhood/adolescence. This finding is of
interest, since it indicates that a new gene that has never been investigated in MDD
may be relevant for SB.

Genes Involved in Inflammatory Processes

There is evidence that MDD is associated with inflammation and cell-mediated im-
mune activation [64]. However, the majority of simple genetic association studies
have not found relevant effects in MDD and SB and we were not able to detect G x
E studies focussed on SB. Remarkably, the FK506-binding protein 5 gene (FKBP5),
encoding for a protein belonging to immunophilins that may affect HPA axis func-
tioning, has been shown to be involved in the recurrence of MDD, bipolar disorder,
SB, and response to antidepressant treatment [65, 66]. Two studies by Roy et al. [41,
67] reported that genetic variations within FKBP5 interact with early adversity in
increasing the risk for SB, particularly with regard to the 3'-UTR rs3800373(G>T)
polymorphism.

Other Genes

Some evidence has been reported for regulators of G-protein signalling in SB and re-
cent studies have suggested that the regulator of G-protein signalling 2 (RGS2) plays
an important role in anxiety and/or aggressive behaviour. A post-mortem study indi-
cated that genetic variations within RGS2 are potentially involved in the susceptibil-
ity to SB [68]. According to Amstadter et al. [69], the rs4606 variant, reported by Cui
et al. [68] to be associated with complete suicide, was more common in individuals
who developed suicidal ideation after exposure to hurricanes in Florida in 2004. This
preliminary evidence may indicate that RGS2 is involved in SB after exposure to se-
vere adverse life events. Finally, G x E studies have investigated other genes in SB,
including the arginine vasopressin receptor 1B (AVPR1B), which is involved in the
release of acetylcholine, prolactin and endorphins [70], and the ATP-binding cassette,
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subfamily G, member 1 (ABCG1), which encodes for an ATP-binding cassette trans-
porter involved in multi-drug resistance, but did not indicate any evidence of interac-
tive effects with environmental risk [24].

Discussion and Conclusions

It has been well recognized that single genes may not explain the full risk of develop-
ing complex diseases and that heritable factors, when taken together, may account
for approximately 50% of the variance in risk [71]. Evolutionary forces rapidly elim-
inate large gene effects and complex highly prevalent diseases are associated with
minor gene effects [72]. Thus, it is more likely that genes with small interacting ge-
netic effects, in conjunction with environmental factors, affect the risk for complex
disorders such as psychiatric diseases [73]. Far from being the best model to investi-
gate the pathogenesis of mental disease, G x E studies have long advocated for com-
bining biological factors and environmental risk [74]. In this chapter, our focus was
specifically on G x E studies in SB. The effect of some genes on SB risk appears to be
to some extent influenced by the exposure to environmental risk, particularly with
regard to SHTTLPR, BDNF, CRH, SLC6A2, and COMT, though with mixed evi-
dence. Despite the preliminary nature of these studies and the inability to reliably
disentangle specific interactive effects in SB, useful and additional information can
be obtained from these studies. G x E studies may allow the discovery of a causal role
for genes that contribute only slightly to a specific disorder that can change in effect
size depending on the individual exposure to environmental risk or other individual
characteristics. Furthermore, G x E studies may provide additional evidence for
genes that have already been consistently associated with specific mental disorders
and may provide evidence for a gene’s causal role, resulting in different abnormal
phenotypes in individuals, depending on the type of risk environment that they have
been exposed to or the timing in life of the exposure. An additional advantage of G x
E studies, when studying correlated mental/behaviour disturbance, is the possibility
of observing the risk-increasing effect for one phenotype and the protective effect for
another phenotype in the same variant. Finally, G x E investigations may also con-
tirm direct effects found in simple genetic association studies (not mediated by envi-
ronmental exposure).

In summary, although the G x E approach is far from being the leading methodol-
ogy used to investigate biological and psychosocial risk factors in psychiatric diseases,
the approach has a number of advantages that have motivated several biological re-
searchers since the early 2000s to investigate the interplay between genes and envi-
ronmental risk factors. However, this field of investigation is rather new and few qual-
ity studies have been conducted thus far, especially in the context of SB. This type of
investigation suffers from a number of methodological limitations such as the high
number of potential statistical tests required to examine interaction effects, the high
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likelihood of obtaining random positive effects because of the multiple possibilities
for grouping genotypes and testing different polymorphisms, heterogeneity between
studies due to the sampling of different populations across which the genetic effects
of interest may vary in strength or direction, heterogeneity in the investigated pheno-
type and environment, or heterogeneity in the measure of the same phenotype/envi-
ronment due to the employment of a different tool of evaluation [75-78]. Thus, more
complex and reliable methods of investigation should be developed in order to over-

come such limitations in G x E studies.
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Epigenetics of Suicidal Behaviour
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Abstract
Epigenetics refers to the dynamic molecular processes that regulate gene expression by changing
the chemical composition or physical structure of DNA or chromatin without altering its sequence.
The aetiology of suicide is complex and there is substantial evidence supporting an association be-
tween early-life adversity and increased suiciderisk. Indeed, the early-life environment has important
consequences on behavioural development and only recently have we started to uncover some of
the mechanisms accounting for the behavioural changes induced by early-life adversity. The epig-
enome is responsive to the environment and thus, through epigenetic regulation, early-life adver-
sity is capable of altering behavioural development and increasing the vulnerability toward psycho-
pathology, including suicide. In this chapter we will review the findings in support of this view
describing epigenetic changes associated with early-life adversity and suicide.

© 2016 S. Karger AG, Basel

Suicide Risk and Early-Life Adversity

Although numerous models have been proposed over the years in attempting to un-
derstand suicide risk, most current models understand suicide as resulting from the
interaction of several distal and proximal risk factors. At one end of the spectrum, risk
factors acting more distally are those believed to increase predisposition while at the
other end, risk factors acting more proximally are regarded as precipitants [1]. Ex-
amples of proximal factors are recent life events and the last 6-month psychopathol-
ogy, including current substance abuse, while distal factors that are commonly stud-
ied include genetic make-up and early-life adversity. The latter is undoubtedly one of
the distal factors with the most robust association with suicide risk [2-4].



Early-life experiences, including childhood abuse, can have a significant impact on
an individual’s susceptibility to suicide and suicidal behaviours. While most individu-
als who display suicidal behaviour do not have a history of early-life adversity, a sig-
nificant minority of up to 40%, depending on the type of abuse, frequency and suicide
phenotype, does [5-10]. Accordingly, several longitudinal studies conducted in epi-
demiologically representative samples consistently indicate that children who have
histories of sexual and physical abuse during childhood are more likely to manifest
suicidal behaviour in adulthood [2-4, 10-12]. Indeed, child trauma, and particularly
child sexual and physical abuse, is associated with increased risk of psychiatric disor-
ders, including depression, anxiety, bipolar disorder, substance abuse, and suicide
[13-21].

While there is substantial evidence to support a link between early-life adversity
and the development of psychopathology in adulthood, what long-lasting molecular
changes occur as a result of adverse life experience that could increase the risk of sui-
cide? In this chapter we will review the data suggesting that changes at the molecular
level are occurring in response to variation in the early-life environment. Specifically,
we focus on epigenetic processes as they are believed to regulate expression levels of
genes that affect response systems and, in turn, modulate behaviour. Indeed, there is
mounting evidence suggesting that epigenetic alterations in several key genes are oc-
curring as a result of early-life adversity and these changes may be contributing to
increased suicide risk. However, before proceeding any further we must first review
some of the basic concepts of epigenetics.

Epigenetic Regulation of Gene Expression

Although the genome contains the entire genetic information required to express all
the proteins of an entire organism, only a fraction of this information is expressed in
a given cell at a given time. Epigenetics refers to the collective chemical and physical
processes that program the genome to express its genes in a time- and cell-dependent
manner. They are dynamic molecular processes that regulate gene expression by
changing the chemical composition or physical structure of DNA or chromatin with-
out altering its sequence. These also include modifications that affect the availability
of mRNA products. The epigenome is responsive to developmental, physiological and
environmental cues and in this way epigenetics provides a basis for understanding
how the environment may regulate the genome. Epigenetic regulation of gene func-
tion allows for genomic plasticity, that is, the adaptation of the genome to the needs
of the organism. It has long been clear that epigenetic processes occur as a result of
physical and chemical environmental signals. However, only recently has it been re-
vealed that the social environment also triggers epigenetic responses [22-24]. As such,
it is possible to conceptualize the epigenome as an interface through which the envi-
ronment can influence genetic processes and as a result regulate behaviour, at least
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partially, in response to environmental needs [1]. Among epigenetic mechanisms, the
better characterized are DNA methylation, histone modifications and non-coding
RNAs.

DNA Methylation

DNA methylation is the best characterized and most investigated among the variety
of known epigenetic processes. DNA methylation is a posttranscriptional modifica-
tion referring mainly to the transfer of a methyl group (CH3) from an S-adenosyl-L-
methionine donor to the 5’ carbon of the cytosine from dinucleotide sequences of
cytosine-guanine (CpG), a process that requires the enzymatic activity of DNA meth-
yltransferase (DNMT) proteins among which DNMT3a and DNMT3b are de novo
methylases as they add methyl groups to cytosines that were not previously methyl-
ated [25, 26]. DNA methylation in the promoter region of a gene is associated with
transcriptional repression of that gene by interference with the ability of transcription
factors or similar proteins from binding to their target DNA regulatory sequences
[27]. Another form of DNA methylation is DNA hydroxymethylation, which refers
to the oxidation of pre-existing 5’-methylcytosine to 5'-hydroxymethylcytosine by
enzymes in the TET family [28, 29]. Moreover, 5-hydroxymethylcytosine is an inter-
mediate in DNA demethylation and its concentrations positively correlate with gene
transcription [30].

Histone Modifications

DNA is compacted around an octamer of histone proteins (H2A, H2B, H3 and H4)
that form nucleosomes, which constitute the fundamental units of chromatin. His-
tones are globular structures that have a tail of amino acids which can be modified
by the addition or removal of chemical residues. Chromatin exists in two states: the
active state, euchromatin, is associated with gene transcription and the inactive state,
heterochromatin, corresponds to gene repression. The chromatin state is dynami-
cally regulated by the recruitment of proteins carrying intrinsic enzymatic activity
leading to histone modifications [31-35]. These modifications drive the chromatin
opening or closing favouring an active or inactive state of chromatin [36, 37]. Histone
acetyltransferases add acetyl groups to certain amino acid residues on histones while
histone deacetylases catalyze the removal of acetyl groups [38]. Hyperacetylation of
histone proteins leads to chromatin decondensation, which makes it looser and more
accessible. Up to eight types of histone modifications have been characterized, as fol-
lows: methylation (lysine, arginine), acetylation, phosphorylation, ubiquitylation,
sumoylation, deimination, ADP ribosylation, and proline isomerisation. While all
these marks may affect gene expression, most of the focus has been on lysine meth-
ylation and acetylation. For instance, methylation at specific lysines (K) of the third
histone (H), as in H3K4, H3K36 and H3K79, has been associated with active tran-
scription [39-44], whereas methylation at H3K9, H3K27 and H4K20 has been re-
ported to correlate with transcriptional repression [43, 45-51].
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Non-Coding RNAs

There is mounting evidence that differential gene expression patterns may result from
the action of non-coding RNAs that are capable of activating or repressing genes [52—
54]. Among the different species of non-coding RNAs, microRNAs have been gaining
significant interest as they are implicated in the posttranscriptional regulation of
mRNA and, thus, can regulate gene expression. MicroRNAs are small, non-coding,
single-stranded, 19- to 24-base RNA transcripts that bind to mRNAs and target them
for degradation. RNA interference activity is a process in which microRNAs form
complexes that target complementary mRNA leading to either translational repres-
sion or the degradation of the targeted transcript, which also results in gene repression
[55].

The Hypothalamic-Pituitary-Adrenal Axis

Child abuse has been proposed to impose long-term effects on behaviour partly by
altering the neural circuits involved in the regulation of stress [56]. The hypothalam-
ic-pituitary-adrenal (HPA) axis is the main stress regulatory system [57]. There is
evidence to suggest that early-life adversity is associated with structural and function-
al alterations to several brain regions implicated in the stress response [58-63]. Indi-
viduals with a history of child abuse exhibit altered stress responses [64, 65] and indi-
viduals exposed to childhood abuse, particularly physical abuse, exhibit increased
corticotropin-releasing factor levels [56, 66]. In sum, there are several changes occur-
ring in the HPA axis and these changes may be contributing to alterations in behav-
iour that may increase a predisposition to suicidal behaviour later in life.

The first evidence to suggest that the early-life environment induces changes in
stable epigenetic states that regulate gene expression and, ultimately, complex neural
functions was demonstrated in studies investigating the effect of variations in maternal
care in rats on stress reactivity. In both rodents and non-human primates the early-life
environment regulates HPA axis function in adulthood [67-70]. Landmark studies
conducted by Meaney and colleagues [67, 68, 71, 72] demonstrated that variations in
the early social environment, as modelled by maternal care in the rat (the frequency of
pup licking/grooming, LG, over the first week of life), program the expression of genes
that regulate behavioural and endocrine responses to stress. Specifically, these studies
revealed that pups raised by mothers that exhibited increased frequency of pup LG (i.e.
high-LG mothers) exhibited in adulthood increased hippocampal glucocorticoid re-
ceptor (GR; NR3C1I) expression, greater negative feedback regulation over hypotha-
lamic corticotropin-releasing factor and more modest responses to stress compared to
the offspring of low-LG mothers [67, 71, 72]. Variations in maternal LG were found to
be linked to an epigenetic modification of a neuron-specific exon 1; promoter of GR
[67] such that increased maternal care is associated with decreased methylation of the
GR1; promoter and increased hippocampal GR expression. This research underlines
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the profound and persistent impact that differential early-life experiences can have on
gene expression and behaviour through epigenetic mechanisms and DNA methylation
changes, thus providing strong support for the ability of the early environment to sta-
bly influence neurodevelopment and complex behavioural traits.

Subsequent work has provided evidence that the GR methylation findings report-
ed in rats translate to humans. These changes contribute to the emergence into adult-
hood of maladaptive stress responses and potentiate the risk of suicide. Accordingly,
the first evidence for an effect of early-life adversity on the epigenetic state of the hu-
man genome was observed investigating the methylation state of the GR gene in the
hippocampus of individuals who died by suicide and had histories of child abuse. In
particular, early-life adversity in humans reprograms the DNA methylation patterns
of one particular GR gene transcript variant, the GR1r (GR1; homologue in rats) pro-
moter. Increased methylation in the GR1 promoter region and decreased GR1 ex-
pression was found in the hippocampus of suicide completers with a history of child
abuse compared to non-abused suicide completers and healthy controls [73]. This
hypermethylation reduced NGFI-A transcription factor binding, probably account-
ing for decreased GR expression. Given that decreased GR expression is known to
result in HPA axis hyperactivity, there is strong evidence implicating the role of child-
hood abuse in the disruption of this key stress response system. As such, the evidence
highly implicates HPA axis dysregulation in the aetiology of suicide following a his-
tory of severe early-life adversity.

This investigation was later extended to other transcripts of GR. The GR gene is
preceded by non-coding exons and in humans 9 first-exon variants each possessing
their own promoter region have been identified, as follows: 14,1, b, 1, £ B, F, Cand 1 [74].
Expression of the non-coding exons 1p, 1¢ and 1y was found to be significantly de-
creased in the hippocampus of suicide completers with a history of childhood abuse
compared to non-abused suicide completers and controls [75]. This assessment re-
vealed that GR1 promoter methylation levels are inversely correlated with GR1¢ ex-
pression in accordance with the previous finding on the 1 variant, whereas the GR1y
promoter showed site-specific hypomethylation that was positively correlated with
GR1y expression. This suggests that active demethylation is also a functional mecha-
nism that could be affected by early-life adversity. While this is a mechanism that has
received less attention, more work is required in order to elucidate its potential impli-
cations in the context of early-life adversity.

These findings have been supported by several groups investigating peripheral
blood samples from different populations of individuals who were exposed to varying
forms of early-life adversity. Infants of mothers who reported suffering intimate part-
ner violence during pregnancy exhibited higher levels of methylation in the promoter
of GR1f compared to those born from mothers without such treatment [76]. In an-
other study significant correlations were found between GR1r promoter methylation
levels and parental loss, child maltreatment and parental care such that diminished
nurturing was associated with increased methylation of this gene [77]. In addition,
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another group reported that childhood maltreatment, its severity and the type of
abuse and frequency were positively correlated with GR1g promoter methylation lev-
els [78, 79]. Altogether, the evidence seems to suggest that early-life adversity is ca-
pable of inducing specific long-lasting epigenetic alterations that ultimately affect
gene expression.

In a different study assessing the expression of several GR exon 1 variants ex-
pressed in the limbic tissue of depressed suicide completers, GR1r and GR1¢ hippo-
campal expression was significantly decreased without any report of promoter hyper-
methylation [80]. However, the investigation was carried out only in a limited region
of the gene and the promoter methylation levels that were observed were particularly
low. As the presence of early-life adversity was not assessed in this study, the findings
in suicide completers may be mediated by different molecular pathways in the absence
of early-life adversity.

Brain-Derived Neurotrophic Factor Gene

Neurotrophins or neurotrophic factors have been gaining interest as candidate mol-
ecules to study in association with the development of psychopathology because of
their role in neuronal survival and plasticity as well as the fact that they are expressed
in the limbic areas of the brain, where emotions and related behaviours are processed.
Of the major neurotrophic factors, brain-derived neurotrophic factor (BDNF), a neu-
rotrophin involved in neuronal growth and development has been the major focus in
studying psychiatric conditions such as depressive disorders and suicide [81-83].

The role of early-life adversity in the epigenetic regulation of the BDNF gene was
first investigated in a rat model of maternal care. Roth et al. [84] studied the effect
of repeatedly exposing pups for short periods of time to non-biological mothers ex-
hibiting abusive maternal behaviours, including pup avoidance and rough pup han-
dling. Compared to controls, site-specific hypermethylation was found in the pro-
moter region of transcripts IV and IX and decreased BDNF expression in the pre-
frontal cortex of the adult rats from the maltreated group. In addition, the deficits
in BDNF expression were reversed by intracerebroventricular injection of a DNMT
inhibitor, supporting the involvement of epigenetic mechanisms in the regulation of
BDNF expression.

There have also been several investigations into the methylation of BDNF con-
ducted on human tissues. Keller et al. [85] assessed, in post-mortem brain tissues from
suicide completers, the methylation levels in a region encompassing part of non-cod-
ing exon IV and its promoter in the Wernicke area and found that methylation in four
CpGs located downstream from the promoter IV transcription initiation site were
significantly increased in suicide completers compared to controls. The methylation
state of the BDNF gene was characterized in human peripheral blood leukocytes from
borderline personality patients who were assessed for childhood maltreatment [86].
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In this population of patients, peripheral levels of methylation in the BDNF gene pro-
moter increased as a function of the number of childhood traumas experienced, sug-
gesting that methylation of BDNF is associated with early-life adversity. Another re-
cent study investigated BDNF methylation levels in blood samples obtained from
patients being treated for major depressive disorder who were also assessed for sui-
cidal behaviours [87]. Here, the investigators reported that greater methylation of the
BDNF promoter was significantly correlated with a history of suicidal attempts and
suicidal ideation. In addition, the level of BDNF methylation predicted the likelihood
of improvement from suicidal ideation during treatment period such that patients
with higher levels of BDNF methylation showed less improvement on suicide ideation
compared to those with lower levels of BDNF methylation.

Serotoninergic Genes

Largely implicated in major depressive disorders and behavioural regulation, the se-
rotonin system has also been studied in relation to epigenetic changes associated with
early-life adversity and suicide. These alterations include lower concentration, bind-
ing, neurotransmission, and reuptake of serotonin and its metabolites associated with
suicidality and major depression [88, 89]. The serotonin receptor subtype 2A (5-
HT,,) and its gene have been largely investigated in association studies of suicidal
behaviour [90, 91] and, in particular, the 102 C/T polymorphism has been common-
ly investigated [92, 93]. Although methylation in the C allele variant in this polymor-
phism is associated with higher DNMT1 expression [94], increased methylation of
this variant was detected in leukocytes from suicide ideators and a non-significant
decrease in methylation was reported in the prefrontal cortex of suicide completers
carrying the C allele [95]. These results suggest that methylation patterns may be dif-
ferent between individuals who committed suicide and those planning suicide.

The serotonin transporter (5-HTT) gene, among other things, has been implicated
in the interaction between early-life stress and the risk of depression in human and pri-
mate models [96]. An early study analysing peripheral blood samples from Rhesus ma-
caques found increased methylation of the 5-HTT gene promoter to be associated with
increased reactivity to stress in maternally deprived, but not mother-reared, infants
[97]. Associations between early-life adversity and DNA methylation of the 5-HTT gene
were also reported in humans. A significant association between childhood sexual abuse
and overall DNA methylation of the 5-HTT gene promoter region was reported in an
investigation of lymphoblast DNA samples from subjects of the Iowa Adoption Study
[98, 99]. In addition, the DNA methylation patterns observed in this gene were associ-
ated with the emergence of antisocial personality disorder in adulthood [98]. Another
study using the same cohort of subjects also reported a correlation between childhood
abuse and lymphoblast DNA methylation at 4 CpG sites in the non-promoter regions
of the 5-HTT gene [100]. The methylation status of the 5-HTT promoter was examined
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in peripheral blood samples of patients with major depressive disorders and this was
found to be significantly higher in those who experienced early-life adversity [101]. On
the other hand, a more recent study conducted in peripheral blood from a German co-
hort failed to detect any site-specific changes in methylation associated with childhood
trauma [102]. The discrepancy in findings among different studies may have been due
to the difference in the type of cells investigated and promoter subregions examined as
well as the method used to measure methylation, which are important to take into con-
sideration when making comparisons.

Genome-Wide Epigenetic Changes

The studies described above have all focused on the epigenetic changes occurring on a
specific gene but it is possible that early-life adversity may induce epigenetic changes
across the whole genome. Labonté et al. [103] were the first to perform a genome-wide
investigation of promoter DNA methylation in post-mortem hippocampal tissue col-
lected from individuals with a history of severe childhood abuse. Methylation profiles
were compared between individuals who experienced severe child abuse and non-
abused controls and a total of 362 promoters were found to be differentially methylated
in the abused group - 248 were hypermethylated while 114 were hypomethylated. Fur-
thermore, the most significant DNA methylation changes occurred mainly in neurons
and specifically in genes that are implicated in neural plasticity. A more recent genome-
wide DNA methylation study in post-mortem ventral prefrontal cortex tissues obtained
from individuals suffering from major depression who died by suicide examined 15,249
CpG sites and observed 8 times more CpG sites exhibiting increased methylation in the
suicide group compared to controls. Moreover, the CpG sites that were hypermethyl-
ated in the depressed suicide group were located within genes implicated in behaviour,
cell cycle, cell death and survival, and cellular and embryonic development [104]. Al-
though these individuals were not assessed for the presence of early-life adversity, the
findings combined with those from Labonté et al. [103] suggest that DNA hypermeth-
ylation in the brain may be a common feature associated with suicide.

There have been several genome-wide studies conducted in peripheral samples
from individuals who experienced childhood maltreatment. Although these studies
did not investigate suicidal behaviour, they addressed the epigenetic regulation of
early-life adversity. Studying peripheral blood samples obtained from posttraumatic
stress disorder patients, Mehta et al. [105] reported significant differences in the ex-
pression of several genes accompanied by greater instances of DNA methylation pro-
file differences in the same genes in those who experienced childhood abuse than
those without such histories. Another study examined genome-wide promoter DNA
methylation in peripheral blood from subjects of the 1958 British cohort and found
that childhood abuse was associated with significant differential methylation in
997 gene promoters — with 311 that were hypermethylated and 686 that were
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hypomethylated [106]. The methylation differences were overrepresented in genes
implicated in key cell signalling pathways related to transcriptional regulation and
development. In addition, this investigation revealed significant DNA methylation
differences in several genes that code for microRNAs in subjects with histories of child
abuse compared to those without. A genome-wide investigation of DNA methylation
in saliva samples obtained from abused or neglected children revealed that 2,868 CpG
sites were significantly differentially methylated in maltreated children compared to
controls [107]. The CpG sites implicated were located within genes purported to be
involved not only in psychiatric disorders but also in several other health conditions
commonly associated with childhood abuse, including heart disease, stroke and respi-
ratory disorders, among others. Altogether, these findings suggest that childhood
abuse is associated with numerous epigenetic adaptations within the entire genome.

Conclusion

In this chapter, we have reviewed findings to suggest that early-life adversity, and in
particular childhood abuse, affects molecular mechanisms involved in the regulation
of emotion and behaviour. These effects include alterations in epigenetic regulation,
which, by acting on genes involved in critical neuronal processes, is believed to be ca-
pable of inducing behavioural changes during development or later in life. Indeed,
several environmentally induced epigenetic changes in the regulatory regions of genes
implicated in the stress response, neuroplasticity and neurotransmission are observed
in individuals who committed suicide and had histories of childhood abuse. These
findings suggest that epigenetics may be a mechanism through which early environ-
mental factors can induce long-term changes in behavioural responses and these
changes could have a negative impact leading to the increased risk of suicide.
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Abstract
Suicidal behaviour has been investigated at sociological, clinical, genetic, cellular, and molecular
levels. More recently, neuropsychological and brain imaging studies have been conducted to im-
prove our understanding of this complex behaviour. Here, we review the growing number of studies
published in the neuropsychological field. A total of 68 studies were found, most of them investigat-
ing middle-aged adults. Findings generally support the concept of vulnerability to suicidal behav-
iour, which is associated with certain neuropsychological deficits: deficient decision making, reduced
cognitive control and verbal fluency and impairment of autobiographical (over-general and less
specific), long-term and working memory. More studies are necessary to confirm these findings and
increase our understanding of these heterogeneous behaviours. This may be a first step toward un-
covering more powerful predictive markers and identifying more efficient therapeutic targets.

© 2016 S. Karger AG, Basel

A Stress-Diathesis Model of Suicidal Behaviour

Suicide rates are especially elevated among those with mental disorders. Epidemio-
logical studies have revealed a significantly increased likelihood of suicide among
many psychiatric disorders, including but not limited to major depression, bipolar
disorder, schizophrenia, and borderline personality disorder [1-3]. Moreover, post-
mortem studies reported the existence of mental disorders in more than 90% of cases
of suicide [4]. However, more than 90% of individuals with mental disorder will nev-
er commit suicide [5], suggesting that mental disorder is not a sufficient condition for
suicide.



Over the past decades, a large variety of studies have been conducted to support the
concept of vulnerability at the neurobiological level, ranging from biochemical [6] to
genetic/epigenetic [7, 8] and cell morphological studies [9-11]. The earliest and most
replicated known biological risk factor associated with suicidal acts was a low 5-hy-
droxyindoleacetic acid (5-HIAA) level, the main metabolite of serotonin, in cerebro-
spinal fluid [12]. Subsequent studies in the area have also investigated serotonergic
alterations in post-mortem studies [13] and the genetics of serotonin synthesis mech-
anisms (e.g. tryptophan hydroxylase) and transportation (e.g. serotonin transporter)
(14, 15]. The general hypothesis derived from these findings is a deficient modulation
of the prefrontal cortex and other brain regions by the serotonergic system, an altera-
tion that may possess some trait-like characteristics, including long-term stability, and
would underlie clinical and cognitive traits, including a higher propensity for impul-
sivity [16] or risky decision making [17]. Hypothalamic-pituitary-adrenal (HPA) axis
sensitivity has also been implicated in suicidal behaviour [18]. Recent data suggest that
the HPA response is also increased during an inhibition task in relatives of suicide
completers [19], revealing another heritable biological trait. Serotonergic and HPA
systems may synergistically contribute to suicidal behaviour [20].

A stress-diathesis model postulates a vulnerability to suicidal acts with genetic and
early developmental components (including childhood abuse) interacting with prox-
imal stressful events, e.g. social negative events like marital conflict or job loss, depres-
sion or alcohol abuse [21]. This lower ability to respond adequately to stress is also
underlined by numerous studies showing deficient cognitive functioning, notably dis-
advantageous decision making [22, 23] or reduced cognitive inhibition [24]. Deci-
sion-making deficit has been found in normothymic patients (at a distance from their
suicidal act) in comparison to patient controls, suggesting it represents a cognitive
trait-marker of suicide vulnerability.

Although it may seem out of fashion nowadays in comparison to functional neu-
roimaging with which it shares the exploration of the thinking brain, neuropsychol-
ogy has brought very relevant data to the understanding of the vulnerability to sui-
cidal behaviour [25-26]. According to the latest meta-analyses and reviews, a series
of replicated neuropsychological deficits has been demonstrated in patients with sui-
cidal behaviour compared to controls [23]. Notable deficits include disadvantageous
decision making (mainly measured by the Iowa gambling task) and reduced verbal
fluency and cognitive control (measured by the Stroop task). See figure 1 for a sum-
mary of neuropsychological key players in suicide vulnerability.

Decision-Making Findings

Impaired decision making was found in non-depressed patients with a past history of
suicidal acts (notably those who used a violent method) in comparison to non-de-
pressed patients with no history of suicidal act and healthy controls [27-29]. Suicide
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attempters tend to choose options with higher immediate reward but long-term loss
over options with lower reward but long-term gain, an impairment that is related to
lateral orbitofrontal cortex dysfunction in this population [28]. This result in middle-
aged patients has been replicated in studies with patients suffering from depressive
[30] or bipolar disorder [31, 32] but not by other studies [33-35]. Interestingly, deci-
sion-making deficit was also found in both adolescent [36-40] and elderly [41-43]
suicide attempters, suggesting that disadvantageous decision making could be a factor
of cognitive vulnerability to suicidal behaviours across the lifespan. Decision-making
impairment in suicide attempters was further correlated to the likelihood of interper-
sonal difficulties, a well-known trigger of suicidal acts, and with genetic variants pre-
viously related to suicidal behaviours [27, 44]. These findings point toward decision-
making deficit being at the interface of genes and the (social) environment. Decision-
making deficit could also be a potential endophenotype of suicidal behaviours,
although to date there is a lack of information regarding stability of performance over
time and deficits in healthy relatives [45]. Finally, it has been reported that decision-
making impairment and deficient cognitive control do not show strong correlation
[46], suggesting that they may synergistically, yet independently, contribute to sui-
cidal behaviour.

Cognitive Control Findings
Cognitive Flexibility

Initial reports suggested more cognitive rigidity in suicide attempters [47], a result
that has not always been replicated, notably during remission from the suicidal crisis
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[48]. More recently, cognitive inflexibility has been demonstrated in depressed mid-
dle-aged suicide attempters [49, 50] and ideators [51] and in old-age suicide at-
tempters [52]. It was found to be more pronounced when suicidal intent was high
[49]. In adolescent suicide attempters, cognitive inflexibility measured by persevera-
tive errors on the Wisconsin card-sorting test predicted suicidal ideation at the
6-month follow-up [53]. A recent study showed that cognitive inflexibility may be
found in healthy relatives of suicide completers [54], suggesting the heritability of
this cognitive trait. Cognitive inflexibility may render individuals less likely to adapt
to changing environment and, therefore, more likely to experience distress in these
conditions.

Verbal Fluency

Reduced verbal fluency has been found in depressed suicide attempters [49, 55], pre-
senting a bipolar I disorder but not a bipolar II disorder [56]. This was not observed
in depressed subjects with current suicidal ideation [51]. Impairment in letter fluency
was higher in high-lethality compared to low-lethality suicide attempters [49]. In el-
derly people, results were more contradictory [50, 57]. A deficit in verbal fluency may
indirectly represent the inability of suicide attempters to communicate their difficul-
ties to others, a process that may facilitate the committing of the act.

Cognitive Inhibition

Several studies suggest a deficit of cognitive inhibition in suicide attempters [49, 56,
58] and ideators [30] using the Stroop test or a go/no-go test, while others could not
find any deficit [31, 51]. Importantly, cognitive inhibition impairment was increased
in an emotional context [59-61]. For instance, compared to controls, suicide attempt-
ers took longer to read the colour of suicide-related [59-61] and negative words [59]
in a modified version of the Stroop test. Similarly, a social stress test increased inhibi-
tion deficit in relatives of suicide completers in comparison to relatives of depressed
patients [62], underlying both the transmission of cognitive deficits and the impact of
emotions. All aspects of cognitive inhibition (access, suppression and restraint) were
shown to be impaired in elderly depressed suicide attempters versus patients and
healthy controls [63]. In another study, high-lethality elderly depressed attempters
took longer to complete the inhibition condition of the task compared to depressed
control subjects, healthy control subjects and suicide ideators, except low-lethality at-
tempters, who demonstrated an intermediate performance [64]. This difference re-
mained after taking into account possible confounders, including education, global
cognitive performance and information processing speed. Interestingly, low-lethality
suicide attempters tended to make more uncorrected errors in all conditions, suggest-
ing a careless approach to the task or a lack of monitoring. These results indicate that
people with a history of attempted suicide display a considerable cognitive heteroge-
neity, which can be parsed to some extent by grouping them into high- versus low-
lethality attempters [49, 65, 66].
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Attention

Deficits of attention were found to be significantly higher in depressed subjects
with a past history of suicidal behaviour [58, 67], especially those with high
suicidal intent [68] and those who committed multiple suicide attempts [69]. A
deficit in attentional control may contribute to a variety of cognitive deficits in sui-
cidal patients, although it does not seem to be a causal factor of decision-making
impairment.

Memory Findings

The first meta-analysis on mnesic functions associated with the vulnerability to sui-
cidal behaviour revealed interesting findings [26]. Overall, three domains (autobio-
graphical memory reported as being over-general and less specific, long-term mem-
ory and working memory) were found to be altered in suicide attempters versus pa-
tient controls and in patient controls versus healthy controls, suggesting greater
alterations in those with a vulnerability to suicidal behaviour than in those with co-
morbid disorders but no history of suicidality. One domain (short-term memory) was
only altered in the comparison between patient control groups and healthy controls,
suggesting that impairment in this domain is mostly related to related psychiatric dis-
orders (in this case, mainly major depression). Finally, no memory alteration was
found to be specifically associated with the vulnerability to suicidal behaviour (in the
contrast between suicide attempters and both patient and healthy control groups but
not between patient and healthy controls).

Among 14 studies, 8 reported less specific and more general autobiographical
memories in suicide attempters compared to patient [70-75] and healthy controls
[71-74, 76] across different age and diagnosis groups; 1 study in psychosis report-
ed the opposite results [77] and 1 study reported no between-group difference
[78]. Finally, 4 studies reported a significant association between poor perfor-
mance in autobiographical memory and a higher number of suicide attempts
[79-82], especially in those with an early age of onset of history of childhood abuse
[79].

Among 10 studies on working memory, no differences between suicide attempters
and patient controls were found in 5 studies; 4 studies reported worse performances
in suicide attempters with mood disorder [83-86]. In 1 study [83], high-lethality at-
tempters were found to outperform low-lethality attempters, although it is not clear
whether this result is a true-positive result or whether it is related to the high frequen-
cy of violent attempters in the low-lethality group or to a sampling bias. In addition,
1 study showed better performance in suicide attempters with schizophrenia [87]
relative to patient controls.

No between-group differences in short-term memory were found in 10 studies but
2 studies in schizophrenia found better performances in suicide attempters compared
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to patient controls [87, 88] and 3 studies in mood disorders found worse performance
in suicide attempters, especially in high-lethality attempters [83, 89, 90].

Similarly, 3 studies found no between-group differences in long-term memory
but 2 studies in schizophrenia found better performances in suicide attempters
compared to patient controls [87, 91] and 3 studies in mood disorders found worse
performance in suicide attempters, especially in high-lethality attempters [83, 89,
90].

Discussion

It is becoming increasingly clear that individuals who attempt suicide or die by suicide
have a predisposition for this behaviour [92, 93]. In addition to impulsive aggression
[94] and persistent hopelessness [95, 96], several studies have now reported impair-
ments in cognitive domains such as autobiographical (over-general and less specific),
long-term and working memory [26], as well as decision making, verbal fluency and
cognitive control [26].

In fact, neurocognitive vulnerability to suicide behaviour may be modulated by
sociodemographic factors (age and gender), diagnosis (depression, bipolar disor-
der, schizophrenia, personality disorder...) characteristics of the suicide attempt-
ers and at least the lethality of the suicidal act. Indeed, studies of neuropsycholog-
ical components of suicide vulnerability examined various populations. For ex-
ample, some enrolled only adolescents [40], middle-aged [83] or elderly [85]
participants. Some studies were only conducted in males [28], while most included
both genders.

In addition, some studies included only patients with bipolar depression [31], with
a unipolar depressive disorder [30] or a combination of patients with both subtypes
of mood disorder [29]. Also, some studies were conducted in patients who were acute-
ly depressed [85, 97], while others focused on those in remission [29]. A recent study
demonstrated that suicide attempters performed more poorly in attention, memory
and working memory domains independently of current depressive symptomatology
[98].

In the case of schizophrenia patients, 5 studies showed contradictory results. In 2
studies, outpatient suicide attempters with schizophrenia tended to outperform
schizophrenic non-attempters in executive functioning, namely on measures of at-
tention and verbal fluency [88], and cognitive flexibility [87, 88]. However, the 3
other studies did not find any group difference in executive performances [91, 99,
100].

In the case of bipolar disorder, results are contradictory. For example, severe sui-
cide attempters outperformed non-severe attempters in verbal learning and non-at-
tempters in the Stroop word reading part [101]. Besides, the literature has suggested
that suicidal behaviour and bipolar disorder appear to share vulnerability factors, en-
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dophenotypes and susceptibility genes, which may explain the high suicide risk
associated with this disorder [102]. For example, decision-making impairment, a cog-
nitive trait associated with suicidal behaviour, has been reported in patients with bi-
polar disorder [33], especially if suicidal [32].

Moreover, suicide attempts vary in medical severity, from acts that cause no
medical damage to those that would be fatal without rescue. There is increasing
evidence that the cognitive and broader biological profile of those individuals who
make serious (high-lethality) versus low-lethality suicide attempts are different [43,
49, 66, 90, 103]. It has been previously reported that, in an overlapping sample of
older people with depression, a history of high-lethality attempts predicted poor
performance on the Wisconsin card-sorting test [66]. In a US study of younger
adults, Keilp et al. [83] found an impairment in Stroop performance in suicide at-
tempters compared to both patient and healthy control subjects. The finding of
Richard-Devantoy et al. [64] of a high uncorrected error rate in low-lethality at-
tempters parallels that of a Brazilian study by Malloy-Diniz et al. [31], who report-
ed a positive correlation between the number of suicide attempts and the number
of errors on the Stroop test in younger bipolar I patients. Findings, however, are
mixed with respect to the motor component of cognitive inhibition captured by the
go/no-go test [83, 85, 86]. The study of cognitive inhibition in elderly suicide at-
tempters [85] found significant impairments in access to relevant information and
deletion of irrelevant information in comparison to both depressed and healthy
control groups. The intermediate performance of suicide ideators in a recent paper
[64] suggests a dose-response relationship between cognitive control deficits and
the progression of the suicidal process. This dose-response relationship, however,
was lacking in a previous analysis of a screening measure of cognitive control,
EXIT25, in a larger overlapping sample of older adults [104], where suicide ideators
performed as poorly as suicide attempters.

How exactly does poor cognitive control and decision-making contribute to sui-
cidal behaviour? Cognitive control can be thought of as the ability to organize infor-
mation in a way that helps achieve the best outcome. It underlies certain (but not all)
aspects of decision making, which in turn appears impaired in younger [29] and old-
er [42, 65] suicide attempters. Decisions that involve uncertainty, options with mul-
tiple features and changes over time place particularly high demands on cognitive
control [105, 106]. Since the suicidal process involves the following: (1) a catastroph-
ic accumulation of stressors, (2) an inability to find alternative solutions and (3) a
disregard for the tragic consequences of suicide, future experiments need to elucidate
the contribution of poor cognitive control to these failures of real-life problem solving
and decision making. We propose the hypothesis that the inability to find and imple-
ment alternative solutions in a suicidal crisis is the most direct consequence of poor
cognitive control.

Deficits of cognitive inhibition in suicidal patients may be related to the dysfunc-
tion of the lateral prefrontoparietal network [107-109]. Cognitive control abilities in
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general depend on the associative cortices comprising the lateral frontoparietal and
cingulo-opercular networks [106, 110]. Studies have implicated that the dorsolateral
prefrontal cortex is crucial in working memory processes and in the ability to inhibit
responses [111, 112]. Indeed, initial results from FDG-PET [113] and fMRI studies
[25] point to frontoparietal and cingulo-opercular alterations in attempted suicide.
FDG-PET studies have found lower regional cerebral metabolic rates of glucose in
right dorsolateral prefrontal regions of suicide attempters compared to depressed
non-suicidal subjects [113]. Deficits in cognitive control and the putative frontopari-
etal and cingulo-opercular alterations in attempted suicide appear distinct from im-
pairments in value-based decision making paralleled by paralimbic and particularly
ventromedial prefrontal cortex dysfunction [114, 115] and the anterior cingulate cor-
tex [115]. These latter deficits are illustrated by a recent finding of paralimbic and
particularly ventromedial prefrontal cortex disruptions during value-based decision
making in older suicide attempters, which correlated with high impulsivity, a neglect
of decision-relevant information and poorly planned suicide attempts [116]. Thus, we
would argue for the existence of two independent vulnerability pathways marked by
cognitive control/frontoparietal versus value/paralimbic dysfunction. The first path-
way, illustrated by the current behavioural findings, may involve an inability to find
and implement alternative solutions in a crisis. The second, the value/paralimbic
pathway, may involve impulsivity, a low threshold for suicidal acts and a disregard for
deterrents.

Conclusion

Neuropsychological studies generally support the concept of vulnerability to
suicidal behaviour, with some data suggesting the heritability of certain deficits.
The suicidal crisis may result from both deficient value-based processes, facilitating
the automatic triggering of an acute emotional state, and deficient regulatory pro-
cesses, leading to ruminations, psychological pain, suicidal ideas, and in some, but
not all patients, a suicidal act [25]. This model needs to be tested. Of note, little is
known about gender or age differences in cognitive deficits related to suicidal
behaviour.

In our opinion, neuropsychology, a much less expensive tool than neuroimaging,
will remain a relevant investigation in the years to come for the understanding of sui-
cidal behaviours, whereas its clinical application may still need more time, as for oth-
er biomarkers. Longitudinal studies will offer a glimpse into the true predictive pow-
er of neuropsychological tests. Finally, future studies should investigate how these
findings may be used in intervention aimed at preventing suicide, which is the ulti-
mate goal of suicide research.
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Abstract

Since its inception nearly 100 years ago, EEG (electroencephalography) has offered a non-invasive
approach to recording the intrinsic electrical activity of the brain. Despite its limitations and the ad-
vent of brain imaging techniques with superior spatial resolution, the millisecond temporal resolu-
tion of EEG makes it a valuable diagnostic tool in many clinical disciplines, including psychiatry. In
this chapter, we review its use in the assessment of suicide risk in psychiatric patients. After a gen-
eral introduction to the technique itself, the first section considers the findings from numerous stud-
ies that have investigated paroxysmal EEG dysrhythmias such as small sharp spikes and other abnor-
mal sleep parameters (rapid-eye movement latency and duration) in relation to suicidal behaviour.
We then outline why changesin EEG patternsin response to a range of aural and visual stimuli (event-
related potentials) might offer the most robust means of detecting facets of personality such as im-
pulsiveness/aggressiveness that often underpin suicidal behaviour. Finally, we look at the wider
aspects of using EEG data as a predictor of suicidal behaviour and why this is problematic at the mo-
ment. In the chapter summary, we draw together the findings into these three areas of EEG research
and consider whether there is a case for extending the use of EEG as a routine adjunct to other diag-
nostic approaches for identifying suicidal behaviour in psychiatric patients close to release from in-
patient care. ©2016 S. Karger AG, Basel

One could imagine that the German neurologist Hans Berger immediately appreci-
ated the potential of his discovery when, in 1924, he recorded the first rhythmical
electrical activity emanating from a human brain - almost 50 years after Richard
Caton had conducted his preliminary experiments on rat brains [1, 2]. These two



pioneers of EEG (electroencephalography) have all but been forgotten but their work
laid the foundations for what was, in its heyday, an extremely influential experimental
approach in neuropsychiatry. Today, almost 100 years later, EEG continues to be used
widely in clinical research but has been somewhat overshadowed by newer innova-
tions such as fMRI (functional magnetic resonance imaging) [3] and MEG (magne-
toencephalography) [4].

The biophysical principles of EEG are relatively simple. Electrodes are attached at
one end to the scalp of a subject according to an internationally agreed coordinate
system and at the other to one of the inputs of a differential amplifier. A reference
voltage electrode (attached to the ear) runs to the second input of the differential am-
plifier. Weak electrical activity emanating from the outer layers of the brain passes
through the skull and is detected by the scalp electrodes. The difference between the
voltage from the scalp electrode and that of the reference electrode is amplified, digi-
tized and displayed as a time-resolved trace.

However, the electrical activity detected by the scalp electrodes is an average of
many thousands of neurons, making it difficult to ascertain the spatial location of any
emergent pattern (an example of the ‘inverse problem’). The effects of distance from
source, intervening cerebrospinal fluid and the skull itself further degrade the spatial
coordinates of any pattern. Accepting this as a considerable limitation for the study
of electrical activity in specific brain regions, EEG also offers some considerable ad-
vantages over its younger competitors. The temporal resolution of an EEG signal is in
the order of a few milliseconds and the EEG measures actual brain electrical activity,
both of which cannot be matched by fMRI or techniques such as SPECT (single pho-
ton emission computed tomography) which are much slower (several seconds or
more) and measure changes in blood flow (an indirect measure of brain activity).

Normal brain activity measured using EEG may be conveniently divided into tran-
sientand rhythmic activity, thelatter of which is classified by frequency. Of the six rhyth-
mic frequency ‘bands’; alpha (a), beta (B), gamma (y), delta (3), theta (8) and mu (p),
only alpha wave patterns (7-14 Hz) have really been explored in relation to suicidal
behaviour.

Graae et al. [5] recorded EEGs from a group of female Hispanic suicide attempters
(n = 16) and controls (n = 22) and found that alpha wave asymmetry, whereby nor-
mally one observes greater right-side versus left-side alpha wave activity (less activa-
tion), was reversed in the suicidal behaviour group compared to the control group.
Interestingly, Graae et al. reported a difference between depressed (n = 9) and non-
depressed (n = 5) suicide attempters in terms of reversed alpha asymmetry. In the
non-depressed suicide attempter group this was predominantly in the posterior re-
gion of the left hemisphere, whilst for the depressed suicide attempter group this was
predominantly in the anterior region of the left hemisphere. Thus, whilst caution is
needed when drawing conclusions from such small samples, reversed alpha asymme-
try (reduced left posterior activation) may be more a marker for suicidal behaviour
per se than for suicidal behaviour stemming from depressive illness.
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Abnormal EEG Recordings during Sleep

Perhaps not surprisingly, given the complexity and susceptibility to external stimuli
of the EEG source signal, attempts have been made to identify differences in the rela-
tively well-defined phases of EEG activity occurring whilst the patient is asleep. Two
main phases of sleep can be identified, non-rapid eye movement (NREM) and rapid
eye movement (REM). On the basis of changes in EEG patterns, NREM may be fur-
ther divided into stages I, II, III, and IV. In the first stages of NREM (I/II), alpha ac-
tivity gradually decreases and becomes fragmented, giving way to so-called ‘sleep
spindles’ and K complexes. During this period, theta activity increases. Stages II and
IV are commonly known as slow-wave/delta sleep and representative EEG activity is
only captured by extended (24-hour) recordings.

Due to the latency of REM sleep (around 100 min after stage I sleep), EEG activity
during sleep is normally only captured by extended polysomnographic recordings.
Longer recording identify distinctive EEG waveforms. REM sleep is characterized by
EEG desynchronization, whereby faster, lower amplitude beta and theta activity re-
place the slow-wave sleep observed during stages IT and IV of NREM.

Characterization of EEG patterns during sleep in patients exhibiting suicidal be-
haviour has focused mainly on the later stages of NREM or on the REM period of
sleep. Some consistent findings have emerged. In the run-up to REM sleep, during
stage IV of NREM, delta activity appears to be shorter in patients with depression who
also present with suicidal behaviour compared to patients with depression who do
not. This is mirrored by the general finding that latency to REM sleep is diminished
in the former group when compared to data from non-suicidal depressed patients. In
addition, REM time itself appears generally to be longer in those exhibiting suicidal
behaviour [6-8]. However, in the absence of a plausible link between disturbed sleep
patterns and the onset of suicidal behaviour, such observations have limited explana-
tory power. That link may well be a dysfunction of the serotonergic regulatory system.

Given the long-standing association between suicidal behaviour and dysfunction-
al serotonergic transmission [9], the latter also being intimately tied to the regulation
of sleep patterns [10], it is tempting to speculate (as others have already done) that
changes in serotonin production [11, 12], release [13] and, perhaps more controver-
sially, reuptake[14] consistently found in patients with depression and suicidal behav-
iour may lead to a loss of regulatory control of the emotion centre found in the tem-
poral lobes of the brain, the amygdala [15, 16].

Paroxysmal EEG Events: Small Sharp Spikes

During the first two stages of NREM sleep, sporadic, rapid spikes of activity known as
small sharp spikes (SSS) occur. These spikes of activity (~50 mV) normally last for
<50 ms and are broadly distributed across the temporal region of the brain [17].In a
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series of studies, Struve et al. [17, 18] recorded paroxysmal EEG events (including SSS)
in patients with a history of suicide attempts, together with a non-suicide attempt
control group. They found a significant association between the presence of SSS and
suicidal ideation/attempts. However, a later study of non-psychiatric patients and
control subjects, the latter deprived of sleep for 24 h, suggests that SSS appear to be
present in about 20% of individuals in both groups [19]. A study by Volow et al. [20]
muddied the waters further by finding an increased incidence of paroxysmal events
in the EEGs of patients with a history of suicidal behaviour (14.9%) compared to a
group with no history of suicidal behaviour (6.6%) but this was not statistically sig-
nificant. Thus, although Struve et al. [17, 18] found that all of the patients exhibiting
suicidal behaviour also had SSS, the significant degree of overlap between suicidal and
non-suicidal groups makes the use of SSS problematic without further refinement of
the clinico-psychological features of suicidal behaviour and a more detailed analysis
of SSS patterns.

EEG Event-Related Potentials

The inter-subject variability and general complexity of the EEG present a formida-
ble barrier to its use as a means of distinguishing one group of subjects from an-
other. Thus, the possibility of capturing so-called ‘time-locked” EEG activity where
changes in the EEG of an individual can be linked to some specific stimulus is ap-
pealing. Such changes in the EEG trace are called event-related potentials (ERPs)
and were first described by Davis et al. [21] over 75 years ago. ERPs are classified
according to their post-stimulus latency as either exogenous (sensory) or endoge-
nous (cognitive). Fast exogenous ERPs occur <100 ms after the stimulus and repre-
sent a direct (precognitive) sensory response to the stimulus, whereas the slower
endogenous ERPs take longer to appear as they also reflect the time taken to evalu-
ate sensory data.

A commonly reported auditory-evoked positive potential occurring 50 ms after
the stimulus (hence P50) is thought to identify a sensory gating mechanism where-
by non-salient sensory information is filtered out. Two paradigms are frequently
employed for investigating the P50 auditory-evoked response. The first involves
generating a series (at intervals of 10 s) of pairs of audible clicks (500 ms apart). In
control subjects, the second ERP is normally attenuated with respect to the first. The
second approach, called mismatch negativity, involves interrupting the normal pat-
tern of two ‘standard’ stimuli with a ‘deviant’ stimulus. In control subjects this devi-
ant stimulus elicits a well-documented negative peak on the EEG which is much
greater than the negative peak of the (attenuated) auditory ERP generated by the
standard stimulus. The sensory gating of auditory-evoked P50 ERPs has been shown
to be abnormal in a number of psychiatric disorders, most notably in schizophrenia
[22].
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P50 and P200 gating latency abnormalities have also been observed in patients
with bipolar I disorder [23]. However, although just over half of the patients with
bipolar I disorder had a history of suicidal ideation or attempts, no specific asso-
ciation was reported between suicidal ideation/attempts and P50/P200 gating
irregularities.

By contrast, irregularities in the P300 ERP pattern have been found in a range of
psychiatric disorders, including schizophrenia [24] and bipolar disorder [25]. In fact,
the robustness of the P300 ERP to discriminate between patient and control groups
in a range of more general studies probably explains why P300 irregularities have also
been reported by a small number of groups specifically interested in its potential as a
marker for suicidal behaviour [26-28]. What emerges from these studies is a mixed
picture. The two earlier studies compared P300 amplitudes in patients with bipolar I
disorder versus controls, with one study (Hansenne et al. [26], 1996) finding a nega-
tive correlation between P300 amplitude (measured at the central, midline electrode;
Cz) and suicide attempts and the other (Chen et al. [27], 2005) finding a positive cor-
relation. In a more recent study, Jandl et al. [28] (2009) compared P300 habituation
in patients with major depressive disorder grouped according to whether they had no
history of suicidal behaviour or had made ‘soft’ (poisoning) or ‘hard’ (jumping from
a high object, hanging, stabbing) attempts at suicide. An extended ‘oddball’ paradigm
was employed, where three stimuli (target/non-target and novel non-target) were de-
livered with differing probability, e.g. target 650 Hz (10%)/non-target 500 Hz (80%)/
novel different environmental sounds (10%), and the subject was required to discrim-
inate the infrequent target stimulus from the more frequent non-target stimulus by
noting the occurrence of the target by pressing a button.

Jandl et al. [28] found a quicker P300 habituation to both target and novel stimuli
in patients with major depressive disorder and a history of suicidal behaviour com-
pared to those who did not. Interestingly, all three of the studies mentioned above
indicate that the changes in P300 activity observed in patients with affective disorder
and a history of suicidal behaviour are only associated with their suicidality and not
with the severity of their depressive illness.

The P300 ERP is essentially an electrophysiological marker for an informative ex-
ternal event or stimulus and as such probably reflects the processing/summation of
neural signals into the consciousness. As such, the amplitude of the P300 ERP can
reflect (depending on the task design) how unusual or unexpected a stimulus is or (not
surprisingly) the degree of motivation and vigilance exhibited by the subject [29]. The
P300 response is now known to consist of (at least) two components, the so-called P3a
and P3b [30]. P3a is recorded predominantly in the frontal regions and is elicited by
novel stimuli interspersed within a series of regular stimuli. P3a identifies a ‘what is
it?” orienting response to novel stimuli but exhibits relatively rapid habituation. By
contrast, the P3b response is recorded in the parietal regions of the brain and occurs
in situations where a subject makes a physical movement such as pressing a button in
response to a novel stimulus.
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As such the P300 is a ‘man for all seasons’ marker which is at once useful, as it en-
ables many different aspects of cognitive processing in patients with mental illness to
be investigated, but also perplexing as its complexity makes it more difficult to ascer-
tain what actually is going on within the brains of patients that is so different to that
of their non-patient counterparts.

A brief diversion back into the work of Ray Johnson Jr. is useful at this stage.
Johnson outlined a taxonomy of factors that are reflected in P300 amplitude [31].
Three underlying dimensions were identified — subjective probability, stimulus
meaning and information transmission - the former two having independent, ad-
ditive effects on P300 amplitude, whilst the latter, information transmission, acts as
a modulator. Thus, subjective probability captures the a priori likelihood of an
event as judged by the test subject. The stimulus meaning refers to the task/stimu-
lus complexity and the stimulus value. Finally, the information transmission di-
mension depicts the proportion of the stimulus/task information the test subject
attends to.

Why is all of this important for assessing the data that has emerged from studies of
P300 amplitude in patients with suicidal behaviour? Nearly 40 years ago, Shiffrin and
Schneider [32] proposed two forms of cognitive operations, so-called automatic and
controlled processing. Automatic processing functions continuously and is not mod-
ulated by the intent of the individual, whilst controlled processing is dependent upon
the intent of the individual. Considerable data exists to suggest that automatic pro-
cessing is responsible for the subjective probability dimension of Johnson [31], whilst
controlled processing has a primary role in the stimulus meaning dimension [33].
Lower P300 amplitude and faster P300 habituation found in patients with a history of
suicidal behaviour appear not to be attributable to the severity of depression or schizo-
phrenia but rather to the presence (and possible severity) of suicidal behaviour itself.
Hence, in such patients, the presence of suicidal behaviour should be associated with
changes in either automatic or controlled processing or both. The standard paradigms
(e.g. oddball) currently employed are not able to resolve the relative contributions of
automatic and controlled processing to the lowering of the P300 amplitude or to its
faster habituation. Such fine resolution may only be achieved by paradigms that em-
ploy multiple stimuli with different patterns (automatic processing) and that vary the
task complexity (controlled processing).

A Predictive Role for EEG in Suicide Prevention?

One example of where a more finely resolved EEG investigation might be particu-
larly useful is in the elucidation of the role of impulsivity in suicidal behaviour [34].
There is an ongoing debate regarding the extent to which the act of committing
suicide is premeditated or impulsive. Its consideration now extends beyond the
clinical aspects of suicidal behaviour to encompass the personal liability of

106 Hodgkinson - Steyer - Kaschka - Jand|

Kaschka WP, Rujescu D (eds): Biological Aspects of Suicidal Behavior.
Adv Biol Psychiatry. Basel, Karger, 2016, vol 30, pp 101-109 (DOI: 10.1159/000434743)



individuals and the corporate liability of organization when a patient commits sui-
cide [35]. Here the question of impulsivity becomes paramount as it delineates the
‘impulsive’ act of suicide as being (largely) unforeseeable. There is a danger that a
failure to detect any suicidal intent during a pre-discharge interview will always be
explained by the impulsive nature of the subsequent suicide [36]. Thus, a much
better understanding of the background role of impulsivity within the constellation
of factors that transform suicidal intent into the act of committing suicide is need-
ed. For example, Joiner [37] has proposed that impulsivity should be conceptual-
ized as a personality trait whereby certain individuals engage in risk-taking behav-
iour, which over time establishes the capability in some (not all) to enact serious
harm to themselves. Viewed this way, impulsivity is not enough to predict suicidal
behaviour; rather it predicts the capability to commit suicide if there are also well-
defined plans to do so.

Viewed from this perspective, the use of EEG as one of a battery of procedures to
screen for trait impulsivity in admitted patients alongside detailed observations and
notes regarding suicidal plans and intentions would seem prudent. This would re-
move the problem of elevating the role of EEG to be the predictor of suicidal behav-
iour which it clearly cannot fill.

Conclusion

It is easy to believe that EEG will play an ever-decreasing role in the elucidation of
how the observed disturbances in brain activity found in patients with a mental ill-
ness reflect the symptoms they describe. The advent of highly sophisticated and
spatially defined approaches to recording the electrophysiological activity of the
brain cast a substantial shadow over the technique that Berger [1] introduced to the
world nearly a century ago. However, interest in EEG endures, partly because of its
simplicity and immediacy but also because it has produced some very robust results
over the years about how the brain responds to a range of stimuli. Much of the po-
tential of EEG remains untapped as the repertoire of paradigms used for its deploy-
ment remains small. The use of paradigms that explore some of the ideas outlined
in the model of Johnson [31] might be a good start, allowing a much better assess-
ment to be made of the possible association between suicidal behaviour and
impulsivity.

The raison d’étre for much of the work attempting to find specific (anomalous)
patterns of EEG activity in depressed patients that also exhibit suicidal behaviour is
the possibility of establishing a definitive set of correlates that are predictive of such
behaviour in general and are therefore useful as a diagnostic marker. Given that a sig-
nificant number of patients with a depressive illness who commit suicide subsequent
to their release from hospital report no suicidal behaviour [38], such a marker would
indeed be very useful.
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Abstract

Over the last 15 years, an increasing number of studies have been conducted to investigate the neu-
ral basis of suicidal behavior in vivo, using neuroimaging. In this chapter, we will review the literature
on the topic before proposing an updated version of our neurocognitive model. Review shows that
few studies have used pharmacological neuroimaging to investigate brain receptors. Moreover,
these studies present methodological issues including small sample size, thus limiting their interpre-
tation. Spectroscopy has also been used too rarely to draw any firm conclusion so far. In contrast,
structural neuroimaging has been extensively used and suggests reduced volumes, mainly in differ-
ent parts of the prefrontal cortex, in addition to parietal and temporal cortices and possibly some
subcortical nuclei. In addition, several studies have reported white matter lesions in individuals with
histories of suicidal acts and mood disorders from adolescents to the elderly, suggesting impaired
brain connectivity. Diffusion tensor imaging has not been used often to date but supports impaired
connectivity, notably to the orbitofrontal cortex. Finally, functional neuroimaging studies have high-
lighted impaired responses in suicide attempters to various conditions, including decision making,
social threat, cognitive control, verbal fluency, mental pain, and resting state. We propose that the
vulnerability to suicidal behavior and the triggering of the suicidal crisis is related to a combination
of trait and state deficits, including valuation processes on one side and cognitive control and self-
referential processes on the other side. This would be underlain by a dysfunctional network of re-
gions, including the ventral and dorsal parts of the prefrontal cortex and the parietal and temporal
lobes. Future research should develop interventions targeting these neurocognitive alterations for
the prevention of suicide. ©2016 S. Karger AG, Basel

Suicide and suicide attempts are complex human behaviors. As a consequence, ex-
plaining these behaviors will necessitate different methodological approaches, with the
ultimate goal of combining the findings to form a general explicative model (or pos-
sibly models). Over the past decades, research on suicide has successfully applied new
technologies to the study of suicidal acts, from genetics to epigenetics and cellular his-
tology to biochemistry (see other chapters). Another expanding field of research at the
interface of biology and clinical/psychological levels is neurocognition, which aims to
integrate the study of the cognitive processes and their neuroanatomical basis.



The use of neuropsychological tasks in individuals with histories of suicidal acts
dates back from the late 1960s but it was only in the early 2000s that robust protocols
were implemented [1, 2]. Neuroimaging studies of suicidal behavior also started in
the 2000s, using SPECT (single photon emission computed tomography) [3], PET
(positron emission tomography) [4] and MRI (magnetic resonance imaging) [5].
These last 15 years have witnessed an increasing number of studies published with the
goal of investigating the neurocognitive basis of suicidal acts.

I'will focus in this chapter on neuroimaging findings, as neuropsychological results
are presented elsewhere in this book, though both should be considered together for
a comprehensive understanding of the suicidal mind. Before discussing the function-
al neuroimaging findings, we will discuss three other types of neuroimaging which
focus primarily on the structure of the brain, namely pharmacological and structural
neuroimaging and spectroscopy.

Pharmacological Neuroimaging

Pharmacological neuroimaging aims at exploring the binding of various ligands to
particular receptors in vivo. As such, it allows for interesting bridges between bio-
chemical systems, neuroanatomy and the vulnerability to suicidal acts. It therefore
complements findings from both postmortem and in vivo studies, using peripheral
measures in the cerebrospinal fluid or blood, for instance.

Not surprisingly, the serotonergic system has been the most studied. Cannon et al.
[6], in secondary analyses of a study on bipolar disorder, reported reduced binding to
the serotonin transporter (5-HTT) in the midbrain and increased binding in the an-
terior cingulate cortex of 8 unmedicated suicide attempters versus 10 patient controls.
The same group [7] also reported increased 5-HTT binding in the anteroventral stri-
atum in 6 attempters versus 12 patient controls with major depressive disorder and in
the anterior cingulate cortex in 8 attempters versus 10 patient controls with bipolar
disorder. Nye et al. [8] also found decreased binding in the midbrain of 11 unmedi-
cated attempters versus 10 healthy controls. However, three other groups did not find
any significant group difference in 5-HTT binding between 12 recent unmedicated
suicide attempters and 12 healthy controls [9-11], 9 unmedicated attempters versus
9 patient controls with bipolar disorder [12] and 9 unmedicated suicide attempters
and 16 patient controls with major depressive disorder [13].

The 5-HT),4 receptor has been investigated by three research groups. Audenaert et
al. [3] found decreased binding in the frontal cortex of 12 individuals who recently
committed a suicidal act versus 12 healthy controls, a measure that was correlated
with harm avoidance and hopelessness [14]. Meyer et al. [15], in secondary analyses
of a study on dysfunctional attitudes, found no binding difference between 18 patients
with a history of self-harm and chronic suicidal ideation (mainly with borderline per-
sonality disorder) relative to 29 healthy controls, although binding was lower in those
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who committed a more severe suicidal act. Soloff et al. [16], in secondary analyses of
a study on borderline personality disorder, reported increased binding in suicide at-
tempters versus healthy controls in the hippocampus, medial temporal cortex and
occipital cortex, with a trend in the lateral orbitofrontal cortex. These results were,
however, very similar to those found in patients in general.

Finally, Leyton et al. [17] found reduced a-[''C]methyl-L-tryptophan trapping, a
marker of serotonin synthesis, in the orbital and ventromedial prefrontal cortex of 10
high-lethality suicide attempters versus 16 healthy controls. There was also a negative
correlation between binding in the lateral orbitofrontal and medial prefrontal cortices
and suicidal intent.

Outside the serotonergic system, only the dopamine transporter has been investi-
gated by one research group, which found no binding difference between 12 attempt-
ers and 12 healthy controls [9-11].

Although pharmacological neuroimaging represents a potential valuable tool, this
brief overview highlights the scarcity of studies using this technique, the limited inter-
pretation of findings, mainly due to the small sample size of all studies (which were often
secondary analyses), and the frequent lack of a patient control group to differentiate
what is specifically related to suicidal acts from what is related to comorbid disorders like
depression. More PET research using specifically designed studies is definitely needed.

Spectroscopy Neuroimaging

Spectroscopy uses MRI to measure the concentration of various biochemical com-
pounds (including glutamate, GABA, N-acetyl-aspartate, myo-inositol...) in a local-
ized part of the brain. One major drawback of this technique is the limited brain vol-
ume (actually a big voxel of 2.5 x 2.5 x 2.5 cm?, for instance) that can be assessed
within one scanner session.

In the only published study using this technique in the context of suicidal behavior
(a study published in Chinese), Li et al. [18] found reduced N-acetyl-aspartate/cre-
atinine ratio in the left hippocampus of 24 suicide attempters versus 24 healthy con-
trols and no patient control group. The results are more likely a reflection of a depres-
sive state than the vulnerability to suicidal acts, as previously shown [19]. Again, more
studies using this interesting technique are necessary.

Structural Neuroimaging

Lesion Studies

Since the early 2000s, several studies have reported an increased number of white mat-
ter signals (shown as hyperintensities in T2 MRI sequences) in suicide attempters
versus patient controls. In elderly patients with unipolar depression, Ahearn et al. [5]

112 Jollant

Kaschka WP, Rujescu D (eds): Biological Aspects of Suicidal Behavior.
Adv Biol Psychiatry. Basel, Karger, 2016, vol 30, pp 110-122 (DOI: 10.1159/000434744)



reported an increased number of subcortical gray matter hyperintensities and a trend
for increased periventricular hyperintensities in attempters versus patient controls
matched for age and gender. Sachs-Ericsson et al. [20] also found an increased num-
ber of white matter hyperintensities in 23 elderly suicide attempters versus 223 patient
controls, with a greater growth of lesions in attempters over a 2-year follow-up period.
In a large sample of 153 child and adolescent inpatients with various psychiatric di-
agnoses, Ehrlich et al. [21, 22] showed that white matter hyperintensities increased the
risk of suicide attempts by 18 in patients with unipolar depression, notably deep white
matter hyperintensities in the right parietal lobe. Similar results were found in 3 stud-
ies in middle-aged patients suffering from mood disorders, with more hyperintensi-
ties, specifically periventricular hyperintensities, in attempters versus patient controls
[22-24]. White matter lesions are one of the most replicated findings in neuroimaging
of suicidal behavior and are found across different age groups. Results have mainly
been reported in depressive disorder.

Interpretation remains difficult. It is suggested that these lesions may interfere with
important connections, possibly anteroposterior tracts, and lead to deficits in signifi-
cant cognitive and emotional processes. However, more investigations of the anatom-
ical-cognitive correlations would be necessary to validate this hypothesis. Also, it
would be important to investigate other psychiatric populations outside unipolar de-
pression.

Morphometric Differences

Numerous studies have examined morphometric differences in brain regions in sui-
cide attempters relative to controls. Differences in volumes have mainly been exam-
ined and more rarely differences in cortical thickness. Unfortunately, studies differ in
several aspects regarding the strength of the magnetic field (1.5 or 3 T), analysis tech-
nique (voxel or surface-based morphometry, whole brain vs. region-of-interest, ROI)
or clinical population (mainly mood disorder, more rarely schizophrenia) making the
direct comparison of results more complicated. As it would be too fastidious to detail
each study, we will focus on brain regions.

Not surprisingly, if we consider previous postmortem studies [25], several mor-
phometric differences have been reported in the prefrontal cortex. Findings support
reduced volumes of various parts of this region, including the orbitofrontal and ven-
trolateral [26-28], medial and dorsomedial (including anterior cingulate cortex) [26,
29-32] and dorsolateral [26] prefrontal cortices. These results were found across var-
ious diagnoses, including mood disorders [26, 28, 30, 31], schizophrenia [27, 29] and
borderline personality disorder [32], and across age groups including the elderly
[31]. Opposite results are rarely reported. Rusch et al. [33] found increased white mat-
ter volumes in bilateral posterior orbital and inferior frontal gyri in patients with
schizophrenia, with no difference in gray matter volume. Soloff et al. [34] found no
volumetric differences in the prefrontal cortex of attempters with borderline person-
ality disorder. However, reduced volume was found in high- versus low-lethality
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attempters in the orbitofrontal cortex in the same study. Finally, Wagner et al. [35]
reported reduced thickness in the ventrolateral, dorsolateral and anterior cingulate
cortices in a mixed group of patients at increased personal and familial suicide risk.

Apart from the prefrontal cortex, reduced cortical volumes were found in the in-
sular [29, 31, 34], parietal [26, 29, 31], temporal [26, 27, 29, 31], and occipital [26, 29]
lobes and the cerebellum [31]. Increased volumes were also reported, notably in the
temporal cortex [26, 34]. An ROI approach showed no difference between attempters
and nonattempters with bipolar disorder in cerebellar volume [36].

Subcortical nuclei have also been explored through whole-brain and sometimes
ROI analyses. Reduced volumes in suicide attempters have been found in the thala-
mus [29], nucleus accumbens [29], basal ganglia [26], lentiform nucleus [31], puta-
men [37], caudate [38], and pallidum [38]. Dombrovski et al. [37] noted a significant
association between higher delay discounting and lower putamen gray matter voxel
counts. Lopez-Larson et al. [39] found increased thalamic volumes in a complex pop-
ulation of veterans with mild traumatic brain injury who attempted suicide. Dom-
brovski et al. [37] found no difference in caudate or putamen voxel counts. Two stud-
ies reported no difference in amygdala volumes in borderline personality disorder
[34] and schizophrenia [27]. Spoletini et al. [40] found increased right amygdala vol-
umes in attempters versus nonattempters with schizophrenia but no difference in the
lateral ventricles, thalamus, hippocampus, caudate, putamen, pallidum, and accum-
bens. Monkul et al. [28] also reported increased amygdalar volume in a small sample
of unmedicated female attempters versus nonattempters with unipolar depression. To
our knowledge, the hippocampus has never been involved in the vulnerability to sui-
cidal acts in any morphometric studies. As volumetric alterations have been related
to histories of childhood abuse [41], hippocampus alterations may only apply to a
subgroup of suicide attempters [42].

Other findings include a reduced posterior third of the corpus callosum in elderly
patients [43], although this result was not replicated in another study in medicated
patients with bipolar I disorder [44] and in another small sample [45]. Jovev et al. [46]
found a positive correlation between pituitary gland volume and number of parasui-
cidal acts in borderline personality disorder in a study with no group comparison.
Moreover, reduced volume of the midbrain has been reported in 1 study [31].

Finally, Benedetti et al. [26] showed that most reduced volumes found in suicide
attempters were reversed by lithium, a drug with significant antisuicidal properties
[47].

Diffusion Tensor Imaging

Diffusion tensor imaging (DTI) enables the indirect assessment of white matter mor-
phology through the measure of the diffusion of water in tissues. Few studies on sui-
cidal behavior have been published to date using this technique. Jia et al. [48, 49] re-
ported reduced fractional anisotropy (the main DTI measure) in the left anterior limb
of the internal capsule, which has projections to the thalamus and orbitofrontal
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cortex, and in the right lentiform nucleus in 16 suicide attempters versus 36 patient
controls. Mahon et al. [50] reported lower fractional anisotropy in the left orbitofron-
tal white matter in 14 attempters versus 15 nonattempters with bipolar disorder. Olvet
et al. [51] reported lower fractional anisotropy in the dorsomedial prefrontal cortex
in 13 suicide attempters versus 39 patient controls. Lopez-Larson et al. [39] found in-
creased fractional anisotropy in the thalamus in 19 attempters with mild traumatic
brain injury.

Functional Neuroimaging

Decision Making and Reversal Learning
Impaired decision making has been associated with a history of suicidal behavior in a
recent meta-analysis of 9 studies [52]. Jollant et al. [53] found that impaired decision
making in 13 euthymic male middle-aged suicide attempters versus 12 patient con-
trols was related to a decreased response of the left orbitofrontal cortex and occipital
cortex to risky versus safe choices during the Iowa Gambling Task. Examination sug-
gests that this region does not correctly encode the contrast between risky and safe
choices in attempters, the magnitude of the difference being positively correlated with
final performance. A replication study (Olié et al., submitted) confirmed decreased
activation in the left ventrolateral, but also in the left dorsolateral, prefrontal cortex in
15 suicide attempters versus 23 patient controls. Moreover, preliminary analyses sug-
gest that healthy first-degree relatives of suicide completers also show decision-mak-
ing impairment and that these alterations are related to decreased activation of the
ventromedial prefrontal cortex, with the same pattern of decreased activation contrast
during risky and safe choices (article in preparation). Decision-making impairment
may therefore be heritable and may be related to deficits in risk valuation processes
in the ventral and perhaps dorsolateral prefrontal cortices.

Another study in adolescents has been conducted with the same task but results are
difficult to interpret as many participants could not complete the task [54].

Dombrovski et al. [55] found reduced response to expected reward during a rever-
sal learning task in the ventromedial prefrontal cortex in 15 elderly depressed suicide
attempters versus 18 patient controls. This result is therefore close to those found with
the decision-making task, with deficient valuation processing in the ventral prefrontal
cortex in suicide attempters.

Cognitive and Motor Inhibition

In total, 3 studies have specifically investigated these cognitive processes in suicide at-
tempters or completers. Cognitive control is a generic term that covers various pro-
cesses, including cognitive inhibition, error detection, response conflict, and cogni-
tive flexibility. In 2 articles (possibly overlapping sample), the authors have used
HMPAO SPECT and the Conners continuous performance test to assess motor
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inhibition [56, 57]. The strength of this study is that the patients, unmedicated at the
time of scanning, were followed after the initial assessment, with some ultimately
committing suicide. In comparison to 12 noncompleters, the 12 completers showed
increased activity at rest in an extensive area covering the right temporal, frontal, cin-
gulate, parietal, insular, and occipital cortices, suggesting an excessive activation of
the default mode network. During the task, completers had decreased activation in
the frontal, medial temporal lobe and thalamus and increased activation in the ante-
rior cingulate cortex, cerebellum and occipital lobe. In an extended sample, 21 com-
pleted suicides versus 27 heathy controls showed decreased activation during the task
in the bilateral superior frontal lobes, right precuneus, rolandic operculum, postcen-
tral gyrus, left caudate, insular cortex, and subgenual cingulate cortex.

In medicated depressed adolescent attempters, Pan et al. [58] reported decreased
activation in the anterior cingulate cortex relative to patient controls during the go/
no-go task.

Verbal Fluency

Verbal fluency abilities have been found deficient in attempters versus nonattempters
[52]. Audenaert et al. [59], using SPECT, found decreased activation in 20 attempters
versus 20 healthy controls in the inferior and middle frontal gyrus, inferior parietal
gyrus and anterior cingulate cortex during category fluency and in the medial tempo-
ral gyrus, anterior cingulate cortex and hypothalamic region during letter fluency.
The lack of a patient control group makes inferences complicated. In suicide attempt-
ers, Oquendo et al. [4] found brain activity in the anterior cingulate cortex and supe-
rior medial prefrontal cortex, measured at rest by PET, to be positively correlated with
verbal fluency performance in suicide attempters.

Response to Angry Faces

Angry faces are signals of social threat, a relevant paradigm to test social stress in the
context of suicidal acts. A first study in male normothymic middle-aged patients [60]
showed an increased response of the right lateral orbitofrontal cortex to angry versus
neutral faces, but not to happy faces, in 13 suicide attempters versus 14 patient con-
trols. This result was recently replicated in another sample of male patients (Olié et
al., submitted). Using the same task in depressed adolescents, Pan et al. [61] reported
a different pattern of activation, with an increased response to subtle angry faces in 14
suicide attempters in the anterior cingulate, dorsolateral prefrontal, primary sensory,
and temporal cortices. Sample bias and some specificities related to the immature
brain may explain discrepancies between the 3 studies.

Mental Pain

Mental pain has been hypothesized to be central to the suicidal crisis [62]. A study in
10 female suicide attempters [63] used scripts describing the mental pain experienced
just before the suicidal act and the act itself to evoke brain responses. The suicidal act
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script led to an increased response in the parahippocampal gyrus, cuneus, middle
temporal gyrus, and cerebellum and a decreased response in the medial prefrontal
cortex. Mental pain was associated with a decreased response in the medial prefrontal
cortex, anterior cingulate cortex and hippocampus.

Resting State

A few studies investigated brain activity at rest, an activity associated with the de-
fault mode network, i.e. a network of regions activated when the individual is en-
gaged in self-reflection or self-related tasks [64]. In a PET study, Oquendo et al. [4]
found a decreased response in the anterior cingulate cortex and medial frontal gyrus
in 16 high-lethality versus 9 low-lethality attempters — a contrast increased by a se-
rotonergic probe. These measures were also correlated with suicidal intent and im-
pulsivity. Using SPECT, Fountoulakis et al. [65] found no difference in brain activ-
ity between unmedicated depressed attempters and nonattempters. Fan et al. [66],
using MRI, reported reduced activity in the ventromedial prefrontal cortex, para-
hippocampal gyrus, anterior cingulate cortex, and angular gyrus in 27 suicide at-
tempters versus 10 patient controls but increased activity in the superior temporal
gyrus. Finally, Sublette et al. [67] found decreased activity at rest in the dorsolateral
prefrontal cortex in 13 suicide attempters versus 16 patient controls but increased
activity in the ventromedial prefrontal cortex/orbitofrontal cortex, anterior cingu-
late, caudate, and putamen.

Conclusion

Taken together, the literature above suggests that the vulnerability to suicidal acts
(as measured in patients with histories of suicide attempt relative to controls
matched for comorbid disorders) is associated with several structural and function-
al brain abnormalities. Most differences have been found in the prefrontal cortex,
including the ventral, medial and dorsolateral areas, in addition to the temporal and
parietal cortices and possibly some subcortical nuclei. A recent meta-analysis of
structural and functional neuroimaging studies [68] reported reduced volumes of
the orbitofrontal cortex, superior temporal gyrus and caudate nucleus and increased
reactivity of the anterior and posterior cingulate cortices. Furthermore, preliminary
results suggest that some alterations may be heritable (article in preparation). Both
white and gray matter alterations have been described, signifying complex regional
and connectivity impairments. Another observation is that although most studies
have been conducted in middle-aged patients, alterations have also been reported
in adolescents and the elderly. However, direct comparisons across age groups have
yet to be conducted. These findings could help disentangle the role of age in some
neuroimaging findings. The same comment can be made for gender. Finally, most
studies have been conducted in mood disorders, unipolar and bipolar disorders
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(both in euthymic and depressive states) and more rarely in schizophrenia. Some
alterations seem to be found across these diagnoses, supporting the concept of
transnosographic alterations specifically related to suicidal acts, even though some
cognitive studies suggest different deficits in mood disorders and schizophrenia
(with schizophrenic suicide attempters often showing better more than lower per-
formance) [69].

A Tentative Neuroanatomical Model of Suicidal Behavior

We have previously presented an integrative working model of suicidal behavior at
the neurocognitive level [70]. Here, we would like to propose an updated version of
this model.

We believe that a central deficit in the vulnerability to suicidal acts is impaired
valuation processes. This deficit is reflected in the following: (1) an increased response
of the orbitofrontal cortex [60] and probably other prefrontal regions [61] to signals
of social threat; (2) and to wins and versus losses in the prefrontal cortex (Olié et al.,
submitted); (3) but a lower response to expected reward in the ventromedial prefron-
tal cortex during reversal learning [55], and (4) risk during decision making in the
orbitofrontal cortex and (probably dorsolateral) prefrontal cortex [53]. Another study
showed an inability of suicide attempters to modulate response to unfairness [71].
Moreover, valuation deficit, largely related to the prefrontal cortex, would be a heri-
table trait (article in preparation). It would underlie persistent disadvantageous deci-
sion making, which is correlated with an increased risk of interpersonal relationship
problems [72] - a classical trigger of suicidal crisis.

A second set of deficits is impaired cognitive control and self-related processing.
Deficits in cognitive control are mainly associated with the mediodorsal prefrontal
cortex [58], including the cingulate cortex and dorsolateral prefrontal cortex [73]. In
combination with working memory deficits [74], they may limit the ability to regulate
the emotional response in a stressful context, facilitating an obsessive and ruminative
mode of thinking [75], mental pain [76], suicidal ideas [63], and intent [4]. Interest-
ingly, we could not find any significant impairment in cognitive control in relatives
of suicide completers who themselves never attempted suicide, suggesting that this
may protect these individuals and counterbalance an otherwise decision-making im-
pairment (article in preparation.). Moreover, the medial prefrontal cortex has also
been associated with the default mode network and self-referential processes (64, 77]
in connection with the temporal and parietal cortices. These self-related processes in-
clude autobiographical memory [64], which is found to be deficient in suicide at-
tempters and correlated with deficient problem solving [74]. All these deficits could
add to promote an inadequate perception of the self and future and limit the indi-
vidual’s abilities to find solutions to their problems [78], thus creating a feeling of
hopelessness [78] and perhaps reducing help-seeking behavior.
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In summary, deficits in valuation processes on one side and cognitive control and

self-referential processes on the other side, mainly associated with dysfunctional pre-
frontal, parietal and temporal cortices, may represent the core neurocognitive basis of
the vulnerability to suicidal acts. Interventions should be developed to target these
deficits and assess their impact on the suicidal risk.
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Abstract
Clinical and epidemiological data accumulated over the past decade strongly suggest that inflam-
mation, certain upstream triggers of the immune system and downstream molecular mediators of
inflammation, may contribute to the pathophysiology of suicidal behavior. Upstream factors include
autoimmune factors, infections, traumatic brain injury, and stress. Downstream factors potentially
mediating the effects of inflammation include molecules of the kynurenine pathway, which are
known to modulate neuroinflammation and glutamate neurotransmission. The following could con-
tribute to an important rejuvenation of our suicide prevention arsenal: (1) targeting immune dys-
regulation in patients with a history of suicidal behavior; (2) preventive factors involving upstream
activators such as chronic latent infections or allergens and, (3) interrupting downstream patho-
physiological pathways of inflammation. Additionally, the focus on individual triggers and diatheses
will increase the precision of our treatment interventions in suicide prevention. Finally, it might be
possible to increase the accuracy of suicide risk estimation by adding analysis of inflammatory bio-
markers to our clinical information and neuropsychological testing. Discovering novel agents that
target inflammation may also rejuvenate our therapeutic interval in suicide prevention.

© 2016 S. Karger AG, Basel

Death by suicide is the 14th cause of years of life lost [1], with at least 1 million deaths
every year [2]. If current trends continue, it is expected that annually at least 1.5 mil-
lion lives will be ended prematurely by suicide in 2020 [3]. The burden of suicidal be-
havior includes the economic and emotional impact of suicide on survivors and the
high frequency of attempts (10-20 times more frequent than suicides). Despite recent



progress in utilizing certain treatment options for suicidal behavior, including lithium
in mood disorders, clozapine in schizophrenia and possibly electroconvulsive treat-
ment in treatment-resistant depression, suicide rates have been increasing in the USA.
As such, it is imperative to continue improving detection, prevention and manage-
ment of suicidal behavior.

One area with the most replicated biological findings implicated in suicidal behav-
ior involve changes in the hypothalamic-pituitary-adrenal (HPA) axis activity [4], as
well as serotonergic transmission [4, 5]. Both HPA axis activities and serotoninergic
neurotransmission have reciprocal interactions with the immune system, centrally
and peripherally.

Risk Factors for Suicide

Complex interactions [6] between genetic predispositions and environmental factors
are thought to drive suicidal behavior (including death by suicide and suicide at-
tempts). The best predictor of a future suicide is a history of attempts [7]. Psychiatric
disorders, in particular major depression and bipolar disorder, frequently co-occur
among those who die by suicide [8].

Sickness Behavior

Activation of the immune system profoundly impacts mammals. A ‘sickness’ behav-
ioral syndrome describes behavioral changes induced by infection or other inflamma-
tory triggers [9]. Peripherally produced immune mediators, such as cytokines, can
reach the CNS via blood (crossing an inflamed and thus more permeable blood-brain
barrier, BBB, or through areas where the BBB is lacking - such as structures called
circumventricular organs). Alternatively, cytokines can bypass the BBB by using the
pathway of cranial nerves (e.g. vagus, olfactory, trigeminal nerves) or through the lu-
men or walls of vascular structures. The translocation of immune mediators from
periphery to CNS, or the constitutional production of mediators in the CNS, often
augmented by peripheral immune stimuli, do not always have negative consequences.
In fact the constitutional production of cytokines secreted by microglia, endothelial
cells and astrocytes plays an important role in CNS maintenance and development
[10]. During episodes of inflammation triggered sickness, cytokine-induced sickness
behavior, which is responsible for channeling resources to survival and overcoming
infection, and thus changes in sleep and sleepiness, reduction in appetite, food intake,
reduced interest in exploring the environment and sex are evolutionarily intertwined
with survival.

Clinically, while there are similarities between sickness and depression, especially
in regard to neurovegetative symptoms, there are marked differences concerning the
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individual’s regard for the present, the future, the past, and self. Specifically, helpless-
ness, hopelessness, guilt, worthlessness, and suicidal ideation (active or passive) do
not belong to the syndrome of sickness and point towards depression, requiring
treatment.

Inflammation, Depression and Other Psychiatric Conditions

Increasing evidence links inflammation to symptoms of depression. For instance, dys-
phoria and anxiety can be triggered by the induction of inflammation, with micro-
bial triggers below the threshold concentrations allowing the induction of sickness
behavior and a secondary psychological reaction to it [11]. Medical conditions with
known immune mediation such as systemic lupus erythematous, multiple sclerosis
and traumatic brain injury (TBI) are associated with markedly increased prevalence
rates of depression. Individuals with autoimmune conditions and certain infections
have increased blood markers of inflammation and are also at risk for developing dif-
ferent types of mood disorders, including bipolar disorder [12]. Markers [13] of in-
flammation, including C-reactive protein (CRP), IL-6 and TNF-a, have often been
found to be increased in patients with MDD [14]. Similarly, treatment for hepatitis C
with IFN-a induces depression in a subgroup of patients [15]. It has been reported
that levels of proinflammatory cytokines correlate with depressive symptoms [16, 17].
Similarly, several meta-analyses have confirmed abnormal levels of immune markers,
including cytokines [18, 19] and CRP [20], in patients with bipolar disorders. Slightly
elevated CRP levels of between 3 and 10 mg/I are useful for the concept of ‘low-grade
inflammation’ that has been associated with conditions that increase the risk of sui-
cide such as schizophrenia [21], anxiety disorders [22], depression [21], and bipolar
disorder [20].

Is the association between inflammation and mood disorder a trait or state finding?
Results are mixed and tend to suggest that certain associations tend to represent trait
markers, others state markers and others ‘scars’, i.e. consequences of being exposed
to prior episodes. In a recent meta-analysis, the CRP values tended to ‘normalize’ dur-
ing the depressed phase of bipolar disorder and to appear elevated during the manic
and euthymic phases of patients [20].

Neuroimaging techniques have evolved enabling us to improve our ability to dis-
tinguish state inflammation. For instance, positron emission tomography (PET) can
be used to quantify translocator protein (TSPO) binding, a mitochondrial protein of
microglial origin, which increases during neuroinflammation, when microglia be-
come activated [23]. Novel tracers have been developed to bind to TSPO [24, 25]. Two
recent studies have underscored the importance of state rather than trait in studying
low-grade inflammation in the brain. A negative study [26] investigated TSPO bind-
ing in patients in heterogeneous states (treated vs. untreated, symptomatic vs. mini-
mally symptomatic). In contrast, when all patients were investigated during a symp-
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tomatic major depressive episode, with all patients medication free for at least six
weeks, significant elevations of TSPO distribution volume were identified in the pre-
frontal cortex, anterior cingulate cortex and insula [27]. More specifically, a greater
severity of depression correlated with TSPO distribution volume in the anterior cin-
gulate cortex — a brain region previously implicated in the modulation of emotional
and behavioral expression of depression.

Inflammation and Suicidal Ideation and Behavior

The development of suicidal ideation and attempts has been also reported in immu-
notherapy trials [28, 29]. In particular, during and after treatment with IFN-p, suicide
ideation and attempts have emerged in previously psychiatrically healthy individuals
[30]. To our knowledge, a report by Nassberger and Traskman-Bendz [31] (1993) on
increased values of soluble IL-2 receptor was the first to document cytokine elevations
in patients with a history of suicide attempt. After more than 15 years, a study by
Postolache (author in this article) and colleagues [32] at the University of Maryland
(2008) found increased mRNA transcription of anti-inflammatory cytokines IL-4 and
IL-13 in the orbitofrontal cortex of suicide victims. This was particularly relevant, as
this elevation was reported in an area involved in affective and behavioral modulation
and an area where histopathological changes involving serotonin terminals had previ-
ously been reported [4]. The elevation of anti-inflammatory cytokine gene expression
could be seen as compensatory, in the effort of tuning down inflammation triggered
by associated mental states that led to the fatal attempt, including depression, anguish
and stress. The same year Steiner et al. [33] found significant microgliosis in suicide
cases diagnosed with schizophrenia and depression compared with individuals with
the same diagnoses who died from causes other than suicide. A number of studies led
by coauthor Brundin and colleagues [34] that took place at Lund University identified
elevations of IL-6 in the cerebrospinal fluid (CSF) of suicide attempters. They report-
ed elevations in plasma IL-6 and TNF-a in the plasma from suicide attempters com-
pared with both healthy controls and depressed nonsuicidal patients [35]. In contrast,
a decreased production of IL-6 (and IL-2) by whole blood immune stimulation in a
culture setting was documented in patients with suicidal depression compared with
patients with nonsuicidal MDD [36].

A similarly unexpected finding was reported by Gabbay et al. [37], who found low-
er plasma TNF-a levels in adolescents with suicidal depression compared with non-
suicidal adolescents with MDD. Either peripheral levels of TNF-a may not accurately
reflect brain levels of the cytokines or immune responses in completed suicide may
differ from those with nonfatal suicidal behavior, as, in the postmortem prefrontal
cortex of adolescent suicides, Pandey et al. [38] (2012) reported increased levels of
mRNA and protein levels for TNF-a, as well as other proinflammatory cytokines IL-
18 and IL-6. Moreover, protein S-100B, a marker of CNS inflammation, was reported
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to be positively associated with the severity of suicidal ideation in adolescents diag-
nosed with depression or psychotic disorder [39]. A more recent study identified an
association of suicidal ideation with ‘inflammatory index’, including levels of CRP
and cytokines IL-6, TNF-a and IL-10, independent of recent history of attempt and
severity of depression [40], making a potential contribution to developing ‘latent vari-
ables’ in mediation analyses using structural equation modeling.

An important recent meta-analysis on blood, CSF and postmortem tissue findings
concluded that cytokines could successfully distinguish individuals with lethal and
nonlethal suicidal behavior from nonsuicidal patients. Increased levels of IL-1p and
IL-6 in blood and postmortem samples, decreased production of IL-2 by peripheral
mononuclear cells and decreased CSF IL-8 levels stood out as the most relevant im-
mune biomarkers distinguishing suicidal behavior from nonsuicidal behaviors [41].
In a systematic review on inflammation in relation to suicidal behavior, Serafini et al.
[42] concluded that immune markers can distinguish patients with depression versus
without suicidal ideation/attempts but that this association remains a simple associa-
tive rather than predictive link in the absence of longitudinal studies. A recent study
on blood biomarkers concluded that markers of the biological pathways of inflamma-
tion, apoptosis and stress may represent important convergent pathophysiological
pathways of suicidal ideation and suicide [43].

Downstream Factors

Constitutive Expression of Cytokines and Direct Effects
Cytokine receptors are presented in areas involved in mood regulation and dysregula-
tion, including areas of the prefrontal cortex, hippocampus and cerebellum and in the
raphe neurons in the medulla oblongata [44, 45]. The neurons of the amygdala, thala-
mus and hippocampus and 5-HT, receptor-expressing neurons in the hypothalamus
have IL-1p receptors [46]. These receptors underlie important physiological functions
of constitutive cytokines in brain physiology. For instance, IL-6, IL-1p and TNF-a have
been implicated in the regulation of synaptic plasticity and transmission [47, 48] in nor-
mal conditions and after immune challenge [49, 50]. Cytokines have been shown to
alter levels of metabolites of monoaminergic neurotransmitters as well as their levels in
different regions of the CNS involved in behavioral modulation or moderation.

See figure 1 for downstream factors translating the effect of inflammation on brain
structure and function.

Associations with Intermediate Phenotypes of Suicidal Behavior

Aggression, helplessness [51] and impulsivity have been proposed as intermediate
phenotypes of suicidal behavior [52]. In humans, there have been studies confirming
associations between aggression and anger with inflammation. For instance, anger is
positively associated with IL-6 levels [53] and, in patients with self-harm, hostility is
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Fig. 1. Immune factors, their upstream upregulation, their downstream mechanisms related to sui-
cidal behavior, risk factors, and intermediate phenotypes, and their moderators. 5-HT = Serotonin;
NE = norepinephrine; KYN = kynurenine; PIC = picolinic acid.

associated with elevations in IL-1{ [54]. Hostility and anger were also found to be in-
creased during IFN-a treatment of hepatitis C [55], with moderation of this effect by
a specific genetic variability in the TNF-a gene [56]. However, it is the animal research
that has advanced this knowledge towards causation. For instance, aggressive behav-
iors in cats have been precipitated by an injection of IL-1 into the medial hypothala-
mus or periaqueductal gray, via 5-HT, receptors [57, 58]. The effects of IL-2 injected
into the periaqueductal gray appear to be mediated by NK; receptors [59]. Moreover,
it appears that aggression regulation requires TNF-a, as TNF-a receptor-deficient
mice do not react aggressively in a resident intruder test, a common animal paradigm
to quantify aggressive-like behavior [60].

The Kynurenine Pathway

Another downstream mechanism that could impact the behavioral and emotional
regulation implicated in suicidal behavior is the activation of tryptophan breakdown
via the kynurenine pathway (fig. 1). In fact, enzymatic aberrations on this path have
been proposed to be a main mechanism leading away from inflammation-induced
‘uncomplicated’ sickness behavior towards depression and suicidality [9, 61]. Proin-
flammatory cytokines, predominantly IFN-y but also, to a lesser degree, IL-6 and IL-
1 induce the enzymes indoleamine 2,3-dioxygenase (IDO-1) and, secondarily, tryp-
tophan 2,3-dioxygenase (TDO-2), the first steps of initiating the kynurenine pathway
[62, 63]. Through shifting tryptophan breakdown through the kynurenine pathway,
the resulting tryptophan depletion may further induce a decrease in levels of sero-
tonin and potentially decreased levels of serotonin metabolite found in those with a
history of nonfatal suicidal self-directed violence [64]. The serotonin depletion sec-
ondary to the activation of IDO by inflammation remains a theoretical construct, as
it has not been yet proven by empirical evidence.
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Activation of the kynurenine pathway produces several neuroactive compounds,
including the excitotoxic quinolinic acid (QUIN) and neuroprotective kynurenic acid
(KYNA) [65]. Importantly, over 90% of tryptophan degradation occurs in the periph-
ery [66], with enzymes of this pathway found in a multitude of cells, including im-
mune cells, brain, liver, and kidney. In the brain, a cellular segregation of the kynuren-
ine metabolism QUIN, N-methyl-D-aspartic acid (NMDA) receptors containing the
NR1 + NR2A and the NR1 + NR2B subunits [67, 68], occurs predominantly in mi-
croglial cells. QUIN has convergent excitotoxic potency, elevating glutamatergic neu-
rotransmission through several mechanisms. Beyond its NMDA agonism, QUIN also
increases neuronal glutamate release and decreases glutamate uptake and recycling by
astrocytes [69]. KYNA, produced predominantly in astrocytes, is an antagonist at the
glycine site of the NMDA receptor and a blocker of the cholinergic a-7 nicotinic re-
ceptor (a-7nAChR). KYNA has neuroprotective properties and anticonvulsive effects
but may contribute to cognitive deficits and, in particular, its elevation is predictively
associated with schizophrenia [70, 71].

The collaboration of coauthor Postolache with John Mann’s group [72] at Columbia
University led to the first study reporting abnormalities of the kynurenine pathway in
relation to suicidal behavior, specifically elevated plasma kynurenine levels in patients
with depression who attempted suicide compared with depressed patients with no
history of self-directed violence. Kynurenine passes freely through the BBB and into
the brain and, although inactive, initiates the production of neuroactive metabolites
[65].

In collaboration, coauthors Brundin and Postolache and group [73] have report-
ed elevations of QUIN in suicide attempters to more than twice those in healthy
controls, while levels of KYNA were not different from controls, and thus produced
a higher QUIN/KYNA quotient in suicide attempters. The likelihood of the pro-
duction of QUIN by ongoing low-grade inflammation has been supported by pos-
itive correlations between CSF QUIN and CSF IL-6 levels. QUIN elevations in sui-
cide attempters were positively associated with high suicide intent scores and were
predominantly ‘state dependent’. A follow-up study reported CSF QUIN levels as
elevated in suicide attempters in comparison with healthy controls also as a trait,
albeit to a lower degree than in the immediate temporal proximity of a suicide at-
tempt [74]. Higher cytokine levels and lower CSF KYNA levels were positively as-
sociated with the magnitude of depressive symptoms and suicidality scores. In line
with this finding, a previous study reported lower blood KYNA levels in patients
with depression [75], consistent also with a lower neuroprotective/neurotoxic
KYNA/QUIN ratio in bipolar patients relative to healthy controls [76]. While a
more recent brain imaging study did not replicate the lower value of KYNA in pa-
tients with major depression, it was nevertheless positively associated with hippo-
campal and amygdala volume in those patients, probably through the neuroprotec-
tive effects of KYNA [77]. Indeed, a reduction in dendritic growth secondary to
neuronal exposure to extracellular glutamate is prevented by the administration of
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KYNA [78]. Additionally, experimental work suggests that an inhibitor of kynuren-
ine-3-monooxygenase, minimizing the production of QUIN and elevating the pro-
duction of KYNA, reverses the inhibitory effects of IL-1 on hippocampal neurogen-
esis [79].

Van Heeringen et al. [80] (2014) proposed that increased levels of QUIN, through
neurotoxicity, could contribute to structural loss and cell loss in brain regions previ-
ously described in individuals with suicidal behavior. This is consistent with postmor-
tem data reporting increase counts of QUIN-reactive microglia in the anterior midcin-
gulate cortex and the subgenual anterior cingulate cortex [81]. Taking into account
the convergent clinical, imaging and postmortem literature towards a neurotoxic
QUIN balanced by neuroprotective KYNA in suicidal behavior, the very high levels
of glutamate agonist QUIN in suicide attempters in temporal proximity of attempt
[73] provide a rationale for clinical trials of ketamine, an NMDA receptor antagonist
showing rapid resolution of suicidal ideation [82, 83] in individuals at risk with ele-
vated QUIN/KYNA ratios.

Upstream Factors Associated with Inflammation and Suicidal Behavior

Toxoplasma gondii

T. gondii, a widespread neurotropic protozoan parasite, infects approximately a third
of all humans. Symptoms of infection range from none to minimal depending on the
adequacy of the host immune response [84]. Congenital infection, occurring if a
mother has a primary infection during pregnancy and passes it to the fetus, though
calamitous, is relatively rare. Within the animal world, felids have been identified as
the definitive host to T. gondii. T. gondii may infect humans via ingestion of the para-
site’s oocysts, which can spread from the feces of infected cats. Other routes of trans-
mission include consumption of undercooked meat that has been infected with
T. gondii cysts or ingestion of contaminated water. When ingested by an intermediate
host, the parasite spreads from the intestine to other organs, finally localizing in mus-
cle and brain. In the brain, T. gondii hides within neurons and glial cells, forming in-
tracellular characteristic cystic structures. Latent toxoplasmosis, the asymptomatic
persistence of cysts in host tissues, including the brain, is prevalent in 25-30% of the
global population [85], with a relatively lower prevalence (10-15%) reported in the
USA [86]. Prevalence is higher among those who lived or live in rural areas. Approx-
imately 60 million men, women and children in the USA carry T. gondii [86]. Latent
toxoplasmosis has been associated with subclinical personality traits [87-89], subtle
neurological deficits [90] and a heightened risk of motor vehicle accidents [91], as well
as major psychiatric illness such as schizophrenia [92], bipolar disorder [93] and per-
sonality disorders [94]. Intermittent reactivation of latent infection of T. gondii has
been previously proposed to explain psychiatric manifestations in immunosuppressed
patients [95, 96].

130 Postolache - Manalai - Brenner - Brundin

Kaschka WP, Rujescu D (eds): Biological Aspects of Suicidal Behavior.
Adv Biol Psychiatry. Basel, Karger, 2016, vol 30, pp 123-144 (DOI: 10.1159/000434746)



T. gondii Increases ‘Risk Taking’

In rodents, latent T. gondii infection reduces and even reverses innate fear of cat odor
and other stimuli that precede predation [97]. Although some mixed findings have
been noted, T. gondii infection has also been found to nonspecifically lower fear/anx-
iety and increase novelty seeking in rodents [98-100]. Certain immunological param-
eters associated with suicidal behavior are among the very ones involved in the pro-
tection against brain invasion by T. gondii such as cytokines TNF-a, IL-6 and microg-
lia activation. Conversely, mechanisms of immune manipulation by the parasite can
induce the production of anti-inflammatory cytokines that reduce the ability to clear
the microorganism [101].

T. gondii and Suicidal Behavior

Our work in support of this relationship includes cross-sectional studies of mood dis-
orders [102], a study of German patients with schizophrenia [103], an ecological study
in Europe [104], and a prospective cohort study in Danish mothers [105]. Results
from a Swedish cohort highlighted convergent evidence for the hypothesized associa-
tion between T. gondii and suicide attempts [106]. These findings were replicated by
independent groups in Turkey among those with a history of attempt [107] and young
adults in Poland [108]. Specifically, seropositivity rates were 71% in the suicide group
versus 44.4% in the control group (p < 0.05 in younger victims). This strong effect in
younger patients is consistent with our study among schizophrenia patients [103]. In
our study among those with mood disorders, serointensity rather than seropositivity
was associated with a history of attempts [102]. This was replicated by a very recent
study [109] (serointensity rather than seropositivity). Overall, the effect sizes have
been higher when attempts were well documented [105] or confirmed in terms of in-
tent [106] among those who died by suicide [108] rather than self-reported attempts
[102, 103]. Lethality or violent attempt status also appears to strengthen the associa-
tion [105, 106].

T. gondii and Intermediate Phenotypes of Aggression and Impulsivity

Collaborative work by some of the coauthors established associations between
chronic infection with T. gondii and aggression and impulsivity traits (gender and
age specific) in healthy individuals and between T. gondii and aggression in patients
with intermittent explosive disorder. A study of T. gondii association with trait ag-
gression and impulsivity in healthy adults (collaboration of Postolache, Brenner and
Brundin with Dr. Rujescu and colleagues [110] from Halle University) involved
1,000 community-residing adults residing in the Munich metropolitan area with no
axis I or II conditions by SCID for DSM-IV (510 men, 490 women, mean age 53.6
15.8 years, range 20-74). Plasma samples were tested for IgG antibodies to T. gondii,
HSV-1 and CMV by ELISA. Self-reported ratings of trait aggression scores
(Questionnaire for Measuring Factors of Aggression, FAF) and trait impulsivity
(Sensation-Seeking Scale-V, SSS-V) were analyzed by T. gondii seropositivity status.
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Parallel analyses were performed for both HSV-1 and CMV to determine whether
the observed effects for T. gondii were agent specific. T. gondii IgG seropositivity
was significantly associated with higher trait reactive aggression scores among
women (p < 0.01) but not among men. T. gondii positivity was also associated with
higher impulsive sensation seeking (SSS-V disinhibition) among younger men (p <
0.01) aged 20-59 years (median age = 60). All associations with HSV-1 and CMV
were not significant. The generalizability of the study is limited by its focus on
healthy individuals with no psychiatric history. However, its design reduces the pos-
sibility that the observed associations with aggression and impulsivity are simply a
consequence of previously reported connections between T. gondii and underlying
psychiatric illness. In conclusion, the two later preliminary studies suggest strong
associations between trait impulsivity/aggression and T. gondii infection in other-
wise healthy individuals, as well as in psychiatric patients with a tendency towards
impulsive aggression. In a study of aggressive/impulsive individuals (a collabora-
tion of author Postolache with professor Coccaro and colleagues [111] from the
University of Chicago), 358 physically healthy subjects participated in the study,
with 110 healthy controls having no evidence of any psychiatric diagnosis,138 psy-
chiatric controls meeting criteria for a lifetime diagnosis of a psychiatric disorder,
but not for a lifetime diagnosis of intermittent explosive disorder, and 110 subjects
meeting criteria for a lifetime diagnosis of intermittent explosive disorder. Aggres-
sion was assessed with the aggression score from the Life History of Aggression As-
sessment and the aggression (physical and verbal) score from the Buss-Perry Ag-
gression Questionnaire. Impulsivity was assessed using the Barratt Impulsivity Scale
[112] and the impulsivity scale from the Eysenck Personality Inventory-2 (EPQ-2).
The actual history of aggression was also quantified and used to integrate in an ag-
gression score. Aggression scores were significantly higher in T. gondii seropositive
participants (F; 34, = 5.32, p = 0.022). Impulsivity scores were also higher in sero-
positive T. gondii individuals (F; 355 = 3.83, p = 0.051). However, associations with
aggression remained significant after adjustment for impulsivity, while adjustment
for impulsivity rendered the associations with aggression statistically insignificant.

Interconnections between T. gondii and the KYN Pathways

The production of IFN-y and the activation of IDO represent major inhibitory mech-
anisms of T. gondii [113], as demonstrated in vitro [113] and in vivo [114]. T. gondii
infection induces persistent brain elevations in kynurenine and its metabolite QUIN
[114]. We hypothesized that T. gondii association with suicide attempt history would
be stronger in those with high kynurenine levels. In 950 patients with schizophrenia,
anti-T. gondii IgG antibodies were assayed with ELISA. The hypothesis was con-
firmed, as only those with kynurenine levels in the upper 25th percentile were asso-
ciated with suicide attempts (p < 0.01). A direct immunosuppressive effect of high
kynurenine concentrations can occur through the induction of apoptosis and regula-
tory T cell (Treg) differentiation in lymphocyte populations [115]. Kynurenine
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causes a predominant downregulatory apoptosis of effector T cells, most notably Th1
cells [116-120]. Dendritic cell immunogenicity is also downregulated via a kynuren-
ine-dependent mechanism [121]. This inhibitory effect of kynurenine is mediated by
the aryl hydrocarbon receptor [122] centrally involved in the generation of Treg at
the expense of Th17 cells [122]. Clinically, expression of IDO has been implicated in
immune evasion in cancer [123, 124] with a particular direct role of kynurenine in
suppressing antitumor immune responses via the aryl hydrocarbon receptor [125].
It is possible that, specifically, while T. gondii induces IFN-a and triggers the induc-
tion of the kynurenine pathway with the initial production of kynurenine, in certain
individuals the constitutional tendency for a higher production of kynurenine will
then suppress the immune response, leading to more frequent and persistent T. gon-
dii reactivation. Therefore, we postulate that high kynurenine levels elevate the risk
of suicide attempt in T. gondii-infected individuals through immune activation and
secondary QUIN production and NMDA-driven excitotoxity/apoptosis, alternating,
in those with a tendency to overproduce kynurenine, with intermittent kynurenine-
induced immunosuppression and reactivation of the parasite, potentially by dopa-
mine production by the microorganism, considering its enzymatic endowment
[126].

Allergens and Seasonal Pathogens

Seasonal peaks of suicide are highly replicated epidemiologically across continents,
hemispheres and regions [127-133]. The most reliable seasonal trigger is change in
photoperiod, although many factors have been considered in this association, includ-
ing sunshine, photoperiod, weather and climate, and seasonal variation in socioeco-
nomical factors and availability of means. Postolache et al. [131] at the University of
Maryland started a systematic investigation of seasonal factors that may be immune
mediated.

Certain respiratory and digestive infections have seasonal peaks, many of them just
prior to the peaks of suicide. Influenza is highly seasonal, with peaks at the end of win-
ter and spring. Okusaga et al. [134] (2010) reported that seropositivity for influenza B
was associated with a history of attempt in patients with recurrent mood disorders,
while higher seropositivity for influenza A and B and coronaviruses distinguished pa-
tients with recurrent mood disorders and healthy controls.

Considering the massive ‘tsunamis’ in atmospheric pollen in spring, Postolache et
al. [135] from the University of Maryland School of Medicine have hypothesized that
inflammatory signals induced by pollen could affect brain structure and function. In
the first study in the USA they uncovered an association between relative rates of sui-
cide in women and tree pollen counts. While not replicating their findings in a sub-
sequent time interval in the USA [136], they did replicate it in Denmark, this time in
both genders in collaboration with Qin et al. [137] from Aarhus University. The group
went further to dissect components of this association at postmortem, animal and
clinical levels.
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First they identified allergy-related cytokines expressed in regions of the brain
previously implicated in suicide, with higher levels of mRNA for these cytokines in
suicides than in those who died of other causes [32]. Second, the group found these
allergy-related cytokines to have increased expression in rodents sensitized and ex-
posed to allergens [138]. Third, the group identified that rodents exposed to aller-
gens manifested elevation anxiety-like behavior [138] as well as aggression after
stress [139], with both anxiety and aggression being considered as risk factors for
suicidal behavior. Fourth, Postolache and colleagues [140] reported pharmacoepi-
demiologically that prescriptions of intranasal corticosteroids, known to reduce cy-
tokine production in the nose, were associated with lower suicide rates, while sec-
ond-generation antihistamines, which induce symptomatic improvement without
lowering cytokine production, were associated with a slightly elevated suicide rates.
Fifth, intersecting aeroallergen exposure and allergen-specific IgE identified an in-
teraction between a diathesis (allergen-specific IgE and history of mood disorder)
and trigger (a specific allergen [141]) - potentially explaining why only some pa-
tients with allergy manifest worsening in suicide risk factors and only some patients
with mood disorders exacerbate during exposure to aeroallergens. Sixth, the group
also dissected the potential of allergic rhinitis to be confounded by asthma, and
asthma has its own distinct association with suicide [142]. The asthma associations
with suicide are much more inclusive than through allergy, e.g. iatrogenic-systemic
corticosteroids often used to treat its exacerbations may elevate the risk of the exac-
erbation of an underlying mood disorder. However, the exacerbations of asthma
tend to occur late in fall and winter, when there is generally a trough of suicide,
rather than in spring. Moreover, even when only patients with allergic rhinitis are
considered, i.e. when asthma patients are omitted, the associations with suicide re-
main significant but of a smaller degree [143].

Ongoing studies (e.g. collaboration between Cook and Postolache with researchers
from Hungary) confirmed allergen-suicide associations. Another seasonal factor con-
tributing to suicide that is potentially mediated by immune factors is air pollution. For
instance, Kim et al. [144] reported that the rate of suicide in Korea (a country with
particularly high suicide rates) was associated with levels of ambient particulate mat-
ter two days prior to suicide. As particulate matter contains abundant lipopolysac-
charide, it is relevant that lipopolysaccharide administered intranasally results in de-
pressive-like behaviors, increased cytokine gene expression in the prefrontal cortex
and activation of the HPA axis at least as pronounced as the intraperitoneal adminis-
tration (if not more so) [145].

The airborne intranasal immune triggers — microbes, allergens, pollutants — and
the reactions to them have a potential to reach the brain via preferential pathways po-
tentially bypassing the BBB. These pathways are reviewed by Tonelli et al. [145] and
Postolache et al. [146], who also mention that sleep impairment, a documented sui-
cide risk factor, could also be a partial mediator of the link between allergic rhinitis
and suicidal behavior [147].
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Vitamin D and Suicide

Vitamin D can be considered a hormone released into circulation and it is transport-
ed to target organs via a vitamin D binding protein. Vitamin D is also a ‘vitamin’ as,
at least in temperate regions, exposure to UVB radiation and food intake fail to pro-
vide adequate amounts from mid-autumn to mid-spring. In consequence, hypovita-
minosis D is very common in industrialized countries such as the USA [148].

Vitamin D deficiency is widespread, in particular at the end of winter and begin-
ning of spring [149]. While it was previously thought that vitamin D la-hydroxylase,
the limiting enzyme involved in the formation of the active form of vitamin D,
1,25(0OH),D, is only present in the kidney and liver, it has been shown that the enzyme
is found in the brain [150], along with many other tissues. Similarly, the vitamin D
receptors are found to be widely distributed, including in the CNS [151].

The older knowledge that vitamin D has strong effects on immune cells [152] has
recently been more magnified, as low levels of vitamin D have been shown to exacer-
bate immune-mediated symptoms in animal models of autoimmune disease such as
rheumatoid arthritis, systemic lupus erythematous, type I diabetes mellitus and in-
flammatory bowel disease [153]. Hypovitaminosis D also reduces the effectiveness of
infection-containing immune responses, resulting in increased risk for tuberculosis
[154] and, potentially, influenza [155]. In addition to effects on innate immunity
(dendritic cells and macrophages [156]), the CD4-positive T lymphocytes (Th1, Th2,
Th17, and Trigs) have been a preferred target of activated vitamin D. Specifically,
1,25(0OH),D inhibits the Th1 cells and the production of Th1 cytokines and upregu-
lates the Th2 cells and levels of Th2 cytokines Th17 cells; the production of I1-17 and
I1-6 is also inhibited [157]. Tregs are strongly stimulated by activated Vitamin D [158].

Together with the genetic endocrinologist E. Streeten and colleagues [159], author
Postolache proposed that lower vitamin D levels at the beginning of spring may be
contributory to an increased seasonal risk for suicide, a hypothesis confirmed in a re-
cent case-control study in the US military [160]. Moreover, the authors proposed that,
considering associations of very low vitamin D with several major suicide risk factors,
low vitamin D independent of season may be predictively associated with suicide.
This was confirmed in the US military study of Umhau et al. [160]. Importantly, the
relationship between 25(OH)D level and mortality was not linear, as increased odds
of suicide were elevated only in the deficient range (<15 ng/ml), the range where im-
mune abnormalities appear to be most important in vitro, ex vivo and in vivo. An-
other study from author Brundin and group [161] in Lund reported an association
between low 25(OH)D levels and history of suicide attempts, as well as elevations in
proinflammatory cytokines. Thus, it is highly conceivable that low vitamin D may
contribute to both low-grade inflammation and, through reduced efficiency of im-
mune response, more frequent and severe reactivation of chronic infection. This is
currently under investigation. Longitudinal and interventional studies are necessary
to tease apart the directions of causality of this vitamin D-immune suicide link with
considerable preventative potential.

Inflammation and Suicidal Behavior 135

Kaschka WP, Rujescu D (eds): Biological Aspects of Suicidal Behavior.
Adv Biol Psychiatry. Basel, Karger, 2016, vol 30, pp 123-144 (DOI: 10.1159/000434746)



Autoimmunity and Suicidal Behavior

An elevation in suicide risk factors has been reported in a number of autoimmune
conditions. For instance, in systemic lupus erythematosus and multiple sclerosis the
rates of depression reach about 40% [162, 163]. In systemic lupus erythematosus, ac-
tivation of microglia, abnormalities include dysfunction of the BBB, with increased
permeability to mediators of inflammation and direct antibodies against the NMDA
receptor [164]. In multiple sclerosis, the prototype autoimmune neurological condi-
tion, the suicide rate is more than doubled compared with the general population, as
shown in a large study on 12,000 hospitalized multiple sclerosis patients [165], which
was confirmed by a smaller study in Denmark [166]. A similar doubling of suicide risk
was also reported for patients with celiac disease in Sweden - the result of a large study
on 29,000 patients with the inflammatory condition [167]. However, a recent research
study by Okusaga et al. [168] in collaboration with Dan Rujescu from Halle Univer-
sity did not find any significant elevation in the history of suicide attempt in patients
with schizophrenia with positive antigliadin IgG antibodies compared with seronega-
tives (unpubl. data).

Traumatic Brain Injury

Based on a large study in Sweden, comparing death records in 200,000 individuals
with TBI with 2 million controls, individuals with TBI have a 3-fold higher probabil-
ity of dying from suicide [169]. TBI is a major factor in triggering immune activation
in the brain. After brain trauma, microglial cells respond almost immediately and se-
crete proinflammatory cytokines [170]. A slightly delayed astrocyte activation follows
[171]. While the activation of microglia is most often protective and restorative, the
exaggerated and/or prolonged elevation in proinflammatory cytokines may contrib-
ute to secondary tissue damage [172] or neuronal death [173] and neuronal hyperex-
citability [174]. TBI patients have significantly higher TNF-a levels than healthy con-
trols, with levels positively associated with both suicidal ideation 12 months after in-
jury and behavioral disinhibition [175]. TBI is associated with elevated kynurenine
pathway activation [176]. Thus, based on data previously presented, it is possible that
inflammation after TBI mediates the link between TBI and suicidal behavior.

Stress and Inflammation

Evidence has accumulated that not only classical immune triggers but also acute stress
upregulates the proinflammatory cytokine IL-1f [177, 178]. This has been confirmed
in multiple stress paradigms, most convincingly after a Trier Social Stress Test (TSST),
a commonly used laboratory stress test involving mental arithmetic, speech giving
and social threat [179-181]. TNF-a, previously elevated in the plasma of patients with
a history of suicide attempts [35], also rises after the TSST [180, 181] as well as follow-
ing other acute stressors [182, 183]. IL-6, also elevated in patients with a history of
suicidal self-directed violence, as shown by the Brundin group [34, 35], is elevated in
blood after the TSST [181, 184] and an anger recall test [182], as well as in saliva after
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the exposure of police officers to a virtual gun confrontation [185]. Similarly, in saliva,
IL-6 elevation occurs 10 and 20 min after the TSST, with a return to normal 60 min
after completion of the TSST [186]. A meta-analysis found IL-6, but not other cyto-
kines, to be significantly elevated in response to acute stress [187]. A review of the
literature on the more convenient collection of inflammatory markers from saliva
samples, rather than from blood [188], suggests that for the cytokines IL-1p3, TNF-a
and IL-6 saliva elevation in response to stress is highly apparent, significant and reli-
able. Experimentally in animals, stressors strongly upregulate tryptophan TDO and
induce the production of kynurenines [189], partially through the activation of the
HPA axis and the production of glucocorticoids [190]. More recently, stress also ap-
pears to produce kynurenines through IDO-1 and IDO-2 [191] activated by proin-
flammatory cytokines. Thus, stress itself can subjugate inflammation mechanisms
and inflammation and kynurenine systems could mediate, in part, the effect of stress
recognized by a stress diathesis model of suicide [52].

Conceptual Limitations

The immune system is a highly dynamic system, with proinflammatory, anti-inflam-
matory and regulatory processes alternating with potent reciprocal inhibitory con-
nections. Changes in the levels of activity and thus exposure to the macroenviron-
ment, changes in food intake and changes in metabolic/endocrine processes associ-
ated with the anguish that often builds up prior to a suicide attempt may influence the
levels of inflammation, so that the observed inflammation might not be directly re-
lated to attempts but to behaviors preceding the attempts. The novel consistent evi-
dence that acute stress upregulates certain proinflammatory cytokines raises the ques-
tion of whether inflammation may be an epiphenomenon of suicidal behavior, as it
may be a byproduct of the stress triggering suicidal behavior or of the presuicidal
anguish.

Different compartments of the immune response - the innate and adaptive immu-
nity, with myriads of cellular and molecular components — could have distinctly dif-
ferent associations with behavioral and psychological factors. It is very rare that re-
search studies are able to analyze a large and comprehensive proportion of this
complex interconnecting system. For instance, it may be difficult to tease apart the
symptoms of suicidality from other aspects and symptoms of mental illness, in par-
ticular depression, that are highly intertwined with suicidal behavior. The majority of
postmortem studies have this particular shortcoming and many of the clinical and
epidemiological articles, even when attempting to control this by design, can only do
this incompletely.

Measurements of immune mediators in plasma as well as ex vivo in cell culture
supernatants do not reflect the exact changes that occur within the brain. Even in
postmortem examinations as well as functional imaging studies, the findings of in-
flammation are quite brain region specific and it is not certain that the observed find-
ings actually occur in a region of the brain that is of relevance to suicidal behavior.
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Finally, within the brain the exact tissue specificity of the inflammatory findings is
often not determined. For instance, the microglial, neuronal, astrocytic, or endothe-
lial source is rarely dissected out using methods such as in situ hybridization. In the
absence of tissue localization, it is possible that postmortem findings attributed to
brain tissue (e.g. by PCR) could in fact originate in the vascular space-derived blood
or perivascular structures surrounding the brain.

Conclusion

Much more remains to be done to better understand the association between the im-
mune system and suicidal behavior. Study designs should attempt to match the com-
plexity of the immune system and the interconnection between different components
of the system and with other pathophysiological systems implicated in multiple risk
factors for suicide. An emphasis on longitudinal designs, multiple complementary
levels of inquiry and clinical trials with currently available pharmacological agents,
many FDA approved for alternative indications, are expected to advance our knowl-
edge as well as applications vertically. For instance, new interventions to be tested may
include targeting microglial activation with minocycline, using specific cytokine
blockers, addressing enzymes of kynurenine pathways, using antiparasitic treatment
for preventing reactivation of T. gondii, or indicating the NMDA receptor antagonist
ketamine more specifically to those with high kynurenine, high QUIN or high mark-
ers of inflammation. Ultimately, considering the magnitude of the problem and its
resilience to usual approaches, no effort should be spared to find new angles for better
prevention, prognosis and management of suicide risk.
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Abstract

The fact that various drugs with different mechanisms of action can induce suicidality even in people
who never had suicidal ideation before suggests that the neurobiological correlates of suicidal ide-
ation and behavior are complex and not very well understood. Lithium and clozapine are unique
substances since they are the only psychotropic compounds for which evidence of an antisuicidal
effect exists so far. In this chapter the scientific proof for such effect will be unfolded in a narrative
review. Particularly for lithium salts, this effect has been documented since the 90s in a large number
of studies with quite different methodological approaches by various international research groups.
It could be shown beyond any doubt that the 2- to 3-times elevated standardized mortality of pa-
tients with affective disorders can be reduced by a well-monitored lithium prophylaxis to the level
of the general population. Various studies suggest that other ‘'mood stabilizers’ do not possess this
property, at least not to the same extent. Some authors based on their studies have concluded that
this lithium effect might be specific, i.e. independent of lithium'’s episode-preventing activity. Clo-
zapine possesses antisuicidal and, similar to lithium, also antiaggressive effects and efficacy in schizo-
phrenic patients, although the evidence is not as strong as with lithium, considering the smaller
number of large studies. Clozapine also counteracts aggressive and self-mutilating behavior in pa-
tients with personality disorders. Possible neurobiological mechanisms underlying these unique ef-
fects of lithium and clozapine are discussed at the end of the chapter, for example changes in post-
synaptic 5-HT; receptor activity might be a link between certain clinical effects of antidepressants,
lithium and clozapine. ©2016 S. Karger AG, Basel

Various chapters of this book provide ample evidence that suicidal behavior can be
caused by or rather is associated with not only psychosocial, spiritual, emotional, or
cognitive but also biological factors per se. This becomes evident also from the



longstanding observation that a large variety of drugs can induce depressive states,
suicidal ideation and suicidal behavior. Among them we find pharmacologically
quite different compounds such as, for example, interferon-a, mefloquine, isotreti-
noin, finasteride, fluoroquinolones, and quite surprisingly, even antidepressants,
particularly SSRIs [1-4]. The underlying mechanisms are mostly unclear. For ex-
ample, a potential negative influence on precursors of the serotonin metabolism has
been discussed for interferon-a [5]. Glutamatergic and GABAergic mechanisms
might play a role in the suicidogenic effects of finasteride. On a behavioral level, ex-
citatory, anxiety-inducing effects have been made responsible for the suicide-pro-
voking effects of SSRIs. Whether such effects would also be responsible for antide-
pressant-induced emergent suicidal ideation in patients who never before had
shown any suicidal ideation or behavior, however, is unclear. Fortunately, only a
small number of patients will develop suicidality triggered by antidepressants; chil-
dren and adolescents appear to be at special risk. This implies that special unknown
resilience factors preventing this side effect obviously must exist and that the men-
tal and biological factors defining an individual proneness to suicidal thoughts and
behavior might be different in adolescents and adults. Interestingly, some recent
findings suggest a genetic predisposition for the occurrence of this occasionally fatal
adverse drug reaction [6].

In contrast to the great number of compounds possessing depressogenic/suicido-
genic properties, pharmaceutical agents that could effectively counteract suicidality
or diminish an increased long-term risk of committing suicide are surprisingly rare.
Only two compounds exist for which robust or at least satisfactory evidence of an an-
tisuicidal efficacy exists in patients with affective disorders or schizophrenia - lithium
salts and clozapine. Lithium’s very convincingly documented antisuicidal effects have
become a strong argument for its high ranking in recent guidelines having classified
lithium as a first-choice agent for the long-term treatment of patients with bipolar
disorders (e.g. Deutsche Gesellschaft fiir Bipolare Stérungen/Deutsche Gesellschaft
tir Psychiatrie, Psychotherapie und Nervenheilkunde, DGBS/DGPPN).

It appears particularly puzzling that antidepressants do not possess a specific an-
tisuicidal effect. Clearly, in a case where suicidal ideation is embedded in an acute
depressive state, an improvement of depression would also result in a reduction of
the frequency and impact of suicidal thoughts. However, claims that antidepressants
could reduce the inherent suicide risk in patients with affective disorders are not in
accordance with the overall scientific evidence [7]. Thus, none of 6 meta-analyses
comprising between 20,000 and 90,000 patients from published RCTs found a sig-
nificant reduction of suicidal acts in the antidepressant versus the placebo groups. In
the meta-analysis of Fergusson et al. [8], the rate of suicides and suicide attempts was
even higher in the SSRI group compared to placebo. A recent reanalysis by Gibbons
et al. [9] referring only to fluoxetine and venlafaxine also clearly shows that in adults
the development of suicidal acts and overall suicidal ideation over time does not dif-
fer between the antidepressant and the placebo group.
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Lithium

In the following we do not intend to provide the reader with a comprehensive
overview on the existing studies in this area [10]. Rather, we are going to docu-
ment the existence of the antisuicidal effects of lithium and clozapine, referring to
a selection of representative and valid studies and also reviews in this area. This
will also include a discussion of the data suggesting antisuicidal/antiaggressive ef-
ficacy of lithium as a trace element in large epidemiological studies. We shall out-
line in short the history and development of international research on the suicide-
preventive effect of lithium. We then discuss the potential specificity of the antisui-
cidal effect, focusing on the questions: (1) whether the suicide- and
mortality-reducing effect of lithium is shared by other psychotropics including
mood stabilizers and (2) whether this effect might be independent of the episode-
suppressing effect.

Can Adequate Lithium Prophylaxis Change the Suicide Risk and Mortality of
Patients with Affective Disorders?

Patients with affective disorders exhibit a 2- to 3-times increased mortality compared
to the general population [11, 12]. This excess mortality is caused primarily by the
possibly 30- to 70-fold higher suicide-related mortality [13] — which is particularly
high in patients with a history of suicide attempt [14, 15]. The meta-analysis by Guze
and Robins [16] calculated the lifetime suicide risk as 15% for affective disorders,
whereas 20 years later Goodwin and Jamison [17] - based on more recent literature —
reported an overall risk of 19%. According to the WHO [18] the lifetime risk ranges
between 6 and 15%. According to a recent review the life-time risk of suicide in pa-
tients with mood disorders is 5-6%, with possibly a higher risk in patients with bipo-
lar disorders [19].

As reported by Harris and Barraclough [20], the suicide-related standardized mor-
tality ratio (SMR) is 21.24 in major depression and 11.73 in bipolar disorder, with,
however, large confidence intervals [21].

The intriguing question of whether long-term medication with lithium
salts can improve the course of the manic depressive illness or of affective disor-
ders in terms of suicide prevention has been given little attention up to the 80s
(table 1).

Barraclough [22] was one of the first investigators postulating a potential associa-
tion between lithium long-term medication and suicide prevention. Based on a de-
tailed analysis of the charts of 100 suicide victims he concluded that about 20% of the
suicides could have been prevented by adequate lithium medication. The first sys-
tematic retrospective study demonstrating a highly significant reduction of suicide
attempts in a sample of 64 high-risk patients (46 bipolar and 11 schizoaffective)
during long-term lithium treatment was published by Miiller-Oerlinghausen et al.
[23]. The authors emphasized that suicides and suicide attempts occurred nearly
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Table 1. Antisuicidal effect of lithium: history

Anecdotal reports and findings from follow-ups in the 70s
and 80s on possible reduction of suicidal behavior in
lithium-treated patients

Barraclough [22], 1972
and others

First systematic follow-up studies of high-risk patients during long-term lithium treatment

Berlin study: 2 suicides, 4 suicide attempts in 55 patients
with regular lithium treatment; 4 suicides, 7 suicide
attempts in 13 patients having discontinued lithium

Mller-Oerlinghausen et al.
[23], 1992

Dresden study: 6 suicide attempts in 36 patients on
lithium; 3 suicides, 36 suicide attempts in 36 patients
off lithium

Felber and Kyber [24], 1994

Mortality studies
First Berlin studies on general mortality-reducing effects of
lithium

Ahrens and Miller-Oerlinghausen
[26], 1990

Coppen shows reduced mortality in mostly unipolar
patients on lithium

Coppen et al. [25], 1991

The IGSLI studies on mortality (MORTA I-1V)
First systematic multicenter analysis of about 6,000
patient years

Miiller-Oerlinghausen et al.

[28, 29], 1992, 1994;

Ahrens et al. [21], 1995;

Ahrens and Miller-Oerlinghausen
[26], 1990

Further studies

The MAP study, randomized, prospective, treatment time
2.5 years, n = 285. No suicidal acts on lithium, 9 suicidal acts
on carbamazepine

Thies-Flechtner et al. [45], 1996;
Greil et al. [46], 1997

2 large Swedish studies and 1 Sardinian study confirm the
IGSLI findings

Kallner et al. [34], 2000

Review of the existing data: risk of suicidal acts 7-8 times
higher in bipolar patients off lithium

Tondo et al. [39], 1997

exclusively in a group of 13 patients who had taken lithium irregularly or had stopped
the medication.

Felber and Kyber [24] in Dresden analyzed suicide attempts during accumulated
periods on and off lithium and had very similar findings — 90% of the suicide attempts
occurred in the off-lithium period.

Several studies on the mortality of affective disorders during lithium long-term
treatment by Coppen et al. [25] and Ahrens and Miiller-Oerlinghausen [26] demon-
strated that the SMR of patients with affective disorders during adequate lithium med-
ication is normalized down to the level of the general population. Coppen [27] re-
viewed the studies existing in the mid-90s on the suicide rates in patients on versus off
lithium and concluded that adequate lithium medication reduces suicide-related mor-
tality by 82%.
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The IGSLI Studies

In the main study of IGSLI (International Group for The Study of Lithium-Treated
Patients) well-documented data on the course of illness of 827 patients with affective
disorders from specialized lithium clinics in Austria, Canada, Denmark, and Germa-
ny who had been treated with lithium for at least 6 months were evaluated — 55% of
the patients were bipolar, 25% unipolar, 2% unipolar-manic, 16% schizoaffective, and
2% had other diagnoses [21, 28]. At the onset of the lithium prophylaxis the patients
were on average 41 years old. The mean duration of lithium treatment was 81 months
(6-21 years), equaling 5,600 patient-years.

The ratio of 44 observed and 38 expected cases of death is not statistically different
from 1.0, which is the mortality of the general population. Thus, the expected 2- to
3-fold excess mortality in patients with affective disorders (see above) did not exist in
this lithium-treated patient sample. Bipolar patients do not differ essentially from
other diagnostic groups in this respect.

Although the specific suicide-related SMR was still higher than in the general pop-
ulation it could clearly be shown that it was definitely lower in all diagnostic groups
compared to what could be expected in untreated patient samples.

It has been argued on various occasions that patients accepting a lithium prophy-
laxis might generally benefit from a better prognosis. In this case the specific patient
selection would have been primarily responsible for the normalization of the SMR.
To study this issue, in a successive analysis of 270 German and Danish patients from
the original IGSLI sample the initial SMR was compared to the SMR after treatment
of more than 1 year [29]. During the first year the overall mortality was increased
2-fold and the suicide-related mortality 17-fold compared to the general popula-
tion. The SMR normalized after the first year of treatment, indicating that patients
for whom lithium prophylaxis is indicated are in fact patients with a high risk of
suicide.

Confirmatory data came from Italy when Bocchetta et al. [30] demonstrated a
6-fold decreased incidence of suicide attempts in 100 carefully monitored and docu-
mented lithium patients. During the observational period of approximately 10 years,
10 suicides occurred in this cohort — 9 of them in patients having discontinued their
lithium medication. A year later a well-known research group in Boston (USA) also
showed in a cohort of 300 bipolar patients that the incidence of suicide increased 20-
fold in the first year after ending a foregoing lithium medication [31].

Further Studies on Mortality

As mentioned above it was also argued that the reduction of mortality might essen-
tially be due to the optimal care and attention patients receive in specialized lithium
clinics. In this context 2 Swedish studies are of particular interest. In an open-field
setting Nilsson [32] could not observe a full normalization of the SMR. However, as
in other studies, Schou [33] found a rise of the SMR up to the expected level in un-
treated affective disorders after the discontinuation of lithium.
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Kallner et al. [34] analyzed a mixed sample of 497 Swedish patients including 405
bipolar patients treated with lithium during an observation period of 30 years. The
patients were divided into three groups according to the regularity of attending the
study clinic. Among the bipolar patients the suicide rate was in excess in all three
groups. However, the suicide rate was increased by 80% when patients stopped taking
lithium. This study deserves special attention because on one side it generally con-
firms the findings by the IGSLI and by Nilsson but it also suggests that the suicide-
preventing effect of lithium might be more marked in patients being taken care of in
specialized lithium clinics. The suicide-related SMR in patients on lithium was 14.0
when they had regular visits to the clinic and 21.4 when treated elsewhere. This dif-
ference could possibly be explained by the generally higher quality of the treatment
regimens and by the closer monitoring of the patients.

In 2005 Angst et al. [35] published a study of 406 patients with affective disorders
who had been followed up over 40 years (the so-called Zurich cohort). The patients
treated with lithium had a lower than expected mortality rate which was not different
from the mortality rate of the general population.

There are very few studies apparently contradicting the findings of IGSLI. Thus,
Vestergaard and Aagaard [36] and Brodersen et al. [37] were not able to demonstrate
reduced mortality in cohorts of lithium-treated manic-depressive patients. However,
the average duration of the lithium treatment was less than in the IGSLI study and
control of compliance might not have been sufficient - one third of the deaths that
occurred in their study took place after patients discontinued lithium. Another neg-
ative though very small study was published by Coryell et al. [38].

Reviews and Meta-Analyses
The first meta-analysis on about 17,000 bipolar patients was published by the Boston
group in 1997 [39]. It demonstrated an 8.6-fold higher mortality from suicide in pa-
tients treated without lithium than in patients during lithium long-term treatment.
Cipriani et al. [40] from Oxford meta-analyzed RCT's on the episode-preventive
efficacy of lithium and found a very clear and highly significant reduction of sui-
cidal acts and mortality for lithium compared to either placebo or any other psy-
chotropics, including antidepressants. An updated version of this analysis was
published by the same authors in 2013 [41]. The meta-analysis by Baldessarini et
al. [42] published in 2006 referred to 33,000 patients and 45 studies and also
proved that lithium-treated patients had a 5-fold decreased risk for suicidal acts
and reduced overall mortality compared to patients having been given other med-
ication.

An RCT to Explore the Suicide-Protective Effect of Lithium

There are many methodological obstacles to perform controlled prospective trials in
the area of suicidology. First, the study protocol will usually exclude patients with sui-
cidal tendencies from drug trials. Second, from an ethical point of view, placebo-
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controlled studies with suicide or suicide attempt as primary outcome will hardly be
acceptable. Third - since suicide is fortunately a relatively rare event - large patient
numbers would be needed to reach sufficient statistical power, resulting in a nearly
unsolvable ethical dilemma. Nevertheless, an independently sponsored RCT from
Germany, which due to the above-mentioned and additional methodological difficul-
ties could not be performed in full concordance with the requirements of the power
calculation, had an interesting and confirmatory result. Within the treatment period
of 1 year no suicides occurred in the lithium group (n = 84), whereas 3 suicides oc-
curred in the placebo group (n = 84) [43]. Interestingly, a post hoc analysis did not
show a suicide-protective effect in those patients of the study who had also been given
a diagnosis of personality disorder [44].

Is the Anti-Suicidal and Mortality-Reducing Effect of Lithium Specific?

In view of these rather robust and consistent findings the intriguing question arises
whether the suicide-preventive effect of lithium should be considered a ‘specific’ ef-
fect — and what could be the underlying mechanism?

For the sake of clarity we may subdivide the issue of potential specificity into two
questions, as follows:

(1)Is this effect specific for lithium salts - in other words, is it not shared by other
drugs such as other mood stabilizers or antidepressants?

(2)Is this effect strictly related to the episode-preventive effect of lithium
prophylaxis or might it act independently?

The question of whether the antisuicidal effect is shared by other psychotropic
agents was addressed in the German multicenter MAP study - a prospective RCT with
a treatment time of 2.5 years. In total, 146 bipolar and schizoaffective patients were
randomized on lithium and 139 on carbamazepine. No suicidal act was observed in
the lithium group. However, 4 suicides and 5 suicide attempts occurred in the carba-
mazepine group - a statistically significant difference [45-47].

A study by Goodwin et al. [48] comparing the suicide risk in lithium- versus
valproate-treated patients has found much attention in the USA. The authors con-
ducted a retrospective cohort study on two large integrated health plans in Califor-
nia and Washington. In this follow-up of more than 20,000 patients who received
lithium, carbamazepine or valproate between 1994 and 2001 the adjusted suicide
risk was 2.7 times (95% CI 1.1-6.3; p = 0.03) higher in the valproate-treated pa-
tients compared to the lithium-treated patients. Hazard ratios for suicide attempts
amounted to 1.7-1.8. In addition, the carbamazepine-treated patients had a sig-
nificantly higher risk of suicide attempts leading to hospitalization in comparison
to patients having been prescribed lithium at least once during the observation
period.

Collins and McFarland [49] investigated 12,626 Medicaid-insured patients and
demonstrated that lithium-treated bipolar patients had the lowest number of suicide
attempts compared to those having been prescribed other mood stabilizers.
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Oquendo et al. [50] observed the effect of lithium compared to valproate in the
prevention of suicidal behavior in patients with bipolar disorder over a period of 2.5
years. During that randomized clinical trial no suicides occurred within the whole
study sample. Overall, 6 suicide attempts were registered in the lithium group (n =
49) and 8 in the valproate group (n = 49). Unfortunately, due to a high attrition rate,
the study lost considerable statistical power. In this context it might also be worth
mentioning that in the RCT by Lauterbach et al. [43] only the incidence of suicides,
but not of suicide attempts, differed between the lithium and the placebo group.

In a large study by Weisler et al. [51] comparing the effect of prolonged quetiapine
medication versus switching to placebo or lithium for maintenance treatment in 2,438
bipolar I patients, only 1 suicidal/accidental gunshot wound was observed during the
open-label treatment with quetiapine. During the randomized phase only a low and
similar overall incidence of suicidal behavior/ideation was observed in the quetiapine
(n = 3), lithium (n = 3) and placebo (n = 8) groups.

Khan et al. [52] published a study primarily designed to investigate whether the
antisuicidal effects of lithium can be prospectively evaluated using lithium as an aug-
menting agent to antidepressants. A subgroup of the patients assigned to citalopram
and lithium achieved therapeutic serum levels and had significantly higher S-STS
(Sheehan Suicidality Tracking Scale) remission rates compared to patients assigned
to citalopram or placebo alone. They debated that lithium when used in therapeutic
doses may augment a direct therapeutic effect of citalopram on suicidal thoughts and
behavior.

Taken together, some studies suggest that a few nonlithium compounds might
protect patients with mood disorders against suicidal acts to some extent. Such poten-
tial and possibly only modest effects, however, can hardly be documented in a study
cohort showing only a low suicide risk.

What Could Be the Mechanism of This Suicide-Preventive Effect?

While it was postulated by Baldessarini et al. [53] that the reduction of the suicide risk
by lithium prophylaxis is primarily caused by its depression-preventive effect, the hy-
pothesis of the Berlin group from the very beginning has always been that lithium dif-
fers from other mood stabilizers and also from most antidepressants by its very
marked serotonin agonistic effects which are related predominantly to its presynaptic
functions [54, 55]. It appears to be at least an attractive speculation that this serotonin-
ergic action of lithium, possibly in connection with other effects, is related to its very
well-established antiaggressive effects in animals as well as humans [56, 57] but also
to its antisuicidal effects. In one of the rare animal studies focusing on potential neu-
robiological underpinnings of the clinical effects of lithium, Ohmura et al. [58] inves-
tigated whether major mood-stabilizing drugs used for the treatment of bipolar dis-
order could suppress impulsive-like action in the three-choice serial reaction time
task in rats. The authors debated that lithium, but not valproate or carbamazepine,
may suppress impulsive behavior and thereby decrease the risk of suicide. Shock-
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induced aggression in mice is also attenuated by lithium, as shown by Kovacsics and
Gould [59]. Overall, neurobiological research has focused on lithium’s influence on
neurotransmitters such as serotonin, noradrenalin and dopamine, the cortisol stress
hormone system, the y-aminobutyric-acid, second-messenger systems such as inosi-
tol metabolism, glycogen synthase kinase 3, and more. The most favored hypothesis
is that lithium leads to a decrease of impulsivity and aggression via several influences
within the nerve cell [57, 60]. The neurobiological research on suicide at present
points to an important influence of overactivity of the corticotropin-releasing hor-
mone, as well as of the noradrenergic system, and a dysfunction of the serotonergic
system [61, 62]. There could be a link between these dysfunctions and microglial hy-
peractivity. Thus, quinolinic acid derived from tryptophan could lead to a lowered
cerebral level of tryptophan and serotonin [63]. Could it be that lithium by its sero-
tonin agonistic properties counteracts this deficiency on the neurotransmitter level?
We may also approach the problem from another side, i.e. considering the endophe-
notype of a suicidal individual [64]. Some findings suggest that suicidal behavior
might be seen as a particular, possibly anger-related form of affective dysregulation
that is also associated with disturbance of the serotonin (5-HT) system and, thus, as a
more or less independent nosological entity. Thus, according to data from the WHO
study from the year 2000 the prevalence of suicidal ideation and behavior is not fully
related to the existence of ICD psychiatric diagnoses but it occurs frequently in
asymptomatic individuals and in subjects with subthreshold disorders [65]. Many
such people are characterized by symptoms of overt or suppressed anger [66] which
van Praag [67] considers as one of the core constituents of the stress syndrome, to-
gether with anxiety. He postulated that in certain types of depression - characterized
by a 5-HT disturbance - anxiety and aggression regulation are primarily disturbed,
while mood lowering is a derivative symptom. Consequently, he expected that certain
drugs such as L-tryptophan, the azapirones or lithium might ameliorate anxiety and/
or aggression regulation via regulation of the 5-HT system to exert in addition an
overall therapeutic effect in depression. Supposing van Praag’s concept would hold
true, one may speculate that lithium might also possess acute antisuicidal properties.
A recently approved clinical project at the Department of Psychiatry, University of
Dresden, will address this pressing question [68].

It is unfortunate that only few experimental psychologists tried to integrate the
clinical effects of lithium into psychological constructs of experience and behavior as
well as of cognition. Thus, some experimental approaches of the Berlin group, includ-
ing the backward masking technique, and refined EEG studies point to a lithium-in-
duced restricted number of degrees of freedom in neuropsychological/neurophysio-
logical terms which might be related to a shorter persistence of external and internal
stimuli. Such effects of long-term lithium medication might also fit to the observation
derived from memory experiments in healthy volunteers that short-term administra-
tion of lithium modifies (diminishes) spontaneous initial action or, in other words,
the will to act [69-73].
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The second intriguing question associated with the issue of specificity is whether
the antisuicidal effect of lithium would also occur in patients not responding opti-
mally in terms of episode prevention. Part of the IGSLI data does in fact support such
a concept. Addressing this issue, Ahrens and Miiller-Oerlinghausen [74] selected
only patients with at least 1 suicide attempt in the past before the onset of lithium
medication (n = 176; 55% bipolar, 18% schizoaffective). The sample was divided into
three subgroups according to their response to lithium long-term treatment in terms
of reduction of depressive inpatient episodes. Despite the clearly different overall ef-
ficacy of lithium prophylaxis a statistically significant reduction of suicide attempts
occurred in all three groups, even in the poor responders who did not show a sig-
nificant decrease in the depressive inpatient episodes. In other words, in 50% of the
clear-cut nonresponders no further suicide attempt was observed during lithium
treatment. The standardized suicide mortality in the poor responders was 17.0 com-
pared to an expected figure of approximately 100.

Certainly, these findings can neither prove the suicide-preventive effect of lithium
nor its potential specificity. However, the accumulated evidence strongly supports
such a possibility.

Studies on Potential Antisuicidal Effects of Lithium as a Trace Element in Drinking
Water

Much scientific and media attention has been raised by recent epidemiological stud-
ies hinting at the possibility that even extremely low amounts of lithium could exert
antisuicidal and antiaggressive effects. There exist at present 5 studies — 4 positive and
1 negative — linking lithium levels in drinking water to suicide rates in various coun-
tries and regions. Of these, 2 studies, 1 from Japan [75] and the other from Austria
[76, 77], concluded that areas with higher lithium levels in the drinking water had
lower suicide rates. A Greek study by Giotakos et al. [78] confirmed these results, as
the authors found a tendency for lower suicide rates in the prefectures with high lev-
els of lithium in drinking water. Bliiml et al. [79] also showed in a state-wide sample
of 3,123 lithium measurements in the public water supply of Texas that lithium levels
were negatively associated with suicide rates in most statistical analyses.

A study by Kabacs et al. [80] measuring lithium levels in tap water in 47 subdivi-
sions of the East of England and correlating these with the respective suicide SMR in
each subdivision did not show an association between lithium level in drinking water
and suicide rates.

Very recently, these studies were summarized and reviewed by Vita et al. [81]. The
authors conclude that ‘their results are surprisingly consistent in demonstrating a high-
ly significant correlation between lithium levels in drinking water and suicide rates’.

To the knowledge of the authors, so far no pharmacological or biochemical find-
ings exist which could be attributed to these fascinating and provocative findings, the
interpretation of which, however, has to consider the usual pitfalls of any epidemio-
logical data.
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The Efficiency of Lithium Prophylaxis in Terms of Saved Lives

In 2004, Joffe [82] posed the question in an editorial: ‘Does lithium save lives? Ahrens
and Miiller-Oerlinghausen [83] developed a model for the calculation of deaths and
suicides to be expected in the general population and in untreated patients with affec-
tive disorders. Based on their calculation they concluded that 5 suicides per year and
1,000 treated patients can be prevented. This would result in approximately 250 sui-
cides per year prevented in Germany. The IGSLI data also shows that the average age
of patients having committed suicide was 44. Thus, the gain for the gross national
product in Germany would be 3,060 working years before completing the age of 65.

Clozapine

Clozapine Counteracts Suicidality and Aggressive Behavior in Patients with
Schizophrenia and Borderline Personality Disorder

The risk of suicide exists not only in patients with mood disorders but also in those
with a diagnosis of schizophrenia and schizoaffective and borderline personality
disorders (BPD). It is said that suicide accounts for approximately 10% of deaths in
patients with schizophrenia [84-86]. About one third will attempt suicide at least
once in their life. Various clinical trials have shown that clozapine is unique among
all antipsychotic agents as it can reduce positive as well as negative symptoms in
schizophrenic patients not responding to any other typical or atypical neuroleptic
medication. According to the recent guideline of the European Psychiatric Asso-
ciation on suicide prevention clozapine is also effective in reducing suicidal behav-
ior in schizophrenic patients [87]. Corresponding evidence appears to be much
weaker for any other ‘atypical” antipsychotics such as olanzapine, risperidone or
quetiapine.

Besides many case reports, there exist also some controlled prospective studies
which have been summarized by Aguilar and Siris [86] and Kerwin and Bolonna
[85]. A prospective but noncontrolled study by Meltzer and Okayli [88] as well as a
retrospective study by Walker et al. [89] strongly suggested that clozapine can dra-
matically reduce the number of suicides and suicide attempts. A large independent
multicenter, international RCT on 980 patients over 2 years (the International Sui-
cide Prevention Trial Study in collaboration with the FDA) could then clearly dem-
onstrate that clozapine was about 25% superior to olanzapine in preventing suicidal
acts [90].

Already in 1998, Meltzer [84] recommended from the then existing evidence that
clozapine should not only be prescribed to antipsychotic drug nonresponders but also
to responders showing persistent suicidal thoughts and behavior — which would actu-
ally be an off-label use of this compound.

Clozapine did not show special superiority in antisuicidal activity among a group
of atypical antipsychotics including olanzapine, risperidone or ziprasidone within a
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recently published nested case-control study from Sweden [91]. Interestingly, the
authors could not identify any antisuicidal activity for antipsychotic depot injec-
tions nor for antidepressants or lithium administered to 4,000 schizophrenic and
schizoaffective patients, including 84 patients who died by suicide within 5 years of
diagnosis.

Treatment of Aggressive and Self-Mutilating Behavior in Patients with Borderline
Personality Disorder

Suicidal, self-mutilating and aggressive behavior often poses serious problems in the
care of patients with BPD. According to Paris and Zweig-Frank [92] approximately
10% of patients with BPD die from suicide. A multitude of case reports in the past
have suggested that clozapine acts very favorably in such patients since it reduces self-
injurious as well as open aggressive behavior. Zarzar and McEvoy [93] support the
existing evidence by adding 4 very impressive cases of BPD patients having been ad-
mitted, often repeatedly, to a state hospital. All of them received clozapine (with blood
levels ranging between 161 and 312 ng/ml). The striking and obvious results of the
medication were as follows: (1) the reduction of self-injurious behavior appeared in a
short time, i.e. within 2 weeks, (2) patients reported a ‘marked reduction in misery’
and (3) the need of restrictive measures (restraining, 1:1 observation) could be re-
duced mostly within a few weeks.

As mentioned above, a general more or less unique antipsychotic effectiveness of
clozapine which also possesses antidepressant activity is observed when it comes to
the treatment of schizophrenic patients unresponsive to medication with other anti-
psychotics. Thus, neurobiological findings suggesting specific pharmacological prop-
erties in which clozapine differs from other antipsychotics might perhaps provide
some clues to the mechanism of the antisuicidal effect of lithium. In this context it
appears to be of interest that on one side the activation of postsynaptic 5-HT 5 recep-
tors in corticolimbic areas seems to be associated with the therapeutic effects of anti-
depressants, while on the other side characteristics of the postsynaptic receptors in the
prefrontal cortex might be related to the unique properties of clozapine [94]. Clozap-
ine is said to exert functional agonistic effects on these receptors in vivo, possibly re-
sulting in increased dopamine release in the prefrontal cortex via activation of the
mesocortical pathway. It has been speculated that this effect could be seen as a bio-
logical correlate to its beneficial effect on negative symptoms and cognitive deficits in
chronic schizophrenic patients. Lithium, on the other hand, has also been shown to
enhance 5-HT 4 receptor function, whereas chronic stress reduces the gene expres-
sion of these receptors in experimental animals. Increased 5-HT} 5 receptor binding
in the hippocampus and amygdala has also been shown in humans having been ex-
posed to lithium medication [95].
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Challenges for Future Research and Closing
Remarks
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Current epidemiological data reveal that suicide is a prominent cause of death world-
wide and represents a major health problem in modern societies. Beside psychopatho-
logical, psychosocial, economic, and cultural conditions, neurobiological factors have
been shown to be involved in the causation of suicidal behaviour. A great number of
in vivo and post mortem studies have been conducted to identify abnormalities in
stress response via the hypothalamo-pituitary-adrenal axis and in a broad spectrum
of neurotransmitter systems, above all the serotonergic, noradrenergicand GABAergic
systems. The fine tuning of these systems and their interplay in mood regulation and
coping with environmental stress is not yet completely understood. The same is true
of the regulatory processes controlling neuroplasticity and neurogenesis which ap-
pear to play an eminent role in psychiatric diseases like major depression or bipolar
disorder and — most probably - also in suicidal behaviour.

It has long been known that infectious and inflammatory processes of the central
nervous system are often associated with a host of psychiatric conditions. Conse-
quently, numerous investigators have focused their interest on immunological pro-
cesses in psychiatric diseases. Working with behavioural intermediate phenotypes
such as impulsivity, aggression or hopelessness, rather than suicidal behaviour, ap-
pears to open up new avenues of research enabling us to dissect a complex behaviour
into well-defined components which may be more easily accessible to empirical stud-
ies. To learn more about the crosstalk of the different components of the immune
system via cytokines, neurotrophic factors and others, as well as its contribution to
neuroplasticity and its intricate links with neurotransmitter systems, will be a big task
for future research and a promising field for the development of novel therapeutic
interventions, including suicide preventive measures.



The last few years have brought about an explosion of interest in genomics. Ge-
nome-wide association studies analyse more than one million genetic variants at
once. Furthermore, exome and whole genome sequencing projects have already start-
ed. All these new studies will help us to further characterize genetic risk factors of sui-
cidal behaviour. Interestingly, many of these risk factors are also associated with per-
sonality traits like impulsivity or aggression. These genetic variants have raised a
number of fascinating new clinical and scientific questions, especially concerning the
phenotypic boundaries between mental disorders as they are currently classified and
their modes of inheritance, as well as the implications of this new information for di-
agnostics and genetic counselling.

The relative contributions of heritable versus environmental risk factors to sui-
cidal behaviour will remain a challenging research issue in the future - all the more
since we have just begun to gain some insight into the fascinating role of epigenetics
in the gene-environment interaction.

During the last decades, we have witnessed huge progress in structural and func-
tional neuroimaging technologies. Just to name the most important techniques: com-
puterized tomography, single photon emission computed tomography, positron
emission computed tomography (PET) with an ever-increasing number of radioli-
gands, magnetic resonance imaging (MRI) including functional MRI, MRI spectros-
copy, diffusion tensor imaging, and finally, recent hybrid techniques (MRI and PET
combined in one device). These techniques in all their modifications enable us to
observe the brain in vivo, not only with regard to structure but also during function-
al tasks or the processing of well-defined stimuli. To measure regional blood flow or
glucose utilization, to visualize the binding of ligands to specific receptors and to
trace psychopharmacological compounds at their site of action — by choosing the ap-
propriate technology all of these tasks are likewise feasible. Applied to suicide re-
search, it may be expected that these tools will enable us to further our understanding
of the pathophysiology of suicidal behaviour and extend our repertoire of preventive
measures.

A small number of psychopharmacological compounds proved to possess suicide-
prophylactic efficacy. This feature was first described in lithium salts, and they are still
the most widely used and prominent representatives of this group. Lithium is known to
exert its effects — at least in part — via the inositol phosphate second messenger system
and to influence neuroplasticity. On the other hand, a better understanding of the patho-
physiological mechanisms involved in suicidal behaviour could enable us to reveal the
mechanism of action of compounds like lithium salts, the antisuicidal efficacy of which
has been demonstrated in numerous studies. Some recent studies indicate that lithium
treatment might be associated with better decision-making performance in bipolar pa-
tients. If these findings can be replicated, similar studies would be warranted in patients
with a history of suicide attempts or being at risk of suicide. Furthermore, the issue of an
antisuicidal effect of lithium salts occurring as trace elements in drinking water is not yet
finally settled, so that further studies appear to be warranted also in this field.
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To develop sufficiently sensitive and specific tools for the assessment of suicide risk
in individual persons, an integrated approach will be necessary comprising not only
clinical examination, thorough psychiatric exploration, and neuropsychological test-
ing but also biological test procedures contributed by the disciplines of genetics/epi-
genetics, molecular biology, biochemistry, electrophysiology, psychoneuroimmunol-
ogy, neuroimaging, and possibly others. As a perspective for the future, one might
speculate that the integration of results obtained in the above-mentioned areas of
research could be utilized to construct an algorithm or ‘suicide risk index’ which
might be helpful in improving suicide risk assessment and suicide prevention.
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Suicide is one of the most important causes of death in modern societies. To develop
more effective preventive measures, we have to be aware of and learn more about
its neurobiological foundations.

In recent years, the tools of modern neurosciences have increasingly been utilized to
characterize the pathophysiology of complex human behaviors such as suicide. To
improve suicide risk assessment and suicide prevention, a better understanding of

its pathophysiology is crucial. This includes research from a variety of disciplines such
as neuropsychological, psychosocial and cultural studies but also findings from bio-
chemistry, neuropathology, electrophysiology, immunology, neuroimaging, genetics,
and epigenetics. Important results have, for example, been obtained in the field of
gene-environment interaction and suicidal behavior. We have just begun to under-
stand how early-life adversity may increase suicide risk by epigenetic mechanisms.
Based on such insights, novel therapeutic interventions and preventive measures can
be developed. Furthermore, a better understanding of the pathophysiological mech-
anisms involved in suicidal behavior could reveal the mechanism of compounds like
lithium salts. In this book, suicidal behavior and its prevention is discussed by inter-
national experts in the light of the most recent results from a broad spectrum of
neurosciences.

KARGER MR
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