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Abstract

Background Expression of the 18 kDa translocator protein, originally identified as a peripheral
benzodiazepine receptor, has been found to be altered in several psychiatric disorders. A
common single nucleotide polymorphism rs6971 in the TSPO gene leads to an amino-acid
substitution, Alal47Thr, which dramatically alters the affinity with which TSPO binds drug
ligands. As cholesterol also binds TSPO in the same transmembrane domain, it is suggested that
this substitution may impair the ability of TSPO to bind or import cholesterol, and hence may
affect steroid synthesis and HPA function.

Methods The analysis was carried out on older birth cohort (n=655) of the longitudinal Estonian
Children Personality, Behaviour and Health Study sample. Anxiety, aggressive behavior,
impulsiveness, and history of stressful life events were self-reported in various data collection
waves.

Psychiatric assessment of lifetime prevalence of anxiety disorders was carried out at age 25 by
experienced clinical psychologists. 7SPO rs6971 was genotyped in all participants.

Results TSPO rs6971 was not associated with self-reported levels of anxiety or lifetime
prevalence of anxiety disorders. However, subjects homozygous for the minor A allele displayed
the highest aggressiveness and dysfunctional impulsivity scores. The positive, adaptive aspect of
impulsivity was sensitive to stressful life events as AA genotype was associated with functional
impulsivity only when the subjects had experienced a low number of SLEs during childhood.
Conclusions TSPO rs6971 polymorphism may be related to development of aggressiveness and

impulsivity by adulthood, regardless of the subjects’ gender.
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1. Introduction

The 18 kDa translocator protein (TSPO) has become a highly promising candidate for explaining
the basis of different psychiatric impairments. TSPO is a five transmembrane domain protein
localized mainly in the outer mitochondrial membrane of steroid-synthesizing tissues, including

the brain.

TSPO was identified decades ago in a search for peripheral tissue binding sites for
benzodiazepines (diazepam), and was formerly called the peripheral benzodiazepine receptor
(Braestrup & Squires, 1977). Benzodiazepines are one of the most widely available class of
drugs that have been prescribed to treat patients with anxiety, convulsions, and insomnia.
Subsequent studies showed that the central benzodiazepine receptor (CBR) and the peripheral
benzodiazepine receptor (PBR) were distinct proteins that differed in tissue distribution,
pharmacology, and cellular and subcellular localization (Anholt et al., 1986; Patel & Marangos,
1982). CBRs are primarily expressed in neurons and coupled to GABAa receptors, regulating the
GABA-regulated chloride channels (e.g., Tallman et al., 1978), while PBRs have a more
versatile distribution (e.g., Richards & Mohler, 1984). PBRs have been located in glial cells (e.g.,
astrocytes, microglia; Junck et al., 1989; Schoemaker et al., 1982), endothelial cells, tanycytes,
and some populations of neurons (Lee et al., 2016; Notter et al., 2018). PBR is primarily located
on the outer membrane of mitochondria (playing a role in maintaining the mitochondrial
membrane potential) and found to be abundant in steroid-synthesizing cells (Papadopoulos et al.,
2006). PBR was renamed as 18 kDa Translocator Protein (TSPO) in 2006 by the HUGO Gene
Nomenclature Committee (Papadopoulos et al., 2006) reflecting its putative function in protein

or ligand transport/translocation (Bonsack & Sukumari-Ramesh, 2018).
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Microglia and macrophages are the predominant cell types expressing TSPO in diseased
brains; in addition, astrocytes can also express TSPO in humans (Cosenza-Nashat et al, 2009).
As the resident brain macrophages, microglia function as immune sentries, and they become
activated in both acute and chronic conditions in a context-dependent manner (Cosenza-Nashat
et al, 2009). In vivo and in vitro administration of TSPO ligands results in suppression of
microglial activation, including inhibition of cytokine expression (Choi et al., 2002; Veiga et al.,
2007). TSPO is a widely used biomarker of neuroinflammation, but its non-selective cellular

expression pattern implies roles beyond inflammatory processes (Notter et al., 2020).

TSPO mRNA levels have been found to be decreased in the lymphocytes of clinically
diagnosed anxious patients (Nudmamud et al., 2000). TSPO expression levels are altered in
several psychiatric disorders in which anxiety is the main symptom. A decreased number of
platelet PBRs/TSPO receptors has been reported among patients with panic disorder (Marazziti
et al., 1994), posttraumatic stress disorder (Gavish et al., 1996), generalized social phobia
(Johnson et al., 1998), and following a suicide attempt (Marazziti et al., 2005). In addition, a
decreased number of PBRs/TSPO receptors has been found in lymphocytes of patients with

generalized anxiety disorder (Ferrarese et al., 1990; Rocca et al., 1992).

TSPO plays an important role in the synthesis of neurosteroids (e.g., allopregnanolone,
pregnanolone), thereby representing a putative novel target for anxiolytic compounds
(Nothdurfter et al., 2012). Steroids are known to act on neuronal GABAa and other receptors,
thereby affecting neurotransmission and neuronal function (Papadopoulos et al., 2015).
Stimulation of TSPO has been shown to have therapeutic use as anxiolytic by inducing
allopregnanolone production in the brain in animal models (Papadopoulos et al., 2018).

Endogenous allopregnanolone influences aggression levels in rodents, with an inverted U-shaped
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dose—response curve - moderate doses evoke aggression, whereas low or high doses reduce
aggressive behavior (Miczek et al., 2002). In humans, reduced levels of allopregnanolone in the
peripheral blood or cerebrospinal fluid have been found to be associated with anxiety disorders
and impulsive aggression (among others) and TSPO ligands have been found to increase

neurosteroidogenesis and have anxiolytic effects (reviewed by Schiile et al., 2014).

The common single nucleotide polymorphism rs6971 in the TSPO gene leads to an
amino-acid substitution, Alal47Thr, which dramatically alters the affinity with which TSPO
binds drug ligands (Owen et al., 2012). This functional polymorphism confers a deletion of
the C-terminus on TSPO’s fifth transmembrane domain, reducing cholesterol entry
into mitochondria, consequently blunting production of steroid precursors (Lacapere &
Papadopoulos, 2003; Li & Papadopoulos, 1998; Prossin et al., 2018). This polymorphism has
been linked to anxiety-related clinical conditions (Costa et al., 2009b: n=372; Nakamura et al.,

2006: n=269).

Anxiety-related disorders are often characterized by impaired social behaviors including
excessive aggression and violence (Neumann et al., 2010). Namely, it is reactive aggression that
is associated with anxiety (Fite et al., 2010). It may be that the worry and stress of high anxiety
scorers may prime some individuals towards engaging in reactive aggression. This could be a
function of the sympathetic nervous system being more active and/or it could represent a
defensive desire to protect oneself from perceived stresses and dangers (Book et al., 2019).
Aggressiveness may be an advantageous quality, but can also have undesirable consequences
when displayed in an inappropriate situation. Excessive and uninhibited aggressive behavior is

an associated symptom of many psychiatric disorders and can manifest throughout the life span,
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from attention-deficit hyperactivity disorder (ADHD) in children and adolescents, to domestic

violence in adults, to dementia in older adults (Liu et al., 2013).

One of the characteristic components of uncontrolled aggression is enhanced impulsivity
(Nelson & Trainor, 2007; Nestor, 2002). As reviewed by Moeller et al. (2001), impulsivity has
been defined as swift action without forethought or conscious judgment, behavior without
adequate thought, and the tendency to act with less forethought than do most individuals of equal
ability and knowledge. Impulsivity also includes a tendency to live on the spur of the moment,
lacking a careful planning of short and long-term goals (Patton et al., 1995). Impulsivity has been
shown to predict trait aggression and episodes of aggressive behaviors in forensic patients
(Bousardt et al., 2016; Tonnaer et al., 2016). Also in the general population, there have been
consistent findings linking impulsivity facets (e.g., lack of premeditation, lack of perseveration,
sensation seeking) and indices of aggression (reviewed by Garofalo et al., 2016). Impulsivity is
moderately heritable (up to 50%) as are disorders with which it is associated (Bevilacqua &

Goldman, 2013).

Based on previous results, we tested the hypothesis that the minor allele of the
TSPO rs6971 (Thr substitution) might be related to higher levels of anxiety and occurrence of
anxiety disorders in general population. Since stimulation of TSPO has also been shown to
induce allopregnanolone production in the brain and levels of allopregnanolone have been
associated with aggressive behavior and impulsive aggressiveness, we also analyzed the effect of
TSPO rs6971 on aggressive behavior and impulsiveness. Emerging evidence suggests that by
reducing both cholesterol binding/transport and subsequent cortisol production,

this 7SPO functional polymorphism may enhance susceptibility to environmental stress
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(Colasanti et al., 2013; Prossin et al., 2018). In addition, we examined the possible interaction

between the TSPO genotype and stressful life events (SLEs).

2. Materials and Methods
2.1. Study Population

The analysis was carried out on older birth cohort of the Estonian Children Personality,
Behaviour and Health Study (ECPBHS) sample. This is the original Estonian sample of the
European Youth Heart Study (1998/99) which was subsequently incorporated into the
longitudinal ECPBHS. All the subjects are of European descent. The principles of formation of
the original sample has been described in detail in Harro et al. (2001). In brief, this is a
representative birth cohort sample of the Tartu city and county with a school as the sampling
unit. All schools of Tartu County, Estonia, that agreed to participate (54 of the total of 56) were
included into the sampling using the probability proportional to the number of students of the
respective age groups in the school, and 25 schools were selected. All children from grades 3

(younger birth cohort) and 9 (older birth cohort) were invited to participate.

The total number of subjects in the older birth cohort during the initial data collection
wave in 1998/99 was 593 (mean age=15.4, SD=0.6). The follow-up studies for the older cohort
took place in 2001 (#=479, including 62 additional subjects, mean age=18.4, SD=0.9), 2008
(n=541, mean age=24.7, SD=0.7) and 2016 (n=504, mean age=33.5, SD=0.7). ECPBHS is
population representative, while 79.1% of subjects of the randomized regional sample

participated in the original sampling. The study was approved by the Ethics Review Committee
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on Human Research of the University of Tartu. Written informed consent was obtained from all

the participants, and in case of minors, also from their parents.

2.2. Measures
2.2.1. Anxiety

The Spielberger State Anxiety Inventory (STAI-S; Spielberger et al., 1983) used at 25 and 33
years and the Spielberger Trait Anxiety Inventory (STAI-T) at ages 18, 25 and 33 to assess self-
reported levels of anxiety. Internal consistency coefficients for the scale have ranged from .86 to
.95; test-retest reliability coefficients have ranged from .65 to .75 over a 2-month interval
(Spielberger et al., 1983). Psychiatric assessment of lifetime prevalence of anxiety disorders
based on DSM-IV was carried out in both birth cohorts at age 25 by experienced clinical
psychologists using the Mini-International Neuropsychiatric Interview (M.I.N.1.5.0.0; Sheehan et
al.., 1998; Estonian version: Shlik et al., 1999). The prevalence of affective, anxiety and

substance use disorders in the sample has been published elsewhere (Laas et al., 2014, 2015).

2.2.2. Aggressive Behavior

During the last data collection wave at age 33, aggressive behavior was self-reported by Illinois

Bully Scale and by Buss-Perry Aggression Questionnaire (Laas et al., 2017).

[llinois Bully Scale is an 18-item scale with three subscales, Bully, Fight, and Victim, assessing
the frequency of bullying behavior, fighting, and victimization by peers (Espelage & Holt, 2001).

Cronbach's alpha coefficients have been previously found to be 0.87 for the total scale, 0.71 for
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victims, 0.77 for bullying, and 0.76 for the fighting subscales; all of which are satisfactory
(Akbari Balootbangan & Talepasand, 2015). Subjects were asked to recall the times spent in
primary school assessing the frequency of listed behaviors in 5-point scale ranging from 'never’

to ’very often’.

The 29-item self-report Buss-Perry Aggression Questionnaire (Buss & Perry, 1992) assesses 4
aspects of aggressive behavior: Physical aggression, Verbal aggression, Anger, and Hostility.
The internal consistency coefficients have been determined as follows: Physical Aggression, o =
.85; Verbal Aggression, o =.72; Anger, o = .83 and Hostility, a = .77, with the internal
consistency being a = .89 (Buss & Perry, 1992). Participants rated each statement on a 5-point

Likert Scale (uncharacteristic=1, characteristic=>5).

The subscales of Illinois Bully Scale and Buss-Perry Aggression Questionnaire are weakly to
moderately correlated (»=0.14 — 0.6; see Kiive et al., 2017). Thus, the shared covariance
indicates that to certain extent they measure the same underlying concept but since there is also

unique variance, each subscale captures a specific aspect of aggressiveness.

2.2.3. Impulsiveness

All measures were self-reported using the Adaptive and Maladaptive Impulsivity Scale (AMIS)
and Barratt Impulsiveness Scale, 11th version (BIS-11). AMIS follows the concept of functional
and dysfunctional impulsivity (Dickman, 1990). It comprises subscales measuring fast decision-
making and excitement seeking (functional or adaptive impulsivity, Cronbach’s a =.74) and
disinhibition and thoughtlessness (dysfunctional or maladaptive impulsivity, Cronbach’s o = .85)

and was used at ages 18, 25 and 33 (Laas et al., 2010; Paaver et al., 2008). BIS-11 (Patton et al.,
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1995; Paaver et al., 2007) was used for measuring impulsiveness at ages 25 and 33. Internal
consistency coefficient (o) for the BIS-11 have been determined to be in the range of .79 - .83

depending on the population (Patton et al., 1995).

2.2.4. Stressful Life Events

History of stressful life events (SLEs) was self-reported in all follow-up studies (Laas et al.,
2015). Subjects were divided into low (two or fewer events) and high (three or more events) SLE
exposure groups. The list of adverse life events varied across measurement times and consisted
of 10—17 (dependent on the study wave) stressful experiences, including parental death and
divorce/separation, unemployed parent, parental alcoholism, poverty, poor living conditions,
poor health, accidents and traumas, physical abuse, emotional abuse, severe burden/serious
concerns, suicidal attempts, leaving home for several days without telling anyone, depression of
a close relative, and suicide attempt or committed suicide of a close relative. The events were
recorded as dichotomous variables (present or not present) and were then counted to form the

number of experienced adverse life events.

2.2.5. Genotyping

Genomic DNA was extracted from venous blood samples using Qiagen QIAamp® DNA Blood
Midi Kit. The real-time polymerase chain reaction (RT-PCR) for genotyping the 7SPO rs6971
polymorphism was performed using a TagMan Pre-Designed SNP Genotyping Assay (Applied
Biosystems; Foster City, CA, USA) C__ 2512465 20 containing primers and fluorescent

probes. Genotyping reactions were performed in a total volume of 10 ul with ~25 ng of template
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DNA. RT-PCR reaction components and final concentrations were as follows: 1:5 5 x HOT
FIREPoI® Probe qPCR Mix Plus (ROX) (Solis BioDyne) and 1:20 80 x TagMan Primers Probe.

Context sequence [VIC/FAM] was as follows:

CCCCTACCTGGCCTGGCTGGCCTTC[A/G]CGACCACACTCAACTACTGCGTATG.

Reactions were performed on the Applied Biosystems ViiA™ 7 Real-Time PCR System. The
amplification procedure consisted of an initial denaturation step at 95 °C for 12 min and 40
cycles of 95 °C for 15 s and 60 °C for 1 min. Positive and negative controls were added to each
reaction plate. No inconsistencies occurred. Genotyping was performed blind to all phenotypic
data. Allele frequencies agreed with National Center for Biotechnology Information database
(e.g., 1000 Genomes Project phase3 sequence data, European sample) and published reports.
Genotype frequencies were in Hardy—Weinberg equilibrium. The frequency of the minor A allele

was 0.27 (alleles are reported in the Forward orientation).

2.3. Statistical Analysis

Subjects were divided by TSPO rs6971 genotype into AA, AG, and GG groups. The effect of
TSPO 156971 genotype on lifetime prevalence of anxiety disorders was assessed by Pearson’s
chi-square test. Analysis of variance (ANOVA) was used to test the effects of 7SPO rs6971
genotype on self-report measures of anxiety (STAI-S, STAI-T), aggressiveness (IBS, BPAQ)
and impulsiveness (AMIS, BIS). For each model, F-values, two-sided raw P values, and effect
sizes (177), as derived from the SPSS output, were reported. 7SPO rs6971 interaction effects with
SLE on the impulsiveness scores were also analyzed using ANOVA. Impulsiveness measures

was defined as the dependent variable. SLE (as a binary variable, split by median) and
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TSPO 156971 genotype (as a categorical variable) were defined as fixed factors, and factor
interactions were included in the model. Fisher’s least significance difference method (LSD) was
used in all post hoc comparisons. Contrasts were calculated for significant model effects. All P
values are reported as 2-tailed, and raw results are considered significant at the P < .05 level.

Statistical analyses were performed using IBM SPSS Statistics, Version 21.

3. Results

TSPO rs6971 polymorphism was not associated with self-reported levels of anxiety or lifetime

prevalence of anxiety disorders.

When analyzing the effects of 7SPO rs6971 polymorphism on aggressive behavior during school
years (Figure 1), we observed that the subjects homozygous for the A allele were the ones
reporting bullying other students the most [F(2, 500)=3.9, p=0.022, n?>=0.015]. TSPO rs6971
genotype was not associated with actual fighting [F(2, 500)=0.4, p=0.688, n>=0.001] or being
victimized [F(2, 500)=0.3, p=0.708, n>=0.001] during the school years. AA homozygotes were
also acting most aggressively by age 33 (Figure 2) according to the Buss Perry Aggression
Questionnaire (BPAQ). The AA homozygotes had higher Verbal Aggression scores than G allele
carriers [F(2, 496)=4.1, p=0.016, n*>=0.016]. There were no significant associations with the
Physical Aggression score [F(2, 496)=1.5, p=0.214, n*=0.006], Anger [F(2, 496)=1.1, p=0.322,
1n*>=0.005], Hostility [F(2, 496)=0.1, p=0.93, n?<0.001] or the BPAQ total score [F(2, 496)=1.1,

p=0.32, °=0.005].

Impulsive behavior measured using the Barratt Impulsiveness Scale (BIS) was also associated

with the 7SPO 156971 polymorphism by age 33 (Figure 3), but not at earlier age (data not
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shown). At age 33, AA homozygotes received higher total score than the G allele carriers [F(2,

492)=3.1, p=0.046, 1°=0.012].

In the case of AMIS scores, the Thoughtlessness score was associated with the 7SPO rs6971
genotype by age 33 (Figure 4). AA homozygotes received higher Thoughtlessness scores
compared with G allele carrier groups [F(2, 499)=3.1, p=0.047, 1>=0.012]. Similarly to the
associations with the BIS results, 7SPO rs6971 genotype did not affect the AMIS scores at ages

18 and 25 (data not shown).

In order to analyze whether the effect of the 7SPO rs6971 genotype was dependent of the
environmental stressors, the interaction with stressful life events (SLEs) was taken into account
(Figure 5). It could be observed that 7SPO rs6971 AA homozygotes had the highest Fast
decision making and Excitement seeking scores (adding up to Functional impulsivity) by age 33,
but only when the subjects had not experienced above average level of SLEs by age 15 [F(2,
446)=3.6, p=0.036, n>=0.015 and F(2, 446)=2.8, p=0.063, n*=0.012, respectively]. In the case of
high number of SLEs by age 15, the AA homozygotes no longer displayed the highest Functional
impulsivity scores. This interaction effect was only present in the case of SLEs reported at age
15. SLEs reported at later ages did not affect the association between TSPO rs6971 genotype and
different measurements of impulsivity or aggressiveness. 7SPO rs6971 genotype itself was not

associated with the number of SLEs reported by subjects.

Analyzing the effects of 7SPO 1s6971 polymorphism on aggressiveness and impulsivity by

gender yielded no interaction effect.

[insert Figure 1.]
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[insert Figure 2.]
[insert Figure 3.]
[insert Figure 4.]

[insert Figure 5.]

4. Discussion
Our findings suggest that the 7SPO rs6971 polymorphism may be related to development of
aggressiveness and impulsivity by adulthood, regardless of the subjects’ gender. In general,
subjects homozygous for the minor A allele displayed the highest aggressiveness and
dysfunctional impulsivity scores. The positive, adaptive aspect of impulsivity was sensitive to
stressful life events as AA genotype was associated with functional impulsivity only when the
subjects had experienced a low number of SLEs during childhood. These results support the
notion that HPA dysregulation and differences in neurosteroids have a causal role in the
development of aggressiveness and impulsivity, since variances in the TSPO gene are likely to
alter steroid synthesis or its regulation. However, it should be noted that the finding is modest
and the effect has been demonstrated in a relatively small sample, only present when uncorrected
for multiple comparisons, and there is a possibility of another gene in linkage disequilibrium
with the 7SPO 156971 polymorphism (e.g., rs138911) that might be contributing to the findings.
Neuromodulatory and hormonal abnormality appear to play a role in the increased
likelihood of aggressive behavior (Pavlov et al., 2012). The minor allele of the 7SPO rs6971 has
been associated with reduced cholesterol entry into mitochondria, consequently blunting
production of steroid precursors (Lacapere & Papadopoulos, 2003; Li & Papadopoulos, 1998;

Prossin et al., 2018). The 147Thr allelic variant of 7SPO rs6971 has been indicated to possibly
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affect the synthesis of the neurosteroid pregnenolone in lymphomonocytes (Costa et al., 2009a).
Stimulation of TSPO has also been shown to have therapeutic use as anxiolytic by inducing
allopregnanolone production in the brain (Papadopoulos et al., 2018). Allopregnanolone is
another neurosteroid that has been demonstrated to play a role in regulating mammalian
aggressive behavior (Miczek et al., 2002; Pibiri et al., 2006; Pinna et al., 2003; Soma et al.,
2008). Since steroid molecules are involved in several biological functions, this 7SPO
polymorphism could be associated with the susceptibility/protection to the diseases that have
been correlated to a decreased/increased production of steroids (Costa et al., 2009a). The
elucidation of neuroinflammatory mechanisms in psychiatric and neurological disorders is a
highly active area of research that has the promise of establishing novel therapeutic strategies
beyond classical nosologic boundaries (Miller et al., 2017; Mondelli et al., 2017; Notter et al.,
2020; Pape et al., 2019).

Originally used to detect discrete neurotoxic damages, TSPO has generally turned into a
biomarker of ‘neuroinflammation’ or ‘microglial activation’ (Notter et al., 2018). The common
human polymorphism analyzed in the current paper - TSPO 156971 (C/T; A/G), leading to a base
substitution from alanine to threonine at position 147 in TSPO’s fifth transmembrane domain -
has been demonstrated to cause differences in affinity of TSPO-binding chemicals used for
diagnostic imaging (Owen et al., 2012; Mizrahi et al., 2012). The minor T(A) allele (Thr
substitution) has been determined to be the low affinity binder. Individuals homozygous for the
minor are often excluded from PET imaging studies as the low binding limits accurate
quantification (Notter et al., 2018). So, in addition to been linked to anxiety-related clinical
conditions, this polymorphism has been used in guiding the development of suitable radioligands

for positron emission tomography. The association between the rs6971 polymorphism and
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mentioned clinical conditions has been explained on the basis of the lower affinity of cholesterol
toward the TSPO in low affinity binders (Berroteran-Infante et al., 2019; Owen et al., 2017).
Here, we extend these results by demonstrating that this variation in the TSPO gene — rs6971 — is
associated with aggressiveness and impulsivity in general population by adulthood.

Some limitations should be considered here, starting with sample size since it is a major
source of both false positive and false negative findings. We also did not apply the correction for
multiple comparisons, since it would put limits to relevant analyses given the fixed sample sizes
of longitudinal studies. Using Illinois Bully scale as a retrospect measure could also be
considered as a limiting factor. All of the questionnaires were self-report instruments and
therefore vulnerable to response bias. Until replicated in other samples, one should remain
cautious about interpretations of the present findings. However, the strengths of the present study
are its longitudinal design, rigorous questionnaire data collection performed in uniform
conditions of the laboratory, and the fact that the sample has a strong representation of regional
population. In addition, the early assessment of adolescent stressful environment can be
considered as a strength, as it minimizes the possible recall bias. In order to validate the current
findings, replication in a larger sample or assessing the genotype frequencies in a sample where
aggressive/impulsive behavior has been problematic (e.g., offenders) is needed.

Aggression developed in response to competition for mates or vital resources and has
been determined to have a very strong genetic component (Clark & Grunstein, 2004). However,
heritability of aggression has been shown to change with time; whilst genetic factors and
common environment were equally important in childhood, heritability became even more
prominent in adulthood (Craig & Halton, 2009). In our longitudinal population-representative

study, we also found the effect of 7SPO rs6971 polymorphism to be fully observable in
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adulthood, namely by early 30s. This is in line with a common genetic maturation hypothesis.
Genetic factors are likely to be associated with cognitive processes (e.g., planning, decision-
making, cognitive control) that are maturing during childhood. These processes are important for
executive functioning, including mechanisms related to aggression (Séguin & Zelazo, 2005).
Decision-making and cognitive control are important for developing strategies of action and thus
be implied in the persistence or desistance of aggression (Paquin et al., 2017). By identifying
genes and brain mechanisms that predispose people to the risk of acting impulsively and being
aggressive — even if the risk is small — we may eventually be able to tailor prevention programs

to those who need them most.
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FIGURE CAPTIONS

Fig. 1. The effect of TSPO rs6971 polymorphism on the subscales of the Illinois Bully Scale
(retrospective self-report data). N represents the number of subjects in the group. Vertical bars
denote standard deviations. Post hoc: Fisher’s least significant difference (LSD). Significant

differences between groups (nominal p values): **p < 0.01.

Fig. 2. The effect of TSPO rs6971 polymorphism on the subscales of the Buss Perry Aggression
Questionnaire at age 33. N represents the number of subjects in the group. Vertical bars denote
standard deviations. Post hoc: Fisher’s least significant difference (LSD). Significant differences

between groups (nominal p values): **p < 0.01, @ p=0.077, #p = 0.079.

Fig. 3. The effect of TSPO rs6971 polymorphism on the subscales of the Barratt Impulsiveness
Scale at age 33. N represents the number of subjects in the group. Vertical bars denote standard
deviations. Post hoc: Fisher’s least significant difference (LSD). Significant differences between

groups (nominal p values): *p < 0.05, & p=0.069.

Fig. 4. The effect of TSPO rs6971 polymorphism on the subscales of the Adaptive and
Maladaptive Impulsivity Scale at age 33. N represents the number of subjects in the group.
Vertical bars denote standard deviations. Post hoc: Fisher’s least significant difference (LSD).

Significant differences between groups (nominal p values): *p < 0.05.

Fig. 5. The effect of TSPO rs6971 polymorphism in interaction with stressful life events (SLE)
on the functional impulsivity subscales (Z-scores) of the Adaptive and Maladaptive Impulsivity
Scale at age 33. N represents the number of subjects in the group. Post hoc: Fisher’s least
significant difference (LSD). Significant differences between AA and AG genotype groups

(nominal p values): *p <0.05, § p=0.054, # p = 0.08, & p = 0.082.
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Abstract
Background Expression of the 18 kDa translocator protein (TSPO), originally identified as a
peripheral benzodiazepine receptor, has been found to be altered in several psychiatric disorders.
A common single nucleotide polymorphism rs6971 in the TSPO gene leads to an amino-acid
substitution, Alal47Thr, which dramatically alters the affinity with which TSPO binds drug
ligands. As cholesterol also binds TSPO in the same transmembrane domain, it is suggested that
this substitution may impair the ability of TSPO to bind or import cholesterol, and hence may
affect steroid synthesis and HPA function.
Methods The analysis was carried out on older birth cohort (n=655) of the longitudinal Estonian
Children Personality, Behaviour and Health Study sample. Anxiety, aggressive behavior,
impulsiveness, and history of stressful life events were self-reported in various data collection
waves.
Psychiatric assessment of lifetime prevalence of anxiety disorders was carried out at age 25 by
experienced clinical psychologists. 7SPO rs6971 was genotyped in all participants.
Results TSPO rs6971 was not associated with self-reported levels of anxiety or lifetime
prevalence of anxiety disorders. However, participants homozygous for the minor A allele
displayed the highest aggressiveness and dysfunctional impulsivity scores. The positive, adaptive
aspect of impulsivity was sensitive to stressful life events as AA genotype was associated with
functional impulsivity only when the participants had experienced a low number of SLEs during
childhood.
Conclusions TSPO rs6971 polymorphism may be related to development of aggressiveness and

impulsivity by adulthood, regardless of the participants’ gender.
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1. Introduction

The 18 kDa translocator protein (TSPO) has become a highly promising candidate for explaining
the basis of different psychiatric impairments. TSPO is a five transmembrane domain protein
localized mainly in the outer mitochondrial membrane of steroid-synthesizing tissues, including

the brain.

TSPO was identified decades ago in a search for peripheral tissue binding sites for
benzodiazepines (diazepam), and was formerly called the peripheral benzodiazepine receptor
(Braestrup & Squires, 1977). Benzodiazepines are one of the most widely available class of
drugs that have been prescribed to treat patients with anxiety, convulsions, and insomnia.
Subsequent studies showed that the central benzodiazepine receptor (CBR) and the peripheral
benzodiazepine receptor (PBR) were distinct proteins that differed in tissue distribution,
pharmacology, and cellular and subcellular localization (Anholt et al., 1986; Patel & Marangos,
1982). CBRs are primarily expressed in neurons and coupled to GABAa receptors, regulating the
GABA-regulated chloride channels (e.g., Tallman et al., 1978), while PBRs have a more
versatile distribution (e.g., Richards & Mohler, 1984). PBRs have been located in glial cells (e.g.,
astrocytes, microglia; Junck et al., 1989; Schoemaker et al., 1982), endothelial cells, tanycytes,
and some populations of neurons (Lee et al., 2016; Notter et al., 2018). PBR is primarily located
on the outer membrane of mitochondria (playing a role in maintaining the mitochondrial
membrane potential) and found to be abundant in steroid-synthesizing cells (Papadopoulos et al.,

2006). PBR was renamed as 18 kDa Translocator Protein (TSPO) in 2006 by the HUGO Gene
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Nomenclature Committee (Papadopoulos et al., 2006) reflecting its putative function in protein

or ligand transport/translocation (Bonsack & Sukumari-Ramesh, 2018).

Microglia and macrophages are the predominant cell types expressing TSPO in diseased
brains; in addition, astrocytes can also express TSPO in humans (Cosenza-Nashat et al, 2009).
As the resident brain macrophages, microglia function as immune sentries, and they become
activated in both acute and chronic conditions in a context-dependent manner (Cosenza-Nashat
et al, 2009). In vivo and in vitro administration of TSPO ligands results in suppression of
microglial activation, including inhibition of cytokine expression (Choi et al., 2002; Veiga et al.,
2007). TSPO is a widely used biomarker of neuroinflammation, but its non-selective cellular

expression pattern implies roles beyond inflammatory processes (Notter et al., 2020).

TSPO mRNA levels have been found to be decreased in the lymphocytes of clinically
diagnosed anxious patients (Nudmamud et al., 2000). TSPO expression levels are altered in
several psychiatric disorders in which anxiety is the main symptom. A decreased number of
platelet PBRs/TSPO receptors has been reported among patients with panic disorder (Marazziti
et al., 1994), posttraumatic stress disorder (Gavish et al., 1996), generalized social phobia
(Johnson et al., 1998), and following a suicide attempt (Marazziti et al., 2005). In addition, a
decreased number of PBRs/TSPO receptors has been found in lymphocytes of patients with

generalized anxiety disorder (Ferrarese et al., 1990; Rocca et al., 1992).

TSPO plays an important role in the synthesis of neurosteroids (e.g., allopregnanolone,
pregnanolone), thereby representing a putative novel target for anxiolytic compounds
(Nothdurfter et al., 2012). Steroids are known to act on neuronal GABAa and other receptors,
thereby affecting neurotransmission and neuronal function (Papadopoulos et al., 2015).

Stimulation of TSPO has been shown to have therapeutic use as anxiolytic by inducing
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allopregnanolone production in the brain in animal models (Papadopoulos et al., 2018).
Endogenous allopregnanolone influences aggression levels in rodents, with an inverted U-shaped
dose—response curve - moderate doses evoke aggression, whereas low or high doses reduce
aggressive behavior (Miczek et al., 2002). In humans, reduced levels of allopregnanolone in the
peripheral blood or cerebrospinal fluid have been found to be associated with anxiety disorders
and impulsive aggression (among others) and TSPO ligands have been found to increase

neurosteroidogenesis and have anxiolytic effects (reviewed by Schiile et al., 2014).

The common single nucleotide polymorphism rs6971 in the TSPO gene leads to an
amino-acid substitution, Alal47Thr, which dramatically alters the affinity with which TSPO
binds drug ligands (Owen et al., 2012). This substitution changes the mitochondrial TSPO
protein structure, decreases cholesterol transport into the mitochondria and subsequently reduces
production of pregnenolone as compared to that occurring in the presence of the ancestral allele
(Costa et al., 2009a; Prossin et al., 2018). This polymorphism has been linked to anxiety-related

clinical conditions (Costa et al., 2009b: n=372; Nakamura et al., 2006: n=269).

Anxiety-related disorders are often characterized by impaired social behaviors including
excessive aggression and violence (Neumann et al., 2010). Namely, it is reactive aggression that
is associated with anxiety (Fite et al., 2010). It may be that the worry and stress of high anxiety
scorers may prime some individuals towards engaging in reactive aggression. This could be a
function of the sympathetic nervous system being more active and/or it could represent a
defensive desire to protect oneself from perceived stresses and dangers (Book et al., 2019).
Aggressiveness may be an advantageous quality, but can also have undesirable consequences
when displayed in an inappropriate situation. Excessive and uninhibited aggressive behavior is

an associated symptom of many psychiatric disorders and can manifest throughout the life span,
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from attention-deficit hyperactivity disorder (ADHD) in children and adolescents, to domestic

violence in adults, to dementia in older adults (Liu et al., 2013).

One of the characteristic components of uncontrolled aggression is enhanced impulsivity
(Nelson & Trainor, 2007; Nestor, 2002). As reviewed by Moeller et al. (2001), impulsivity has
been defined as swift action without forethought or conscious judgment, behavior without
adequate thought, and the tendency to act with less forethought than do most individuals of equal
ability and knowledge. Impulsivity also includes a tendency to live on the spur of the moment,
lacking a careful planning of short and long-term goals (Patton et al., 1995). Impulsivity has been
shown to predict trait aggression and episodes of aggressive behaviors in forensic patients
(Bousardt et al., 2016; Tonnaer et al., 2016). Also in the general population, there have been
consistent findings linking impulsivity facets (e.g., lack of premeditation, lack of perseveration,
sensation seeking) and indices of aggression (reviewed by Garofalo et al., 2016). Impulsivity is
moderately heritable (up to 50%) as are disorders with which it is associated (Bevilacqua &

Goldman, 2013).

Based on previous results, we tested the hypothesis that the minor allele of the
TSPO rs6971 (Thr substitution) might be related to higher levels of anxiety and occurrence of
anxiety disorders in general population. Since stimulation of TSPO has also been shown to
induce allopregnanolone production in the brain and levels of allopregnanolone have been
associated with aggressive behavior and impulsive aggressiveness, we also analyzed the effect of
TSPO rs6971 on aggressive behavior and impulsiveness. Emerging evidence suggests that by
reducing both cholesterol binding/transport and subsequent cortisol production,

this 7SPO functional polymorphism may enhance susceptibility to environmental stress
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(Colasanti et al., 2013; Prossin et al., 2018). In addition, we examined the possible interaction

between the TSPO genotype and stressful life events (SLEs).

2. Materials and Methods
2.1. Study Population

The analysis was carried out on older birth cohort of the Estonian Children Personality,
Behaviour and Health Study (ECPBHS) sample. This is the original Estonian sample of the
European Youth Heart Study (1998/99) which was subsequently incorporated into the
longitudinal ECPBHS. All the participants are of European descent. The principles of formation
of the original sample has been described in detail in Harro et al. (2001). In brief, this is a
representative birth cohort sample of the Tartu city and county with a school as the sampling
unit. All schools of Tartu County, Estonia, that agreed to participate (54 of the total of 56) were
included into the sampling using the probability proportional to the number of students of the
respective age groups in the school, and 25 schools were selected. All children from grades 3

(younger birth cohort) and 9 (older birth cohort) were invited to participate.

The total number of participants in the older birth cohort during the initial data collection
wave in 1998/99 was 593 (mean age=15.4, SD=0.6). The follow-up studies for the older cohort
took place in 2001 (n=479, including 62 additional participants, mean age=18.4, SD=0.9), 2008
(n=541, mean age=24.7, SD=0.7) and 2016 (n=504, mean age=33.5, SD=0.7). ECPBHS is
population representative, while 79.1% of participants of the randomized regional sample

participated in the original sampling. The study was approved by the Ethics Review Committee
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on Human Research of the University of Tartu. Written informed consent was obtained from all

the participants, and in case of minors, also from their parents.

2.2. Measures
2.2.1. Anxiety

The Spielberger State Anxiety Inventory (STAI-S; Spielberger et al., 1983) used at 25 and 33
years and the Spielberger Trait Anxiety Inventory (STAI-T) at ages 18, 25 and 33 to assess self-
reported levels of anxiety. Internal consistency coefficients for the scale have ranged from .86 to
.95; test-retest reliability coefficients have ranged from .65 to .75 over a 2-month interval
(Spielberger et al., 1983). Psychiatric assessment of lifetime prevalence of anxiety disorders
based on DSM-IV was carried out in both birth cohorts at age 25 by experienced clinical
psychologists using the Mini-International Neuropsychiatric Interview (M.I.N.1.5.0.0; Sheehan et
al.., 1998; Estonian version: Shlik et al., 1999). The prevalence of affective, anxiety and

substance use disorders in the sample has been published elsewhere (Laas et al., 2014, 2015).

2.2.2. Aggressive Behavior

During the last data collection wave at age 33, aggressive behavior was self-reported by Illinois

Bully Scale and by Buss-Perry Aggression Questionnaire (Laas et al., 2017).

[llinois Bully Scale is an 18-item scale with three subscales, Bully, Fight, and Victim, assessing
the frequency of bullying behavior, fighting, and victimization by peers (Espelage & Holt, 2001).

Cronbach's alpha coefficients have been previously found to be 0.87 for the total scale, 0.71 for
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victims, 0.77 for bullying, and 0.76 for the fighting subscales; all of which are satisfactory
(Akbari Balootbangan & Talepasand, 2015). Participants were asked to recall the times spent in
secondary school and assess the frequency of listed behaviors in 5-point scale ranging from

never’ to 'very often’.

The 29-item self-report Buss-Perry Aggression Questionnaire (Buss & Perry, 1992) assesses 4
aspects of aggressive behavior: Physical aggression, Verbal aggression, Anger, and Hostility.
The internal consistency coefficients have been determined as follows: Physical Aggression, o =
.85; Verbal Aggression, o =.72; Anger, o = .83 and Hostility, a = .77, with the internal
consistency being a = .89 (Buss & Perry, 1992). Participants rated each statement on a 5-point

Likert Scale (uncharacteristic=1, characteristic=>5).

The subscales of Illinois Bully Scale and Buss-Perry Aggression Questionnaire are weakly to
moderately correlated (»=0.14 — 0.6; see Kiive et al., 2017). Thus, the shared covariance
indicates that to certain extent they measure the same underlying concept but since there is also

unique variance, each subscale captures a specific aspect of aggressiveness.

2.2.3. Impulsiveness

All measures were self-reported using the Adaptive and Maladaptive Impulsivity Scale (AMIS)
and Barratt Impulsiveness Scale, 11th version (BIS-11). AMIS follows the concept of functional
and dysfunctional impulsivity (Dickman, 1990). It comprises subscales measuring fast decision-
making and excitement seeking (functional or adaptive impulsivity, Cronbach’s a =.74) and
disinhibition and thoughtlessness (dysfunctional or maladaptive impulsivity, Cronbach’s o = .85)

and was used at ages 18, 25 and 33 (Laas et al., 2010; Paaver et al., 2008). BIS-11 (Patton et al.,
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1995; Paaver et al., 2007) was used for measuring impulsiveness at ages 25 and 33. Internal
consistency coefficient (o) for the BIS-11 have been determined to be in the range of .79 - .83

depending on the population (Patton et al., 1995).

2.2.4. Stressful Life Events

History of stressful life events (SLEs) was self-reported in all follow-up studies (Laas et al.,
2015). Participants were divided into low (two or fewer events) and high (three or more events)
SLE exposure groups. The list of adverse life events varied across measurement times and
consisted of 10—17 (dependent on the study wave) stressful experiences, including parental death
and divorce/separation, unemployed parent, parental alcoholism, poverty, poor living conditions,
poor health, accidents and traumas, physical abuse, emotional abuse, severe burden/serious
concerns, suicidal attempts, leaving home for several days without telling anyone, depression of
a close relative, and suicide attempt or committed suicide of a close relative. The events were
recorded as dichotomous variables (present or not present) and were then counted to form the

number of experienced adverse life events.

2.2.5. Genotyping

Genomic DNA was extracted from venous blood samples using Qiagen QIAamp® DNA Blood
Midi Kit. The real-time polymerase chain reaction (RT-PCR) for genotyping the 7SPO rs6971
polymorphism was performed using a TagMan Pre-Designed SNP Genotyping Assay (Applied
Biosystems; Foster City, CA, USA) C__ 2512465 20 containing primers and fluorescent

probes. Genotyping reactions were performed in a total volume of 10 ul with ~25 ng of template
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DNA. RT-PCR reaction components and final concentrations were as follows: 1:5 5 x HOT
FIREPoI® Probe qPCR Mix Plus (ROX) (Solis BioDyne) and 1:20 80 x TagMan Primers Probe.

Context sequence [VIC/FAM] was as follows:
CCCCTACCTGGCCTGGCTGGCCTTC[A/G]CGACCACACTCAACTACTGCGTATG.

Reactions were performed on the Applied Biosystems ViiA™ 7 Real-Time PCR System. The
amplification procedure consisted of an initial denaturation step at 95 °C for 12 min and 40
cycles of 95 °C for 15 s and 60 °C for 1 min. Positive and negative controls were added to each
reaction plate. No inconsistencies occurred. Genotyping was performed blind to all phenotypic
data. Allele frequencies agreed with National Center for Biotechnology Information database
(e.g., 1000 Genomes Project phase3 sequence data, European sample) and published reports.
Genotype frequencies were in Hardy—Weinberg equilibrium. The frequency of the minor A allele

was 0.27 (alleles are reported in the Forward orientation).

2.3. Statistical Analysis

Participants were divided by 7SPO 1s6971 genotype into AA, AG, and GG groups. The effect of
TSPO 156971 genotype on lifetime prevalence of anxiety disorders was assessed by Pearson’s
chi-square test. Analysis of variance (ANOVA) was used to test the effects of 7SPO rs6971
genotype on self-report measures of anxiety (STAI-S, STAI-T), aggressiveness (IBS, BPAQ)
and impulsiveness (AMIS, BIS). For each model, F-values, two-sided raw P values, and effect
sizes (177), as derived from the SPSS output, were reported. 7SPO rs6971 interaction effects with
SLE on the impulsiveness scores were also analyzed using ANOVA. Impulsiveness measures

was defined as the dependent variable. SLE (as a binary variable, split by median) and
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TSPO 156971 genotype (as a categorical variable) were defined as fixed factors, and factor
interactions were included in the model. Fisher’s least significance difference method (LSD) was
used in all post hoc comparisons. Contrasts were calculated for significant model effects. All P
values are reported as 2-tailed, and raw results are considered significant at the P < .05 level.

Statistical analyses were performed using IBM SPSS Statistics, Version 21.

3. Results

TSPO rs6971 polymorphism was not associated with self-reported levels of anxiety or lifetime

prevalence of anxiety disorders.

When analyzing the effects of 7SPO rs6971 polymorphism on aggressive behavior during school
years (Figure 1), we observed that the participants homozygous for the A allele were the ones
reporting bullying other students the most [F(2, 500)=3.9, p=0.022, n?>=0.015]. TSPO rs6971
genotype was not associated with actual fighting [F(2, 500)=0.4, p=0.688, n>=0.001] or being
victimized [F(2, 500)=0.3, p=0.708, n>=0.001] during the school years. AA homozygotes were
also acting most aggressively by age 33 (Figure 2) according to the Buss Perry Aggression
Questionnaire (BPAQ). The AA homozygotes had higher Verbal Aggression scores than G allele
carriers [F(2, 496)=4.1, p=0.016, n*>=0.016]. There were no significant associations with the
Physical Aggression score [F(2, 496)=1.5, p=0.214, n*=0.006], Anger [F(2, 496)=1.1, p=0.322,
1n*>=0.005], Hostility [F(2, 496)=0.1, p=0.93, n?<0.001] or the BPAQ total score [F(2, 496)=1.1,

p=0.32, °=0.005].

Impulsive behavior measured using the Barratt Impulsiveness Scale (BIS) was also associated

with the 7SPO 156971 polymorphism by age 33 (Figure 3), but not at earlier age (data not
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shown). At age 33, AA homozygotes received higher total score than the G allele carriers [F(2,

492)=3.1, p=0.046, 1°=0.012].

In the case of AMIS scores, the Thoughtlessness score was associated with the 7SPO rs6971
genotype by age 33 (Figure 4). AA homozygotes received higher Thoughtlessness scores
compared with G allele carrier groups [F(2, 499)=3.1, p=0.047, 1>=0.012]. Similarly to the
associations with the BIS results, 7SPO rs6971 genotype did not affect the AMIS scores at ages

18 and 25 (data not shown).

In order to analyze whether the effect of the 7SPO rs6971 genotype was dependent of the
environmental stressors, the interaction with stressful life events (SLEs) was taken into account
(Figure 5). It could be observed that 7SPO rs6971 AA homozygotes had the highest Fast
decision making and Excitement seeking scores (adding up to Functional impulsivity) by age 33,
but only when the participants had not experienced above average level of SLEs by age 15 [F(2,
446)=3.6, p=0.036, n>=0.015 and F(2, 446)=2.8, p=0.063, n*=0.012, respectively]. In the case of
high number of SLEs by age 15, the AA homozygotes no longer displayed the highest Functional
impulsivity scores. This interaction effect was only present in the case of SLEs reported at age
15. SLEs reported at later ages did not affect the association between TSPO rs6971 genotype and
different measurements of impulsivity or aggressiveness. 7SPO rs6971 genotype itself was not

associated with the number of SLEs reported by participants.

Analyzing the effects of 7SPO 1s6971 polymorphism on aggressiveness and impulsivity by

gender yielded no interaction effect.

[insert Figure 1.]
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[insert Figure 2.]
[insert Figure 3.]
[insert Figure 4.]

[insert Figure 5.]

4. Discussion

The findings suggest that the 7SPO rs6971 polymorphism may be related to development of
aggressiveness and impulsivity by adulthood, regardless of the participants’ gender. In general,
participants homozygous for the minor A allele displayed the highest aggressiveness and
dysfunctional impulsivity scores. The positive, adaptive aspect of impulsivity was sensitive to
stressful life events as AA genotype was associated with functional impulsivity only when the
participants had experienced a low number of SLEs during childhood. These results support the
notion that HPA dysregulation and differences in neurosteroids have a causal role in the
development of aggressiveness and impulsivity, since variances in the TSPO gene are likely to
alter steroid synthesis or its regulation. However, it should be noted that the finding is modest
and the effect has been demonstrated in a relatively small sample, only present when uncorrected
for multiple comparisons, and there is a possibility of another gene in linkage disequilibrium
with the 7SPO 156971 polymorphism (e.g., rs138911) that might be contributing to the findings.

Neuromodulatory and hormonal abnormality appear to play a role in the increased
likelihood of aggressive behavior (Pavlov et al., 2012). The minor allele of the 7SPO rs6971 has
been associated with reduced cholesterol entry into mitochondria, consequently blunting
production of steroid precursors (Lacapere & Papadopoulos, 2003; Li & Papadopoulos, 1998;

Prossin et al., 2018). The 147Thr allelic variant of 7SPO rs6971 has been indicated to possibly
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affect the synthesis of the neurosteroid pregnenolone in lymphomonocytes (Costa et al., 2009a).
Stimulation of TSPO has also been shown to have therapeutic use as anxiolytic by inducing
allopregnanolone production in the brain (Papadopoulos et al., 2018). Allopregnanolone is
another neurosteroid that has been demonstrated to play a role in regulating mammalian
aggressive behavior (Miczek et al., 2002; Pibiri et al., 2006; Pinna et al., 2003; Soma et al.,
2008). Since steroid molecules are involved in several biological functions, this 7SPO
polymorphism could be associated with the susceptibility/protection to the diseases that have
been correlated to a decreased/increased production of steroids (Costa et al., 2009a). The
elucidation of neuroinflammatory mechanisms in psychiatric and neurological disorders is a
highly active area of research that has the promise of establishing novel therapeutic strategies
beyond classical nosologic boundaries (Miller et al., 2017; Mondelli et al., 2017; Notter et al.,
2020; Pape et al., 2019).

Originally used to detect discrete neurotoxic damages, TSPO has generally turned into a
biomarker of ‘neuroinflammation’ or ‘microglial activation’ (Notter et al., 2018). The common
human polymorphism analyzed in the current paper - TSPO 156971 (C/T; A/G), leading to a base
substitution from alanine to threonine at position 147 in TSPO’s fifth transmembrane domain -
has been demonstrated to cause differences in affinity of TSPO-binding chemicals used for
diagnostic imaging (Owen et al., 2012; Mizrahi et al., 2012). The minor T(A) allele (Thr
substitution) has been determined to be the low affinity binder. Individuals homozygous for the
minor are often excluded from PET imaging studies as the low binding limits accurate
quantification (Notter et al., 2018). So, in addition to been linked to anxiety-related clinical
conditions, this polymorphism has been used in guiding the development of suitable radioligands

for positron emission tomography. The association between the rs6971 polymorphism and
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mentioned clinical conditions has been explained on the basis of the lower affinity of cholesterol
toward the TSPO in low affinity binders (Berroteran-Infante et al., 2019; Owen et al., 2017).
Here, we extend these results by demonstrating that this variation in the TSPO gene — rs6971 — is
associated with aggressiveness and impulsivity in general population by adulthood.

Some limitations should be considered here, starting with sample size since it is a major
source of both false positive and false negative findings. We also did not apply the correction for
multiple comparisons, since it would put limits to relevant analyses given the fixed sample sizes
of longitudinal studies. Using Illinois Bully scale as a retrospect measure could also be
considered as a limiting factor. All of the questionnaires were self-report instruments and
therefore vulnerable to response bias. Until replicated in other samples, one should remain
cautious about interpretations of the present findings. However, the strengths of the present study
are its longitudinal design, rigorous questionnaire data collection performed in uniform
conditions of the laboratory, and the fact that the sample has a strong representation of regional
population. In addition, the early assessment of adolescent stressful environment can be
considered as a strength, as it minimizes the possible recall bias. In order to validate the current
findings, replication in a larger sample or assessing the genotype frequencies in a sample where
aggressive/impulsive behavior has been problematic (e.g., offenders) is needed.

Aggression developed in response to competition for mates or vital resources and has
been determined to have a very strong genetic component (Clark & Grunstein, 2004). However,
heritability of aggression has been shown to change with time; whilst genetic factors and
common environment were equally important in childhood, heritability became even more
prominent in adulthood (Craig & Halton, 2009). In our longitudinal population-representative

study, we also found the effect of 7SPO rs6971 polymorphism to be fully observable in
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adulthood, namely by early 30s. This is in line with a common genetic maturation hypothesis.
Genetic factors are likely to be associated with cognitive processes (e.g., planning, decision-
making, cognitive control) that are maturing during childhood. These processes are important for
executive functioning, including mechanisms related to aggression (Séguin & Zelazo, 2005).
Decision-making and cognitive control are important for developing strategies of action and thus
be implied in the persistence or desistance of aggression (Paquin et al., 2017). By identifying
genes and brain mechanisms that predispose people to the risk of acting impulsively and being
aggressive — even if the risk is small — we may eventually be able to tailor prevention programs

to those who need them most.

Funding
This work was supported by grants from the European Union's Horizon 2020 research and
innovation programmes under grant agreement n°® 602805 (Aggressotype), n° 667302 (CoCA)

and n° 728018 (Eat2beNICE).

Acknowledgements
I am grateful to our national and international reseach partners, the participants of the ECPBHS

and to the whole ECPBHS Study Team.

Conflicts of Interest

The Author declares that there is no conflict of interest.

Data Availability Statement

16

http://mc.manuscriptcentral.com/gnt

Page 50 of 73



Page 51 of 73

The Journal of Genetic Psychology - Under Review

The data that support the findings of this study are available upon reasonable request from the
corresponding author, MV. The data are not publicly available due to their containing

information that could compromise the privacy of research participants.

5. References

Anholt, R.R., Pedersen, P.L., De Souza, E.B. & Snyder, S.H. (1986). The peripheral-type
benzodiazepine receptor. Localization to the mitochondrial outer membrane. The Journal of

Biological Chemistry, 261(2), 576-583.

Akbari Balootbangan, A., & Talepasand, S. (2015). Validation of the Illinois bullying scale in
primary school students of Semnan, Iran. Journal of Fundamentals of Mental Health, 17(4), 178-

185.

Bevilacqua, L., & Goldman, D. (2013). Genetics of impulsive behaviour. Philosophical
Transactions of the Royal Society B: Biological Sciences, 368(1615), 20120380.

https://doi.org/10.1098/rstb.2012.0380

Berroteran-Infante, N., Tadi¢, M., Hacker, M., Wadsak, W., & Mitterhauser, M. (2019). Binding
Affinity of Some Endogenous and Synthetic TSPO Ligands Regarding the rs6971
Polymorphism. International Journal of Molecular Sciences, 20(3), 563.

https://doi.org/10.3390/ijms20030563

Bonsack, F., & Sukumari-Ramesh, S. (2018). TSPO: an evolutionarily conserved protein with
elusive functions. International Journal of Molecular Sciences, 19(6), E1694.

https://doi.org/10.3390/1jms19061694

17

http://mc.manuscriptcentral.com/gnt



The Journal of Genetic Psychology - Under Review

Book, A., Visser, B.A., Volk, A., Holden, R.R., & D'Agata, M.T. (2019). Ice and fire: Two paths
to provoked aggression. Personality and Individual Differences, 138, 247-251.

https://doi.org/10.1016/j.paid.2018.10.010

Bousardt, A.M.C., Hoogendoorn, A.W., Noorthoorn, E.O., Hummelen, J.W., & Nijman, H.L.I.
(2016). Predicting inpatient aggression by self-reported impulsivity in forensic psychiatric
patients. Criminal Behaviour and Mental Health, 26(3), 161-173.

https://doi.org/10.1002/cbm.1955

Braestrup, C., & Squires, R.F. (1977). Specific benzodiazepine receptors in rat brain
characterized by high-affinity (3H)diazepam binding. Proceedings of the National Academy of

Sciences, 74(9), 3805-3809. https://doi.org/10.1073/pnas.74.9.3805

Buss, A.H., & Perry, M. (1992). The aggression questionnaire. Journal of Personality and Social

Psychology, 63(3), 259-452. https://doi.org/10.1037/0022-3514.63.3.452

Choi, H.B., Khoo, C., Ryu, J.K., Van Breemen, E., Kim, S.U., & McLarnon, J.G. (2002).
Inhibition of lipopolysaccharide-induced cyclooxygenase-2, tumor necrosis factor-o and [Ca2+] 1
responses in human microglia by the peripheral benzodiazepine receptor ligand PK11195.

Journal of Neurochemistry, 83(3), 546-555. https://doi.org/10.1046/5.1471-4159.2002.01122.x

Clark, W.R., & Grunstein, M. (2000). Are We Hardwired? The Role of Genes in Human

Behaviour. New York: Oxford University Press.

Cosenza-Nashat, M., Zhao, M.L., Suh, H.S., Morgan, J., Natividad, R., Morgello, S., & Lee, S.C.
(2009). Expression of the translocator protein of 18 kDa by microglia, macrophages and

astrocytes based on immunohistochemical localization in abnormal human brain.

18

http://mc.manuscriptcentral.com/gnt

Page 52 of 73



Page 53 of 73

The Journal of Genetic Psychology - Under Review

Neuropathology and Applied Neurobiology, 35(3), 306-328. https://doi.org/10.1111/5.1365-

2990.2008.01006.x

Colasanti, A., Owen, D.R., Grozeva, D., Rabiner, E.A., Matthews, P.M., Craddock, N., &
Young, A.H. (2013). Bipolar Disorder is associated with the rs6971 polymorphism in the gene
encoding 18 kDa Translocator Protein (TSPO). Psychoneuroendocrinology, 38(11), 2826-2829.

https://doi.org/10.1016/j.psyneuen.2013.07.007

Costa, B., Pini, S., Gabelloni, P., Da Pozzo, E., Abelli, M., Lari, L., Preve, M., Lucacchini, A.,
Cassano, G.B., & Martini, C. (2009a). The spontaneous Alal47Thr amino acid substitution
within the translocator protein influences pregnenolone production in lymphomonocytes of

healthy individuals. Endocrinology, 150(12), 5438-5445. https://doi.org/10.1210/en.2009-0752

Costa, B., Pini, S., Martini, C., Abelli, M., Gabelloni, P., Landi, S., Muti, M., Gesi, C., Lari, L.,
Cardini, A., Galderisi, S., Mucci, A., Lucacchini, A., & Cassano, G.B. (2009b). Alal147thr
substitution in translocator protein is associated with adult separation anxiety in patients with
depression. Psychiatric Genetics, 19(2), 110-111.

https://doi.org/10.1097/YPG.0b013e3283208016

Craig, .LW., & Halton, K.E. (2009). Genetics of human aggressive behaviour. Human

Genetics, 126(1), 101-113. https://doi.org/10.1007/s00439-009-0695-9

Dickman, S.J. (1990). Functional and dysfunctional impulsivity: personality and cognitive
correlates. Journal of Personality and Social Psychology, 58(1), 95-102.

https://doi.org/10.1037/0022-3514.58.1.95

19

http://mc.manuscriptcentral.com/gnt



The Journal of Genetic Psychology - Under Review Page 54 of 73

Espelage, D.L., & Holt, M. (2001). Bullying and victimization during early adolescence: peer
influences and psychosocial correlates. Journal of Emotional Abuse, 2(2-3), 123—142.

https://doi.org/10.1300/J135v02n02 08

Ferrarese, C., Appollonio, I., Frigo, M., Perego, M., Piolti, R., Trabucchi, M., & Frattola, L.
(1990). Decreased density of benzodiazepine receptors in lymphocytes of anxious patients:

reversal after chronic diazepam treatment. Acta Psychiatria Scandinavica, 82(2), 169-173.

https://doi.org/10.1111/5.1600-0447.1990.tb01376.x

Fite, P.J., Raine, A., Stouthamer-Loeber, M., Loeber, R., & Pardini, D.A. (2010). Reactive and
proactive aggression in adolescent males: Examining differential outcomes 10 years later in early
adulthood. Criminal Justice and Behavior, 37(2), 141-157.

https://doi.org/10.1177/0093854809353051

Garofalo, C., Velotti, P., & Zavattini, G.C. (2018). Emotion regulation and aggression: The
incremental contribution of alexithymia, impulsivity, and emotion dysregulation

facets. Psychology of Violence, 8(4), 470-483. https://doi.org/10.1037/vio0000141

Gavish, M., Laor, N., Bidder, M., Fisher, D., Fonia, O., Muller, U., Reiss, A., Wolmer, L., Karp,
L., & Weizman, R. (1996). Altered platelet peripheral-type benzodiazepine receptor in
posttraumatic stress disorder. Neuropsychopharmacology, 14(3), 181-186.

https://doi.org/10.1016/0893-133X(95)00078-R

Harro, M., Eensoo, D., Kiive, E., Merenékk, L., Alep, J., Oreland, L., & Harro, J. (2001). Platelet
monoamine oxidase in healthy 9- and 15-years old children: the effect of gender, smoking and
puberty. Progress in Neuropsychopharmacology and Biological Psychiatry, 25(8), 1497-1511.

https://doi.org/10.1016/S0278-5846(01)00212-3

20

http://mc.manuscriptcentral.com/gnt



Page 55 of 73

The Journal of Genetic Psychology - Under Review

Johnson, M.R., Marazziti, D., Brawman-Mintzer, O., Emmanuel, N.P., Ware, M.R., Morton,
W.A., Rossi, A., Cassano, G.B., & Lydiard, R.B. (1998) Abnormal peripheral benzodiazepine
receptor density associated with generalized social phobia. Biological Psychiatry, 43(4), 306-

309. https://doi.org/10.1016/S0006-3223(97)00390-9

Junck, L., Olson, J.M., Ciliax, B.J., Koeppe, R.A., Watkins, G.L., Jewett, D.M., McKeever, P.E.,
Wieland, D.M., Kilbourn, M.R., Starosta-Rubinstein, S., & Mancini, W.R. (1989). PET imaging
of human gliomas with ligands for the peripheral benzodiazepine binding site. Annals of

Neurology: Official Journal of the American Neurological Association and the Child Neurology

Society, 26(6), 752-758. https://doi.org/10.1002/ana.410260611

Kiive, E., Laas, K., Vaht, M., Veidebaum, T., & Harro, J. (2017). Stressful life events increase
aggression and alcohol use in young carriers of the GABRA2 rs279826/rs279858 A-allele.
European Neuropsychopharmacology, 27(8), 816-827.

https://doi.org/10.1016/j.euroneuro.2017.02.003

Laas, K., Reif, A., Herterich, S., Eensoo, D., Lesch, K.P., & Harro, J. (2010). The effect of a
functional NOS1 promoter polymorphism on impulsivity is moderated by platelet MAO activity.

Psychopharmacology, 209(3), 255-261. https://doi.org/10.1007/s00213-010-1793-z

Laas, K., Reif, A., Akkermann, K., Kiive, E., Domschke, K., Lesch, K.P., Veidebaum, T., & Harro,
J. (2014). Interaction of the neuropeptide S receptor gene Asnl07Ile variant and environment:
contribution to affective and anxiety disorders, and suicidal behaviour. International Journal of

Neuropsychopharmacology, 17(4), 541-552. https://doi.org/10.1017/S1461145713001478

Laas, K., Reif, A., Akkermann, K., Kiive, E., Domschke, K., Lesch, K.P., Veidebaum, T., & Harro,

J. (2015). Neuropeptide S receptor gene variant and environment: contribution to alcohol use

21

http://mc.manuscriptcentral.com/gnt



The Journal of Genetic Psychology - Under Review Page 56 of 73

disorders and alcohol consumption. Addiction Biology, 20(3), 605-616.

https://doi.org/10.1111/adb.12149

Laas, K., Kiive, E., Méestu, J., Vaht, M., Veidebaum, T., & Harro, J. (2017). Nice guys:
Homozygosity for the TPH2 -703G/T (rs4570625) minor allele promotes low aggressiveness and
low anxiety. Journal of Alffective Disorders, 215, 230-236.

https://doi.org/10.1016/j.jad.2017.03.045

Lacapere, J.J., & Papadopoulos, V. (2003). Peripheral-type benzodiazepine receptor: structure
and function of a cholesterol-binding protein in steroid and bile acid biosynthesis. Steroids, 68(7-

8), 569-585. https://doi.org/10.1016/S0039-128X(03)00101-6

Lee, JJW., Nam, H., & Yu, S.W. (2016). Systematic analysis of translocator protein 18 kDa
(TSPO) ligands on toll-like receptors-mediated pro-inflammatory responses in microglia and

astrocytes. Experimental Neurobiology, 25(5), 262-268.

https://doi.org/10.5607/en.2016.25.5.262

Li, H., & Papadopoulos, V. (1998). Peripheral-type benzodiazepine receptor function in
cholesterol transport: identification of a putative cholesterol recognition/interaction amino acid
sequence and consensus pattern. Endocrinology, 139(12), 4991-4997.

https://doi.org/10.1210/end0.139.12.6390

Liu, J., Lewis, G., & Evans, L. (2013). Understanding aggressive behaviour across the
lifespan. Journal of Psychiatric and Mental Health Nursing, 20(2), 156-168.

https://doi.org/10.1111/5.1365-2850.2012.01902.x

22

http://mc.manuscriptcentral.com/gnt



Page 57 of 73

The Journal of Genetic Psychology - Under Review

Marazziti, D., Dell'Osso, B., Baroni, S., Masala, 1., Di Nasso, E., Giannaccini, G., & Conti, L.
(2005). Decreased density of peripheral benzodiazepine receptors in psychiatric patients after a

suicide attempt. Life Sciences, 77(26), 3268-3275. https://doi.org/10.1016/].1fs.2005.04.031

Marazziti, D., Rotondo, A., Martini, C., Giannaccini, G., Lucacchini, A., Pancioli-Guadagnucci,
M.L., Diamond, B.I., Borison, R., & Cassano, G.B. (1994). Changes in peripheral
benzodiazepine receptors in patients with panic disorder and obsessive-compulsive disorder.

Neuropsychobiology, 29(1), 8-11. https://doi.org/10.1159/000119055

Miczek, K.A., Fish, E:ZW., Joseph, F., & de Almeida, R.M. (2002). Social and neural
determinants of aggressive behavior: pharmacotherapeutic targets at serotonin, dopamine and -
aminobutyric acid systems. Psychopharmacology, 163(3-4), 434-458.

https://doi.org/10.1007/s00213-002-1139-6

Miller, A.H., Haroon, E., & Felger, J.C. (2017). Therapeutic implications of brain-immune
interactions: treatment in translation. Neuropsychopharmacology, 42, 334-359.

https://doi.org/10.1038/npp.2016.167

Mizrahi, R., Rusjan, P.M., Kennedy, J., Pollock, B., Mulsant, B., Suridjan, 1., De Luca, V.,
Wilson, A.A., & Houle, S. (2012). Translocator protein (18 kDa) polymorphism (rs6971)
explains in-vivo brain binding affinity of the PET radioligand [(18)F]-FEPPA. Journal of

Cerebral Blood Flow & Metabolism, 32(6), 968-972. https://doi.org/10.1038/jcbfm.2012.46

Moeller, F.G., Barratt, E.S., Dougherty, D.M., Schmitz, .M., & Swann, A.C. (2001). Psychiatric
aspects of impulsivity. Americal Journal of Psychiatry, 158(11), 1783—1793.

https://doi.org/10.1176/appi.ajp.158.11.1783

23

http://mc.manuscriptcentral.com/gnt



The Journal of Genetic Psychology - Under Review Page 58 of 73

Mondelli, V., Vernon, A.C., Turkheimer, F., Dazzan, P., & Pariante, C.M. (2017). Brain
microglia in psychiatric disorders. Lancet Psychiatry, 4, 563—572. https://doi.org/10.1016/S2215-

0366(17)30101-3

Nakamura, K., Yamada, K., Iwayama, Y., Toyota, T., Furukawa, A., Takimoto, T., Terayama,
H., Iwahashi, K., Takei, N., Minabe, Y., Sekine, Y., Suzuki, K., Iwata, Y., Pillai, A., Nakamoto,
Y., Ikeda, K., Yoshii, M., Fukunishi, I., Yoshikawa, T., & Mori, N. (2006). Evidence that
variation in the peripheral benzodiazepine receptor (PBR) gene influences susceptibility to panic
disorder. American Journal of Medical Genetics Part B: Neuropsychiatric Genetics, 141B(3),

222-226. https://doi.org/10.1002/ajmg.b.30211

Nelson, R.J., & Trainor, B.C. (2007). Neural mechanisms of aggression. Nature Reviews

Neuroscience, 8(7), 536-546. https://doi.org/10.1038/nrn2174

Nestor, P.G. (2002). Mental disorder and violence: Personality dimensions and clinical features.
American Journal of Psychiatry, 159(12), 1973-1978.

https://doi.org/10.1176/appi.ajp.159.12.1973

Neumann, [.D., Veenema, A.H., & Beiderbeck, D.I. (2010). Aggression and anxiety: social
context and neurobiological links. Frontiers in Behavioral Neuroscience, 4, 12.

https://doi.org/10.3389/fnbeh.2010.00012

Nothdurfter, C., Baghai, T.C., Schiile, C., & Rupprecht, R. (2012). Translocator protein (18
kDa)(TSPO) as a therapeutic target for anxiety and neurologic disorders. European Archives of
Psychiatry and Clinical Neuroscience, 262(2), 107-112. https://doi.org/10.1007/s00406-012-

0352-5

24

http://mc.manuscriptcentral.com/gnt



Page 59 of 73 The Journal of Genetic Psychology - Under Review

Notter, T., Coughlin, .M., Sawa, A., & Meyer, U. (2018). Reconceptualization of translocator

protein as a biomarker of neuroinflammation in psychiatry. Molecular Psychiatry, 23(1), 36-47.

Notter T, Schalbetter SM, Clifton NE, Mattei D, Richetto J, Thomas K, Meyer U and Hall J
(2020) Neuronal activity increases translocator protein (TSPO) levels. Molecular Psychiatry

12:1-3. https://doi.org/10.1038/mp.2017.232

Nudmamud, S., Siripurkpong, P., Chindaduangratana, C., Harnyuttanakorn, P., Lotrakul, P.,
Laarbboonsarp, W., Srikiatkhachorn, A., Kotchabhakdi, N., & Casalotti, S.O. (2000). Stress,
anxiety and peripheral benzodiazepine receptor mRNA levels in human lymphocytes. Life

Sciences, 67(18), 2221-2231. https://doi.org/10.1016/S0024-3205(00)00806-7

Owen, D.R., Yeo, A.J., Gunn, R.N., Song, K., Wadsworth, G.C., Lewis, A.E., Rhodes, C.,
Pulford, D.J., Bennacef, 1., Parker, C.A., Stjean, P., Cardon, L.R., Mooser, V.E., Matthews,
P.M., Rabiner, E.A., & Rubio, J.A. (2012). An 18-kDa Translocator Protein (TSPO)
polymorphism explains differences in binding affinity of the PET radioligand PBR28. Journal of

Cerebral Blood Flow & Metabolism, 32(1), 1-5. https://doi.org/10.1038/jcbfm.2011.147

Owen, D.R., Fan, J., Campioli, E., Venugopal, S., Midzak, A., Daly, E., Harlay, A., Issop, L.,
Libri, V., Kalogiannopoulou, D., Oliver, E., Gallego-Colon, E., Colasanti, A., Huson, L.,

Rabiner, E.A., Suppiah, P., Essagian, C., Matthews, P.M., & Papadopoulos, V. (2017). TSPO
mutations in rats and a human polymorphism impair the rate of steroid synthesis. Biochemical

Journal, 474(23), 3985-3999. https://doi.org/10.1042/BCJ20170648

Paaver, M., Nordquist, N., Parik, J., Harro, M., Oreland, L., & Harro, J. (2007) Platelet MAO

activity and the 5-HTT gene promoter polymorphism are associated with impulsivity and

25

http://mc.manuscriptcentral.com/gnt



The Journal of Genetic Psychology - Under Review Page 60 of 73

cognitive style in visual information processing. Psychopharmacology, 194(4), 545-554.

https://doi.org/10.1007/s00213-007-0867-z

Paaver, M., Kurrikoff, T., Nordquist, N., Oreland, L., & Harro, J. (2008). The effect of 5-HTT
gene promoter polymorphism on impulsivity depends on family relations in girls. Progress in
Neuro-Psychopharmacology and Biological Psychiatry, 32(5), 1263-1268.

https://doi.org/10.1016/j.pnpbp.2008.03.021

Papadopoulos, V., Aghazadeh, Y., Fan, J., Campioli, E., Zirkin, B., & Midzak, A. (2015).
Translocator protein-mediated pharmacology of cholesterol transport and steroidogenesis.

Molecular and Cellular Endocrinology, 408, 90-98. https://doi.org/10.1016/j.mce.2015.03.014

Papadopoulos, V., Baraldi, M., Guilarte, T.R., Knudsen, T.B., Lacapére, J.J., Lindemann, P.,
Norenberg, M.D., Nutt, D., Weizman, A., Zhang, M.R., & Gavish, M. (2006). Translocator
protein (18 kDa): new nomenclature for the peripheral-type benzodiazepine receptor based on its

structure and molecular function. Trends in Pharmacological Sciences, 27(8), 402-409.

https://doi.org/10.1016/}.tips.2006.06.005

Papadopoulos, V., Fan, J., & Zirkin, B. (2018). Translocator protein (18 kDa): an update on its
function in steroidogenesis. Journal of Neuroendocrinology, 30(2), €12500.

https://doi.org/10.1111/jne.12500

Pape, K., Tamouza, R., Leboyer, M., & Zipp, F. (2019). Immunoneuropsychiatry—novel
perspectives on brain disorders. Nature Reviews Neurology, 15, 317-328.

https://doi.org/10.1038/s41582-019-0174-4

Paquin, S., Lacourse, E., Brendgen, M., Vitaro, F., Dionne, G., Tremblay, R.E., & Boivin, M.

(2017). Heterogeneity in the development of proactive and reactive aggression in childhood:

26

http://mc.manuscriptcentral.com/gnt



Page 61 of 73

The Journal of Genetic Psychology - Under Review

Common and specific genetic - environmental factors. PLoS One, 12(12), e0188730.

https://doi.org/10.1371/journal.pone.0188730

Patel, J., & Marangos, P.J. (1982). Differential effects of GABA on peripheral and central type
benzodiazepine binding sites in brain. Neuroscience Letters, 30(2), 157-160.

https://doi.org/10.1016/0304-3940(82)90289-0

Patton, J.H., Stanford, M.S., & Barratt, E.S. (1995). Factor structure of the Barratt impulsiveness
scale. Journal of Clinical Psychology, 51(6), 768-774. https://doi.org/10.1002/1097-

4679(199511)51:6<768::AID-JCLP2270510607>3.0.CO;2-1

Pavlov, K.A., Chistiakov, D.A., & Chekhonin, V.P. (2012). Genetic determinants of aggression
and impulsivity in humans. Journal of Applied Genetics, 53(1), 61-82.

https://doi.org/10.1007/s13353-011-0069-6

Pibiri, F., Nelson, M., Carboni, G., & Pinna, G. (2006). Neurosteroids regulate mouse aggression
induced by anabolic androgenic steroids. Neuroreport, 17(14), 1537-1541.

https://doi.org/10.1097/01.wnr.0000234752.03808.b2

Pinna, G., Dong, E., Matsumoto, K., Costa, E., & Guidotti, A. (2003). In socially isolated mice,
the reversal of brain allopregnanolone down-regulation mediates the anti-aggressive action of
fluoxetine. Proceedings of the National Academy of Sciences, 100(4), 2035-2040.

https://doi.org/10.1073/pnas.0337642100

Prossin, A.R., Chandler, M., Ryan, K.A., Saunders, E.F., Kamali, M., Papadopoulos, V., Zollner,
S., Dantzer, R., & Mclnnis, M.G. (2018). Functional TSPO polymorphism predicts variance in
the diurnal cortisol rhythm in bipolar disorder. Psychoneuroendocrinology, 89, 194-202.

https://doi.org/10.1016/j.psyneuen.2018.01.013

27

http://mc.manuscriptcentral.com/gnt



The Journal of Genetic Psychology - Under Review

Richards, J.G., & Mohler, H. (1984). Benzodiazepine receptors. Neuropharmacology, 23(2),

233-242. https://doi.org/10.1016/0028-3908(84)90064-9

Rocca, P., Ravizza, L., Maina, G., Bergamasco, B., & Ferrero, P. (1992). Peripheral-type
benzodiazepine receptors in blood cells of anxious patients. Advances in Biochemical

Psychopharmacology, 47, 229-233.

Schiile, C., Nothdurfter, C., & Rupprecht, R. (2014). The role of allopregnanolone in depression
and anxiety. Progress in Neurobiology, 113, 79-87.

https://doi.org/10.1016/j.pneurobio.2013.09.003

Schoemaker, H., Morelli, M., Deshmukh, P., & Yamamura, H.I. (1982). [3H] R0o5-4864
benzodiazepine binding in the kainate lesioned striatum and Huntington's diseased basal ganglia.

Brain Research, 248(2), 396-401. https://doi.org/10.1016/0006-8993(82)90602-3

Séguin, J., & Zelazo, P. (2005). Executive function in early physical aggression. In: Tremblay
RE, Hartup WW and Archer J (eds) Developmental Origins of Aggression. New York: Guilford,

pp.307-329.

Sheehan, D.V., Lecrubier, Y., Sheehan, K.H., Amorim, P., Janavs, J., Weiller, E., Hergueta, E.,
Baker, T., & Dunbar, G.C. (1998). The Mini International Neuropsychiatric Interview (M.I.N.I.):
the development and validation of a structured diagnostic psychiatric interview for DSM-VI and

ICD-10. The Journal of Clinical Psychiatry, 59, 22-33.

Shlik, J., Aluoja, A., & Kihl, E. (1999). MINI 5.0.0. Mini rahvusvaheline neuropsiihhiaatriline

intervjuu DSM —IV. Estonian version of MINI international neuropsychiatric interview.

28

http://mc.manuscriptcentral.com/gnt

Page 62 of 73



Page 63 of 73

The Journal of Genetic Psychology - Under Review

Soma, K.K., Scotti, M.A., Newman, A.E., Charlier, T.D., & Demas, G.E. (2008). Novel
mechanisms for neuroendocrine regulation of aggression. Frontiers in Neuroendocrinology,

29(4), 476-489. https://doi.org/10.1016/j.yfrne.2007.12.003

Spielberger, C.D., Gorsuch, R.L., Lushene, R., Vagg, P.R., & Jacobs, G.A. (1983). Manual for

the State-Trait Anxiety Inventory. Palo Alto (CA): Consulting Psychology Press.

Tallman, J.F., Thomas, J.W., & Gallager, D.W. (1978). GABAergic modulation of
benzodiazepine binding site sensitivity. Nature, 274(5669), 383-385.

https://doi.org/10.1038/274383a0

Tonnaer, F., Cima, M., & Arntz, A. (2016). Executive (dys)functioning and impulsivity as
possible vulnerability factors for aggression in forensic patients. The Journal of Nervous and

Mental Disease, 204(4), 280-286. https://doi.org/10.1097/NMD.0000000000000485

Veiga, S., Carrero, P., Pernia, O., Azcoitia, 1., & Garcia-Segura, L.M. (2007). Translocator
protein (18 kDa) is involved in the regulation of reactive gliosis. Glia, 55(14), 1426-1436.

https://doi.org/10.1002/glia.20558

http://mc.manuscriptcentral.com/gnt

29



Page 64 of 73

The Journal of Genetic Psychology - Under Review

FIGURE 1:

Fight

Bully

v

N GG, n=267

H AG, n=195

B AA, n=41
Victim

I

m ye) < ~ Q o0 {e] < o~ o

3103s 3jeas Ajjng sioul|||

30

iptcentral.com/gnt

http://mc.manuscr



al of Genetic Psychology - Under Review

Journ

The

Page 65 of 73

FIGURE 2:

7 0%

7777

RGG, n=267 MNAG,n=192 @AA, n=40

x _ |
*
It
[

G

=
8

o 0 W & N O 0 v < N O
111111

2402s aJleuuol}sanp uoissal38y Ariad-ssng

Hostility

Anger

on

Verbal Aggressi

Physical Aggression

31

riptcentral.com/gnt

http://mc.manusc



Page 66 of 73

The Journal of Genetic Psychology - Under Review

FIGURE 3:

o
~

GG, n=264 H AG, n=191 B AA, n=40

A%

o
o

o o o o o
N <t m o~ L]

2103s 3|e3s ssauanis|ndw| 1esseg

0N
!

0

Attentional

FIGURE 4:

25

i

DA

3|eas Aunisindw aandepejey pue aandepy

Disinhibition

Fast decision  Excitement seeking Thoughtlessness

making

32

iptcentral.com/gnt

http://mc.manuscr



Page 67 of 73

FIGURE 5:

0.8

o o o
N i =]

Adaptive and Maladaptive Impulsivity Scale
(Z-scores)
=)
o

The Journal of Genetic Psychology - Under Review

.......GG -_—— AG —.—AA

n=10

SLE=0-2 SLE=3-... SLE=0-2 SLE=3-...

n=30

n=160>""

SLE=0-2

SLE=3-...

Fast decision making (1) Exitement seeking (2) Functional impulsivity (1+2)

http://mc.manuscriptcentral.com/gnt

33



The Journal of Genetic Psychology - Under Review Page 68 of 73

FIGURE CAPTIONS

Fig. 1. The effect of TSPO rs6971 polymorphism on the subscales of the Illinois Bully Scale
(retrospective self-report data). N represents the number of participants in the group. Vertical
bars denote standard deviations. Post hoc: Fisher’s least significant difference (LSD). Significant

differences between groups (nominal p values): **p < 0.01.

Fig. 2. The effect of TSPO rs6971 polymorphism on the subscales of the Buss Perry Aggression
Questionnaire at age 33. N represents the number of participants in the group. Vertical bars
denote standard deviations. Post hoc: Fisher’s least significant difference (LSD). Significant

differences between groups (nominal p values): **p < 0.01, & p=0.077, #p = 0.079.

Fig. 3. The effect of TSPO rs6971 polymorphism on the subscales of the Barratt Impulsiveness
Scale at age 33. N represents the number of participants in the group. Vertical bars denote
standard deviations. Post hoc: Fisher’s least significant difference (LSD). Significant differences

between groups (nominal p values): *p < 0.05, & p=0.069.

Fig. 4. The effect of TSPO rs6971 polymorphism on the subscales of the Adaptive and
Maladaptive Impulsivity Scale at age 33. N represents the number of participants in the group.
Vertical bars denote standard deviations. Post hoc: Fisher’s least significant difference (LSD).

Significant differences between groups (nominal p values): *p < 0.05.

Fig. 5. The effect of TSPO rs6971 polymorphism in interaction with stressful life events (SLE)
on the functional impulsivity subscales (Z-scores) of the Adaptive and Maladaptive Impulsivity
Scale at age 33. N represents the number of participants in the group. Post hoc: Fisher’s least
significant difference (LSD). Significant differences between AA and AG genotype groups

(nominal p values): *p <0.05, § p=0.054, # p = 0.08, & p = 0.082.
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