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Abstract

Over the past two decades, research has revealed that genetic factors shape the propensity for
aggressive, antisocial, and violent behavior. The best-documented gene implicated in aggression is
MAOA (Monoamine oxidase A), which encodes the key enzyme for the degradation of serotonin
and catecholamines. Congenital MAOA deficiency, as well as low-activity MAOA variants, has
been associated with a higher risk for antisocial behavior (ASB) and violence, particularly in
males with a history of child maltreatment. Indeed, the interplay between low MAOA genetic
variants and early-life adversity is the best-documented gene x environment (G x E) interaction in
the pathophysiology of aggression and ASB. Additional evidence indicates that low MAOA
activity in the brain is strongly associated with a higher propensity for aggression; furthermore,
MAOA inhibition may be one of the primary mechanisms whereby prenatal smoke exposure
increases the risk of ASB. Complementary to these lines of evidence, mouse models of Maoa
deficiency and G x E interactions exhibit striking similarities with clinical phenotypes, proving to
be valuable tools to investigate the neurobiological mechanisms underlying antisocial and
aggressive behavior. Here, we provide a comprehensive overview of the current state of the
knowledge on the involvement of MAOA in aggression, as defined by preclinical and clinical
evidence. In particular, we show how the convergence of human and animal research is proving
helpful to our understanding of how MAOA influences antisocial and violent behavior and how it
may assist in the development of preventative and therapeutic strategies for aggressive
manifestations.

Corresponding authors: Nathan Kolla, MD PhD, Centre for Addiction and Mental Health, 250 College Street, Room 626, Toronto,
ON, Canada, M5T 1R8, nathan.kolla@camh.ca; Marco Bortolato, MD PhD, Dept. of Pharmacology and Toxicology, College of
Pharmacy, University of Utah, L.S. Skaggs Hall, Room 3916, 30 S 2000 E, Salt Lake City, UT 84112, USA,
marco.bortolato@utah.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kolla and Bortolato Page 2

Keywords

Monoamine oxidase A; aggression; violence; antisocial personality disorder; psychopathy; animal
models

1. Introduction

Aggression is a multifaceted set of behaviors directed at inflicting harm on another organism
for offensive or defensive purposes. In most animals, the key evolutionary goal of this
function is to improve the probability of self-preservation and reproduction (Huber and
Brennan, 2011). By the same token, human aggression is also regarded as an adaptive
response, aimed at enhancing social status (particularly in the context of hierarchical
organizations), increasing access to sexual mates and resources, and enabling defensive
reactions against attackers (Buss and Shackelford, 1997; Archer, 2009). The spectrum of
acceptable aggressive manifestations in our species, however, is limited by social and
cultural norms. Considering the complex gamut of motivations underlying aggression,
classifications aimed at distinguishing different subtypes can be particularly useful to frame
biological and evolutionary variants of this behavioral response and operationalize distinct
psychological profiles of aggressive individuals.

The heuristic that has gained the most traction in the classification of aggression dissects it
into two dissociable forms: reactive and proactive (Dodge and Coie, 1987; Anderson and
Bushman, 2002; Wrangham, 2018). Reactive aggression refers to the manifestation of
impulsive, volatile hostility occurring in retaliation to provocation or perceived threat.
Conversely, proactive aggression involves instrumental, premeditated aggression, typically
aimed at obtaining personal gains. Although these types of aggression diverge by
developmental origins and neurobiological mechanisms (Vitaro et al., 2006), they are often
tightly correlated in the same individuals (Polman et al., 2007). While both constructs are
physiological expressions of different adaptive mechanisms, they are regarded as
pathological whenever they are disproportionate to the eliciting stimulus and deviate from
social norms and cultural practices. Accordingly, pathological reactive and proactive
aggression are often conducive to (or at least associated with) embroilment in illicit and
criminal activities, and negatively impact the interpersonal functioning of both perpetrators
and victims. There has been a recent proliferation of neuroimaging studies — mainly
functional magnetic resonance imaging (fMRI) investigations — exploring the putative neural
underpinnings of reactive and proactive aggression (for a synoptic view, see Table 1).

Reactive aggression is generally associated with a hypoactive prefrontal cortex (PFC) and
hyperactive limbic regions, including the amygdala and striatum, in response to negative
social stimuli, such as provocation, social exclusion, and angry facial expressions (Sterzer et
al., 2005; Coccaro et al., 2007; Marsh et al., 2011; Motzkin et al., 2011; Fanning et al., 2017;
Coccaro et al., 2018a). Although much less neuroimaging research has targeted the neural
correlates of proactive aggression, this subtype has been associated with increased grey
matter density in the dorsomedial PFC, reduced grey matter density in the posterior
cingulate cortex, and increased functional connectivity between the left precuneus and the
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PFC (zZhu et al., 2019). Although these results point to very distinct neurobiological
signatures of these two constructs, reactive and proactive elements often coexist even within
the same aggressive manifestation. Thus, several authors have proposed more refined
taxonomies that encompass complementary dimensions, such as the modality, quality, and
immediacy of the aggressive act (Anderson and Carnagey, 2004; Bushman and Huesmann,
2010; Krahé, 2013).

Over the past few years, further advances in our understanding of aggression have arisen
from the Research Domain Criteria (RDoC) initiative (Cuthbert and Insel, 2013). This
research framework focuses on transdiagnostic approaches, as well as biological knowledge
of risk factors, to gain insight on different dimensions of psychopathology. Originally,
aggression was proposed to be one of the three core constructs in the Negative Valence
System (NVS) domain of the RDoC matrix; however, the NVS Workgroup viewed reactive
aggression as highly heterogeneous and proposed its further classification into two distinct
categories:

. Frustrative non-reward, elicited by the inability to obtain a reward despite
sustained efforts. This type of reactive aggression is currently defined as one of
the five main constructs of the NVS domain.

. Defensive aggression, aimed at terminating a real or perceived threat; this type of
reactive aggression is partially encompassed by the Response to Acute Threat
Construct of the NVS domain.

Even this further classification, however, may prove inadequate to capture the
phenomenological complexity of reactive aggression. For example, it has been proposed that
aggression propensity may reflect a dysfunctional interplay between the NVS and Cognitive
System RDoC domains, indicating a deterioration of inhibitory cognitive control during
exposure to threatening stimuli (Merona and Bresin, 2015).

The NVS Workgroup also recommended that NV S-related aggression constructs should be
disentangled from offensive/proactive aggression, described as instrumental for the
acquisition of resources, social status, and dominant roles, and thus more suitable for
inclusion in the Social Processes Domain of the RDoC. Recent work has advocated for the
demarcation of appetitive aggression as a new subtype of proactive aggression based on
predatory and reward-based mechanisms (Elbert et al., 2010). Appetitive aggression is
driven by the pleasure of attacking and hunting someone down, or even by the smell of
blood (Weierstall and Elbert, 2011) and is very common among combatants and gang
members (Hecker et al., 2012; Weierstall et al., 2013). In particular, some authors have
pointed to the possibility that the inherent pleasure associated with appetitive aggression
may lead to a form of behavioral addiction (Golden and Shaham, 2018). This argument
appears to support the inclusion of this type of proactive aggression in alternative RDoC
rubrics, such as the Reward Responsiveness Construct of the Positive Valence System
Domain. At the time of this writing (April 2020), however, no specific classification exists
for proactive aggression in the RDoC.

An alternative classification for aggression concerns the distinction between physiological
and pathological manifestations. Whereas physiological aggression is adaptive, its
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pathological counterpart is manifested in a fashion either inappropriate or disproportionate
to socio-cultural norms and typically entails acts of violence and delinquency. The first
systematic attempt to include these behaviors in psychiatric nosography classification came
with the first version of the Diagnostic and Statistical Manual of Mental Disorders (DSM).
In it, the term sociopathic personality disorderwas coined to designate a psychopathological
condition characterized by aberrant social behavior and lack of conformity with acceptable
standards of conduct (APA, 1952). This nomenclature was, in turn, based on the construct of
sociopathy that had been popularized by George Everett Partridge (Partridge, 1930). From
the DSM-111 onward, however, this category was renamed as antisocial personality disorder
(ASPD), and defined as a chronic, pervasive pattern of disregard for (and violation of) the
rights of others, as well as manifestation of aggression and violence and a high propensity to
engage in criminal activities (APA, 1980). While ASPD is framed as a disorder of
adulthood, it is typically preceded by analogous manifestations in adolescence and
childhood, the overarching diagnosis for which is conduct disorder. Approximately 2—-7% of
the adult population meets diagnostic criteria for lifetime ASPD (Kessler et al., 1994;
Swanson et al., 1994; Grant et al., 2004; Compton et al., 2005; Coid et al., 2009), and the
disorder is 3—7 times more common in males than females (Robins, 1987; Grant et al., 2004;
Hamdi and lacono, 2014). It is worth noting that approximately half of all ASPD patients
possess a record of criminal offending, and 85% have a history of violent behavior toward
others (Robins and Regier, 1991; Samuels et al., 2004). ASPD is particularly associated with
high rates of violence against children, intimate partners, and strangers (Coid et al., 2006).

One taxonomic classification that is relevant to the developmental trajectory of ASPD posits
that there are two main subgroups of antisocial behavior (ASB): life-course-persistent (LCP)
and adolescent-limited (AL) (Moffitt, 1993). The LCP group comprises individuals whose
onset of ASB occurs in childhood and persists into adulthood. The LCP designation would,
therefore, capture many individuals with ASPD and some with psychopathy who follow this
developmental trajectory (Skilling et al., 2002). By contrast, the AL group includes
individuals whose onset of ASB occurs in adolescence and desists before adulthood. By
definition, this group would exclude individuals with ASPD and likely psychopathy. AL
ASB has been likened to an amplified expression of normal adolescent behavior that stems
from social factors, whereas developmental expression of LCP is influenced by genetic
predisposition and neuropsychological risk factors, which are aggravated by adverse
childhood familial environments (Mofftt, 1993; Moffitt, 2003). In agreement with the strong
biological influence postulated for LCP, recent studies have shown that, in contrast with non-
antisocial and AL subjects, LCP individuals show a marked thinning and reduction of the
frontotemporal cortices (Carlisi et al., 2020).

The current version of the DSM (DSM-5) specifies that ASPD features impairments in
personality, self-functioning, and interpersonal functioning, with specific symptoms of
antagonism and disinhibition (APA, 2013). Although ASB is not limited to aggressive
manifestations, both reactive and proactive aggression are common symptoms of ASPD
(Nouvion et al., 2007; Lobbestael et al., 2013). Of these two constructs, reactive aggression
is more commonly observed in ASPD, often motivated by hostile attribution bias
(Lobbestael et al., 2013) and associated with paranoid personality traits (Lobbestael et al.,
2015) and trait neuroticism (Miller and Lynam, 2001). However, it should be noted that
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manifestations of exclusively reactive pathological aggression are currently classified as
Iintermittent-explosive disorder (IED). This entity, which typically presents with regular,
uncontrollable bouts of rage and anger, has been traditionally regarded as mutually exclusive
with ASPD; however, recent surveys have shown that 21.9% IED patients exhibit ASPD
comorbidity (Coccaro et al., 2018b), potentially indicating broad neurobiological
commonalities.

The definitions of sociopathy and ASPD are sometimes mistakenly used interchangeably
with the term psychopathy, which refers to a condition characterized by behavioral deviancy,
lack of empathy, and callous-unemotional traits (Hare, 2003). While ASB is one of the
domains of psychopathy, this construct is also characterized by profound deficits in
interpersonal, affective, and lifestyle dimensions (Neumann et al., 2005). Only a subset of
ASPD patients fulfill diagnostic criteria for psychopathy (Meyer, 1994; Ogloff, 2006);
accordingly, the prevalence rates of ASPD and psychopathy among male incarcerated
subjects are estimated at 50% and 15%, respectively (Hare, 1998; Singleton, 1998; Hare et
al., 2000; Fazel and Danesh, 2002). It is worth noting that psychopathic traits in ASPD are
associated with proactive aggression (Kolla et al., 2013), suggesting that this behavior may
serve as an index of ASPD/psychopathy comorbidity.

The Psychopathy Checklist-Revised (PCL-R) (Hare, 2003) is a common tool used to
conceptualize the construct of psychopathy. Although the PCL-R total score is thought to be
a satisfactory index of overall psychopathy, PCL-R items demonstrate a replicable two-
factor structure (Harpur et al., 1988). Factor one (F1) encompasses interpersonal and
affective traits of psychopathy, while Factor 2 (F2) indexes impulsive and antisocial
behaviors characteristic of the disorder. It has been demonstrated that the application of the
two PCL-R factors in tandem as opposed to PCL-R total scores can better predict the use of
reactive aggression mediated by negative emotionality. These associations occur, because the
unique variance in F1 is weakly negatively related to measures of anger-hostility, whereas
the unique variance in F2 strongly predicts these measures (Hicks and Patrick, 2006). Such
findings illustrate the presence of mutual suppression, which occurs when two correlated
predictors exhibit opposing relations with a specific criterion, such that the inclusion of both
predictors concurrently in a regression model increases the correlation of each with the
criterion (Blonigen et al., 2010). Although mutual suppression is a relatively uncommon
phenomenon in psychopathology research (Loney et al., 2003), the covariance between
Factor 1 and Factor 2 scores may cause associations with impulsivity to be overlooked due
to suppressor effects (Snowden and Gray, 2011). Finally, in a community sample of adults
who participated in a fMRI experiment (Hyde et al., 2014), negative emotionality and
amygdala reactivity did not exhibit zero-order relationships with unidimensional measures
of psychopathy or ASPD on their own but only after adjusting for the overlapping variance
in APD and psychopathy. That is, after adjustment, higher psychopathy scores were related
to lower negative emotionality and lower amygdala activity. In comparison, greater ASPD
scores were associated with higher negative emotionality and greater amygdala reactivity.
Taken together, these results suggest that reactive aggression encompassed by negative
emotionality may present divergent neural signatures and operate differently in ASPD and
psychopathy.
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This background shows that, although classifications of aggression based on
phenomenological and clinical parameters have broad empirical support, they fall short of
the necessary degree of detail to elucidate the complexity of its neurobiological basis. An
interesting alternative approach may be afforded by the analysis of the genes implicated in
aggression. Ample research has shown that aggression has a robust genetic underpinning
(Craig and Halton, 2009; Anholt and Mackay, 2012; Veroude et al., 2016; Waltes et al.,
2016) and that aggressive ASB is highly heritable (/2= 0.60) (Eley et al., 2003). While
research implicates many genes in aggression (Zhang-James et al., 2019), the best-
characterized of them is MAOA, which encodes the protein monoamine oxidase A (MAOA).
This enzyme catalyzes the degradation of several monoamine neurotransmitters implicated
in the regulation of aggression, including serotonin (5-hydroxytryptamine; 5-HT) and the
catecholamines norepinephrine and dopamine (Bortolato et al., 2008). Strikingly, in a recent
cross-species analysis of eight aggression gene lists (encompassing 1767 genes) from adult
and children genome-wide association studies (GWASS), transcriptome-wide studies of
rodent models, as well as sets from Online Mendelian Inheritance in Man (OMIM) and
knockout (KO) mice revealed that MAOA ranked highest by number of occurrences and
weighted ranks for aggression (Zhang-James et al., 2019). Furthermore, brain-imaging
studies validated that MAOA activity in most brain regions is negatively correlated with the
multidimensional personality questionnaire (MPQ) score of trait aggression (Alia-Klein et
al., 2008). These data highlight the unique importance of MAOA in the neurobiology of
aggression in humans and animals. The following sections summarize the available evidence
of the role of MAQOA in these interrelated constructs and underscore how the convergence of
findings from neuroimaging studies and animal models is helping elucidate the
neurobiological mechanisms of these conditions.

2. Molecular characteristics and brain localization of MAOA

2.1 Structure and function of the enzyme MAOA

The enzyme MAOA (EC:1.4.3.4) is bound to the outer mitochondrial membrane via a
transmembrane segment of 22 amino acids (aa) in its C-terminus (Bach et al., 1988; Hsu et
al., 1988; Son et al.,2008) and features a flavin adenine dinucleotide (FAD) covalently
bound to a cysteine residue by an 8a-(S cysteinyl)-riboflavin linkage (Igaue et al., 1967;
Kearney et al., 1971; Oreland, 1971; Walker et al., 1971). As mentioned above, MAOA
catalyzes the oxidative deamination of several monoamine neurotransmitters - including 5-
HT and the catecholamines norepinephrine and dopamine (Bortolato et al., 2008) — into
aldehydes (Fig. 1), with the synthesis of ammonia and hydrogen peroxide as by-products.

MAOA shares a high degree of similarity with its isoenzyme Monoamine oxidase B
(MAOB). While both enzymes have similar length (human MAOA: 527 aa; human MAOB:
520 aa) and weight (~60 KDa), they have a rather different profile of substrate affinity.
MAOA has a much higher affinity for 5-HT and norepinephrine, while MAOB is particularly
selective for trace amine substrates such as p-phenylethylamine (PEA). In humans, the two
isoenzymes have similar affinities for dopamine and tyramine (Bortolato et al., 2008).
MAOB, but not MAOA, has also been shown to participate in the catabolism of histamine by
catalyzing the oxidative degradation of its metabolite N-methylhistamine (Maintz and
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Novak, 2007). Finally, MAOB has also been recently implicated in the catabolism of the
diamine putrescine, resulting in the synthesis of y-aminobutyric acid (GABA) (Yoon et al.,
2014).

Even with these differences, studies in KO mice have shown some overlap between the
catalytic functions of the two isoenzymes; indeed, the deletion of both Maoa and Maob leads
to a much greater accumulation of 5-HT and other substrates than the functional loss of each
isoenzyme alone (Chen et al., 2004). It should be noted, however, that the catalytic activity
of MAOA and MAOB in rodents may not entirely reflect the mechanisms observed in
primates. For example, the metabolism of dopamine is primarily served by MAOA in
rodents under basal conditions (Hovevey-Sion et al., 1989; Paterson et al., 1991; Fornai et
al., 1999); conversely, the contribution of MAOB to dopamine degradation is much more
significant in primates, at least in the cortex (Paterson et al., 1995). Conversely, the catabolic
action on 5-HT and norepinephrine are equivalent between rodents and humans.

Crystallographic analyses have been instrumental in helping to decode the structure of
human MAOA (De Colibus et al., 2005; Son et al., 2008) and MAOB (Binda et al., 2003).
These studies show that the substrate specificity of MAOA is primarily contributed by a
flexible loop between aa 108 and 118, which controls substrate access and is stabilized by
the anchoring of the enzyme in the mitochondrial membrane (Son et al., 2008).

Although the details of the catalytic process of MAOA remain partially unclear (Gaweska
and Fitzpatrick, 2011), several proposed mechanisms posit that the oxidation of monoamines
may occur in three fundamental steps: i) the oxidation of amine into a corresponding imine,
which is accompanied by the reduction of FAD into FADHSy; ii) a hydrolytic step, in which
the imine is converted into an aldehyde with the formation of ammonia; and iii) an oxidative
reaction, in which FADH, is re-oxidized to FAD with the formation of hydrogen peroxide
(Gaweska and Fitzpatrick, 2011). The order of these steps within the catalytic cycle can vary
depending on the specific binding of the substrate to the oxidized and reduced form of the
enzyme (Ramsay et al., 2011). In the central nervous system, the aldehyde product of the
MAOA reaction is typically converted into the corresponding carboxylic acid by an NAD*-
dependent aldehyde dehydrogenase (ALDH) (Fig. 1). For instance, MAOA degrades 5-HT
into 5-hydroxy-3-indole acetaldehyde (5-HIAL), which is then rapidly converted into 5-
hydroxy-3-indoleacetic acid (5-HIAA). Conversely, the other two main neurotransmitters
metabolized by MAOA, norepinephrine, and dopamine, are oxidized into 3,4-dihydroxy
phenylacetaldehyde (DOPAL) and 3,4-dihydroxy phenyl glycolaldehyde (DOPGAL),
respectively. These aldehydes are then further converted into 3,4-dihydroxymandelic acid
(DOMA) and 3,4-dihydroxyphenylacetic acid (DOPAC) by ALDH (Fig. 1). In contrast with
this mechanism, small quotas of the aldehyde are further reduced to the corresponding
alcohols or glycols by aldehyde reductase or alcohol dehydrogenase. This mechanism
transforms 5-HIAL, DOPAL, and DOPGAL into 5-hydroxy indole ethanol (5-HIET), 3,4-
dihydroxy phenyl ethanol (DOPET), and 3,4-dihydroxy phenylethylene glycol (DOPEG),
respectively. Plasma levels of DOPEG are particularly regarded as sensitive indices of
MAOA activity (Sunderland et al., 1985).
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2.2 Genetic and epigenetic regulation of MAOA

In humans, the MAOA gene is located on the X chromosome (Xp11.23) in a position
adjacent to MAOB (Ozelius et al., 1988; Lan et al., 1989). The two genes share similar
exon-intron organization, with 15 exons and ~70% sequence identity (Grimsby et al., 1991);
furthermore, in both genes, the FAD-binding site is located on exon 12, which is highly
conserved, with 93.9% identity (Grimsby et al., 1991). Based on this high homology, the two
MAO paralogues are regarded as the result of a tandem duplication of the same ancestor
gene (Grimsby et al., 1991). Indeed, only one MAO has been documented in protochordates
(YYamamoto and Vernier, 2011) and teleost fish (Chen et al., 1994; Anichtchik et al., 2006),
with functional properties overlapping with both mammal MAOA and MAOB (Arslan and
Edmondson, 2010). On the other hand, the presence of two MAO enzymes has been
acknowledged in anuran amphibians (Nicotra and Senatori, 1988), suggesting that the
duplication of the MAO progenitor gene occurred during the transition from fish to
amphibians. Notably, available genome data from the > 200 animal species listed in the
Gene NCBI database indicate that the MAOA gene is X-linked in eutherian mammals, but
not in other subdivisions of tetrapods (including reptiles, birds, monotremes, and
marsupials).

The activity of MAOA is directly controlled by a critical region of its promoter, located
between —71 and —40 bp, whose deletion reduces activity by 64-83% in different human cell
lines (Gupta et al., 2015). Several transcription factors bind to this region, including Sp1
(specificity protein 1) (Zhu et al., 1994), GATA2, and TBP (Gupta et al., 2015). These
factors act synergistically to enhance MAOA expression. Notably, MAOA protein levels
were found to be reduced by antibody-based inactivation of these three factors or markedly
increased by their ectopic expression (Gupta et al., 2015). Sp1 function is also potentiated by
the male-specific factor SRY (sex regulatory gene on chromosome Y) (Wu et al., 2009), and
its binding site interacts with androgens (Ou et al., 2006), pointing to a sex-dimorphic
regulation of MAOA expression. The action of Spl on MAOA transcription is also tightly
controlled by a repressor molecule, R1 (RAM2/CDCA7L/JPO2), which competes with Spl
for the same binding site (Chen et al., 2005).

Another key mechanism of regulation of MAOQOA is afforded by epigenetic mechanisms.
Brain MAQOA activity in humans is strongly associated with the methylation status of the
CpG island (CGI)_1060 within the MAOA promoter, which includes 14 CpG sites (Shumay
et al., 2012). These studies are in line with /n vitro findings, which documented a negative
correlation between MAOA promoter methylation and MAOA expression (Checknita et al.,
2015; Schiele et al., 2018). Methylation mechanisms are also responsible for the regulation
of a newly discovered MAQOA-associated long non-coding RNA (MAALIN), which
suppresses MAOA expression in the brain (Labonté et al., 2020).

2.3 Neuroanatomical localization of MAOA

The brain-regional distribution of MAOA has been analyzed in humans and animals using
multiple methodological approaches. The available data on brain MAOA density /n vivo
have been obtained through neuroimaging techniques, such as positron emission
tomography (PET) and single-photon emission computed tomography (SPECT) using radio-
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ligated MAOA specific inhibitors. The three main PET radiotracers available for MAOA are
the irreversible inhibitor [1C]clorgyline (MacGregor et al., 1985; Fowler et al., 2007), and
the two reversible blockers [11C]harmine (Bergstrém et al., 1997; Ginovart et al., 2006), and
[11C]befloxatone (Dollé et al., 2003; Bottlaender et al., 2010). The two last radiotracers are
uniquely suited to quantify brain MAOA levels, because they are reversible, highly selective
for the MAOA isoenzyme, and bind with high affinity to the substrate cavity of MAOA (Son
et al., 2008). However, of the two reversible radioligands, only [1C]harmine has been used
in human studies to date. SPECT analyses of brain MAOA have ony been performed in
rodents, and they used [*2°1]iodoclorgyline (Ohmomo et al., 1991; Hirata et al., 1995). In
these neuroimaging studies, MAOA binding is used as a proxy for its expression, since the
density and metabolic activity of MAOA are highly correlated (Saura et al., 1992). Studies
on post-mortem brain samples showed that MAOA protein levels (measured by
immunoblotting) are strongly correlated with PET data using both radio-ligated clorgyline
(R=0.82) and harmine (R=0.86) (Tong et al., 2013). These studies revealed that, in adults,
there is a high concentration of MAOA in the cerebral cortex, particularly in the medial
frontal and cingulate regions; among the subcortical areas, high concentrations are found in
the hippocampal uncus, medial pulvinar of the thalamus and hypothalamus; and very low
levels are present in the striatum and globus pallidus. The lowest expression was found in
the cerebellar cortex and white matter (Tong et al., 2013).

Most available public repositories (including the Allen Brain Atlas and the Human Protein
Atlas) indicate that the highest expression of MAOA transcript is in the brainstem
monoaminergic nuclei, including the substantia nigra and ventral tegmental area (VTA,;
dopaminergic), locus coeruleus (norepinephrinergic) and raphe nuclei (serotonergic), as well
as in the nuclei of cranial nerves. The expression of MAQOA is also highly abundant in the
hypothalamus, followed by the amygdala, habenula, and nucleus accumbens. MAOA
distribution is relatively high throughout the cortex (with particularly high levels in the PFC
and anterior cingulate cortex) and moderate in the hippocampus. Lower levels are
encountered in the thalamus, spinal cord, pituitary gland, and cerebellum. These data are in
essential agreement with the neuroanatomical distribution of MAOA in rodents, as shown by
in situ hybridization and radioligand binding (Saura et al., 1992; Jahng et al., 1997).

3. Polymorphisms of human MAOA gene

3.1 Tandem repeats

The MAOA gene exhibits several minisatellite polymorphisms, which have been associated
with a broad array of behavioral effects. The best-known MAOA tandem repeat
polymorphism is a 30bp functional upstream variable-number tandem repeat (UWNTR) in
the promoter region, at position —1142 to —1262 relative to the ATG translation initiation
codon of the gene (Genbank sequence: M89636; Zhu et al., 1992). Several alleles have been
documented, containing 2, 3, 3.5, 4, 5, or 6 copies of a 30-bp sequence (Sabol et al., 1998;
Huang et al., 2004). A rare 1-repeat (1R) variant has also been recently described in the Iraqi
population (Al-Tayie and Ali, 2018). The 30 bp-sequence (ACCGGCACCG
GCACCAGTAC CCGCACCAGT) features five repetitions of the 6-nucleotide motif
ACCVGY (Sabol et al., 1998; Huang et al., 2004). Each of these sequences is consistently
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followed by a motif of 15 bp (ACCGGCACCG GCACC) corresponding to the first half of
the repeat; this sequence was not initially included in the first nomenclature of the alleles
(Sabol et al., 1998). Some authors have advocated for the use of a more rigorous
classification factoring for this adjustment; based on this alternative convention, for
example, the 4-repeat (4R) variant has been sometimes named 4.5R, and so on (Jorm et al.,
2000; Das et al., 2006; Im et al., 2019). The two most frequent alleles harbor 3 (3R) and four
repeats (4R). The frequency of the 3R variant is estimated to be 51-59% in African
Americans and 33-37% in Caucasians, based on the most extensive studies on MAOA
(Sabol et al., 1998; Beaver et al., 2013; Haberstick et al., 2014). Conversely, the 4R allele is
found in 36-43% of African Americans and 60-65% of Caucasians. Frequency data on other
ethnicities, such as Asians, non-white Hispanics, and Pacific Islanders, are still unclear, as
most estimates of these populations have been based on small cohorts to date. For example,
several studies have shown that the frequency of MAOA 3R and 4R variants in Han Chinese
in Taiwan (conducted on analyses with up to ~200 control subjects for each study) have
shown a predominance of the 3R variant (54-62%) over the 4R allele (37-44%) (Lu et al.,
2002; Huang et al., 2007). However, other reports from Taiwan and the People’s Republic of
China have not confirmed this predominance (Lin et al., 2008; Wang et al., 2018),
suggesting that more extensive studies are needed to verify the distribution of MAOA
genotypes in this ethnic group. All other variants are infrequent in the general population;
for example, the 2-repeat (2R) variant has been documented in ~5% of African Americans
(and in 0.1% of Caucasians) (Beaver et al., 2013; Haberstick et al., 2014). Conversely, the
3.5-repeat (3.5R) allele is found in ~1.5% Caucasians, and 0.01% African Americans
(Haberstick et al., 2014).

In vitro data have consistently shown that the 2R and 3R variants (MAQOA-L) are associated
with lower transcriptional efficiency (Sabol et al., 1998; Deckert et al., 1999; Denney et al.,
1999; Jonsson et al., 2000). Conversely, 3.5R and 4R variants are associated with higher
transcriptional activity (MAOA-H). Accordingly, MAOA-H alleles have shown a
relationship with higher CSF concentrations of the 5-HT and catecholamine metabolites 5-
HIAA and homovanillic acid (HVA) (Williams et al., 2003; Zalsman et al., 2005),
respectively. The transcriptional efficiency of the other variants is less clear. For example,
the 5-repeat (5R) variant has been inconsistently associated with either high (Deckert et al.,
1999; Beach et al., 2010) or low activity (Sabol et al., 1998). No activity data are currently
available for the 1R variant, which has only been documented in the Iragi population to date
(Al-Tayie and Ali, 2018).

In contrast with in vitro data, post-mortem and brain-imaging studies have shown that
MAOA activity is not significantly higher in the brain of adult MAOA-H carriers
(Balciuniene et al., 2002; Cirulli and Goldstein, 2007; Fowler et al., 2007). Indeed, no
relationship was found between uVNTR genotypes and the levels of MAOA activity in the
brain, as measured using [*1C]clorgyline (Fowler et al., 2007). While this discrepancy may
appear puzzling, the lack of correspondence between activity and genotype in adults likely
reflects the influence of other functional MAOA polymorphisms (see below) and the life-
long impact of other environmental factors (including stress exposure, aging, and smoking)
on the gene transcription and enzyme activity. In support of this hypothesis, one epigenetic
study reported that methylation of CpG sites in the core MAOA promoter (obtained from a
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peripheral blood sample) predicted brain MAOA levels (Shumay et al., 2012). From this
perspective, the correspondence between genotype and enzyme activity may likely be much
tighter during prenatal and early postnatal developmental stages. Future studies will be
needed to verify whether MAOA genotypes can predict MAOA activity /n utero and during
childhood, the life stages where genetic variants most arguably impact brain circuitry
development and behavioral ontogeny the most.

In addition to the uVNTR polymorphism, a second, distal VNTR (dVNTR) has been
identified at approximately 500 bp upstream of the uVNTR. This polymorphism is
comprised of two types of 10-bp decamer motifs (decamer A: CCCCTCCCCG and decamer
B: CTCCTCCCCG, respectively) (Philibert et al., 2011). Five different dVNTR variants
have been described, featuring 8, 9, 10, 11, and 12 repeats (Philibert et al., 2011). The 9R
and 10R alleles are the most frequent, with the latter showing lower transcriptional
efficiency. Because of a significant linkage disequilibrium between dVNTR and uVNTR
loci, some haplotype combinations are more common. For example, the 4R uVNTR allele is
almost always co-segregated with the 9R dVNTR variant (Manca et al., 2018), while the 3R
UVNTR has been found in association with 9,10, or 11R uVNTR alleles (for a full table of
the observed dVNTR/uVNTR frequencies, see Manca et al., 2018). Strikingly, the dVNTR
alleles may exert an even greater role than the uWVNTR on MAQOA expression; experiments /in
vitro have revealed that MAOA mRNA levels are significantly reduced by dVNTR, but not
UVNTR, deletion (Manca et al., 2018). Future studies should ascertain whether the lack of
alignment between MAOA activity data and uVNTR alleles may be accounted for by the
differential influence of dVNTR alleles.

A third VNTR has been described in intron 1 of the MAOA gene, featuring 6, 7, 8, 9, or 10
copies of a 23-bp repeat (GAACTGTGTT TATATATATA TAT). The two most frequent
alleles contain either eight (63.1%) or seven copies (33.5%) (Hinds et al., 1992). Finally, a
long dinucleotide (CA)n repeat microsatellite has been described in intron 2 (Black et al.,
1991). The functional significance of these polymorphisms, however, remains unknown.
Considering the widespread diffusion of VNTRs in the human genome (Né&slund et al.,
2005), it is likely that MAOA activity may also be controlled by as of yet uncovered tandem-
repeat polymorphisms. Determining how MAOA expression is regulated by the interaction
of these polymorphisms remains a key research objective to gain a firmer understanding of
the transcriptional regulation of MAOA.

3.2 Single nucleotide polymorphisms (SNPs)

Around 20 SNPs of the MAOA gene have been identified and analyzed for functional
properties. To date, the dbSNP repository data on MAOA report 14,922 unique
polymorphisms (not accounting for alternative nomenclatures of the same polymorphism).
Approximately 92.7% of polymorphisms are intronic, while 7.3% are located within coding
sequences (Table 2). Of the 37 SNPs that have been targeted by published studies (Table 3),
very few have been associated with a functional role in the regulation of MAOA expression.
The two main functional SNPs characterized to date, rs6323 and rs1137070, were initially
identified as two synonymous polymorphisms that could be teased out based on the activity
of the FnuHI and EcoRV restriction endonucleases, respectively (Hotamisligil and
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Breakefield, 1991). This approach showed that the guanine (G) allele of rs6323 encodes an
enzyme with higher activity than the thymine (T) variant; similarly, the thymine (T) variant
of rs1137070 is associated with higher activity than that of the cytosine (C) allele
(Hotamisligil and Breakefield, 1991). It should be noted, however, that these results are at
odds with the findings of a study on gout patients, which documented a marginal trend for
greater MAQ activity in specimens from C-allele carriers as compared with T-harboring
counterparts (Tu et al., 2010).

4. The role of MAOA in aggression and ASB: human genetic evidence

4.1 Brunner syndrome

The first finding that documented the involvement of MAOA in antisocial and aggressive
behavior came with the description of Brunner syndrome, an X-linked recessive syndrome
characterized by a nonsense mutation of the MAOA gene (rs72554632). All affected males
in a Dutch pedigree demonstrated disruptive, violent outbursts that manifested in attempted
murder, rape, and arson (Brunner et al., 1993a; Brunner et al., 1993b). These behavioral
derangements were accompanied by a dramatic reduction in 5-HT and catecholamine urine
metabolites. Recent studies, however, have shown that Brunner syndrome features a cohort
of symptoms that is much more complex than what was initially described. For example, the
few cases of infants with this diagnosis exhibit developmental cognitive disabilities and
behavioral changes associated with the autism spectrum (Piton et al., 2014; Bortolato et al.,
2018). Recent studies have begun investigating the neurobiological mechanisms underlying
Brunner syndrome, using neurons derived from proband pluripotent stem cells. These
investigations have revealed a marked increase in N-methyl-D-aspartate (NMDA) glutamate
subunits NR2A and NR2B, strikingly akin to the changes identified in Maoa KO mice (see
below) (Shi et al., 2019).

4.2 Direct effects of MAOA polymorphisms on aggression, violence, psychopathy, and

ASB

Several studies have documented that, in male adolescents and adults, the MAOA-L alleles
of the uVNTR polymorphism are inherently associated with a greater propensity for ASB,
psychopathy, and, particularly, criminal violence (Buckholtz and Meyer-Lindenberg, 2008;
Guo et al., 2008; Williams et al., 2009; Beaver et al., 2010; Beaver, 2013; Beaver et al.,
2014; Ficks and Waldman, 2014; Stetler et al., 2014; Tiihonen et al., 2015). Several of these
studies have focused on the rare 2R variant, which is strongly associated with a high
proclivity to engage in violent delinquency (Guo et al., 2008). These results were confirmed
in a larger analysis of 2574 subjects from the National Longitudinal Study of Adolescent
Health (NLSAH) (Beaver et al., 2013). Notably, the increased risk for violent behavior in 2R
carriers may reflect the extremely low levels of enzyme activity associated with this variant
(estimated to be about half of 3R) (Guo et al., 2008). Together with the evidence on the
highly violent behavior in Brunner syndrome patients, these results suggest that the
proclivity for violence in adulthood may inversely reflect the levels of MAOA activity in
early developmental stages. Further studies, possibly through measurements of plasma
DOPEG and MHPG in youth, are warranted to validate this possibility.
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Aside from the specific relevance of 2R alleles in aggression and ASB, a few studies have
focused on the relevance of MAOA-L variants in violent crime. In an initial study, Beaver
and colleagues examined data from a subset of the NLSAH (1155 females and 1041 males).
They concluded that, in males, these alleles conferred an increased risk for joining a gang
and, once becoming a member, using weapons during a fight. The idea that MAOA-L may
specifically predispose for violent crime was borne out by subsequent investigations in
prisoners. In a study on 89 male convicts in a large Kansas correctional facility, violent
crime was found to be highly associated with the MAOA-L genotype, irrespective of any
other psychological variable. This association reached full significance in Caucasian
subjects, while it was only marginally significant in African Americans (p= 0.08) (Stetler et
al., 2014). The association between MAOA-L variants and violent crime was later replicated
in a GWAS conducted in 749 Finnish violent offenders and the general Finnish population
(Tiihonen et al., 2015). The offender sample was composed of non-violent offenders (7=
215), violent offenders implicated in at least one violent crime (7= 538), and extremely
violent offenders who had committed ten or more violent crimes (/7= 84). Offenders who
had committed only sexual crimes and psychotic individuals were excluded from the
analysis. Results revealed that the MAOA-L genotype was related to violent offending in the
criminal cohort (odds ratio [OR)] of 1.71. Intriguingly, the association between MAOA-L
and violence was most robust for the extremely violent offenders (OR = 2.66). No
relationship was detected between MAOA alleles and non-violent offenders, implying that
the observed effect was specific for violent offending. Substance abuse or a diagnosis of
ASPD did not alter the findings. Risks were the same for males and females and were not
modified by a history of childhood abuse. Although the MAOA tandem repeat was related to
violence in this study, none of the other MAOA SNPs proved predictive.

Other studies have found a main effect of MAOA-L alleles on variables related to
psychopathy, violence, and ASB. One of the first studies to investigate the relationship
between MAOA-L and antisocial outcomes found that individuals with ASPD and alcohol
use disorders (AUDs) had an increased frequency of the MAOA-L genetic variant in the
ASPD+AUD group compared to ASPD without AUD and healthy controls (Samochowiec et
al., 1999). These results suggest that the MAOA-L allele may have been related to the
presence of an AUD versus ASPD. However, subsequent studies reported that the MAOCA-L
variant was more common in males with ASPD+AUD than in males with AUD and a
depressive-anxious personality disorder, further suggesting that ASPD was driving the
association with MAOA-L (Schmidt et al., 2000). Furthermore, although some studies have
shown a positive association between MAOA-L variants and alcoholism (Guindalini et al.,
2005; Contini et al., 2006), this link has not been confirmed by subsequent research (Lu et
al., 2002; Koller et al., 2003; Mokrovic et al., 2008; Samochoviec et al., 2015). In a study on
237 males, the severity of antisocial and psychopathic traits was found to be higher in
MAOA-L carriers (Sadeh et al., 2013). Similarly, in a larger study on 4278 Finnish
individuals, MAOA-L homozygous female carriers exhibited slightly higher levels of
psychopathy than their MAOA-H counterparts (Hollerbach et al., 2018). One investigation
genotyped 453 individuals for the MAQOA variant, excluded persons with self-reported
childhood maltreatment, and analyzed the relationship between MAOA genetic variants and
ASPD traits in the remaining sample (Reti et al., 2011). Among Caucasians with no history
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of childhood abuse, ASPD trait scores were higher in MAOA-L versus MAOA-H carriers.
Subjects with MAOA-L variants also exhibited increased anger/hostility, lower
agreeableness, and scored higher on measures indicative of psychopathy. Important to note,
however, is that not all investigations have reported a main effect of MAOA uVNTR variants
on ASPD or psychopathic outcomes. One of the most extensive studies to date (/7= 4,316)
failed to detect any main effects of MAOA uVNTR variants on ASBs (Haberstick et al.,
2014). Finally, some investigations implicate MAOA-H variants in aggression. For example,
the 4R MAOA genotype has been linked to violent recidivism in psychopathic offenders
(Tikkanen et al., 2011).

It is worth mentioning that, while this evidence powerfully underscores that MAOA-L
variants are a key predisposing factor for aggressive and ASB in adolescents and adults, they
do not appear to confer an inherent vulnerability for disruptive and aggressive behavior in
boys. Strikingly, the available evidence suggests that these outcomes have a stronger
association with the MAOA-H rather than the MAOA-L genotype. For example, in an initial
study on 50 boys (mean age: 9 years), high aggressive behavior (based on parent and teacher
reports) was associated with a greater frequency of 4R alleles (Beichtman et al., 2004).
Consistent with this finding, MAOA-H variants were associated with a slight — yet
significant — increase in global mental health problems and ASB in 7-year-old boys (Kim-
Cohen et al., 2006). A plausible explanation for this discrepancy may lie in the higher
association of MAOA-H alleles and (ADHD) (Kim-Cohen et al., 2006), which is, in turn, a
key comorbidity with disruptive behavior in childhood (August et al., 1996).

Very few investigations have addressed the role of other MAOA polymorphisms in the
control of aggression and related functions. In a study of suicidal individuals, the SNPs
rs6323, rs909525, and rs2064070 were associated with outward-expressed anger in male
suicidal patients (Antypa et al., 2013). The polymorphism rs1465108 was associated with
greater negative urgency, resulting in heightened aggression (Chester et al., 2015). The
polymorphism rs6609257, located 6.6 kb downstream of the MAOA gene, impacts the link
between working memory and aggressive behavior and is associated with altered brain
activity in a network of frontal, parietal and occipital cortex (Ziermans et al., 2012). Finally,
the polymorphism rs2235186 has been linked to variations in anger control, aggression, and
empathy (Yan et al., 2012; Atramentova and Luchko, 2016).

4.3 Interactive effects of MAOA polymorphisms and environmental factors on aggression

and ASB

Behavioral phenotypes are increasingly identified as arising from the complex interplay
between gene expression and environmental influences. Perhaps the most studied G x E
relationship associated with aggression and ASB occurs between the MAOA-L allele and
childhood maltreatment. In 2002, Avshalom Caspi, Terrie Moffitt, and colleagues were the
first to study this G x E interaction in 442 males from the Dunedin Multidisciplinary Health
and Development Study, a population cohort of 1037 subjects born in New Zealand between
April 1972 and March 1973 (Poulton et al., 2015). Some of these individuals had very well-
characterized histories of environmental adversity, which had been assessed longitudinally
with periodic assessments from the age of 3 years, and antisocial outcomes / criminal
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histories, obtained via police records and interviews with the subjects as well as familiar
individuals. The main result of the study was that male carriers of the MAOA-L genotype
who had been maltreated were found to display an increased risk of engaging in ASB than
their maltreated peers who possessed the MAOA-H variant (Caspi et al., 2002). Over the
past 18 years, this seminal finding has been substantially replicated by many independent
groups (Foley et al., 2004; Huang et al., 2004; Widom and Brustowicz, 2006; Weder et al.,
2009; Beach et al., 2010; Derringer et al., 2010; Edwards et al., 2010; Aslund et al., 2011;
Fergusson et al., 2011; Cicchetti et al., 2012; Fergusson et al., 2012; Choe et al., 2014;
Gorodetzky et al., 2014; Zhang et al., 2016). Nevertheless, three independent meta-analyses
to this date (Kim-Cohen et al., 2006; Taylor and Kim-Cohen, 2007; Byrd and Manuck,
2014) have validated the existence of this G x E interaction and detected an effect size of
approximately 0.18. For a comprehensive presentation on the literature on these studies, the
interested reader is referred to Byrd and Manuck, 2014, Ficks and Waldman, 2014, and
Nilsson et al., 2018.

One of the first confirmations came from a study with 514 boys (aged between 8 and 17
years) in the Virginia Twin Study for Adolescent Behavioral Development; in this cohort,
the interaction between MAOA-L alleles and childhood adversity (defined as the exposure to
interparental violence, parental neglect, and inconsistent discipline) was found to
significantly increase the risk for conduct disorder (Foley et al., 2004). In a subsequent study
involving 766 adults (663 psychiatric outpatients with a mood disorder and 103 non-affected
controls), this G x E interaction was found to predict aggression in both sexes, as well as
impulsivity in men only (Huang et al., 2004). These results are partially at odds with the
findings of another study on a combined population of 235 adult psychiatric patients and
healthy volunteers, in which the interaction between MAOA-L alleles and the exposure to
early-life traumatic events was found to increase the risk of physical violence only in men,
but not in women (Frazzetto et al., 2007).

To further investigate the potential mechanisms of this G x E interaction, several studies
have focused on experimental paradigms aimed at testing the reactivity of MAOA-L carriers
to specific environmental stressors in a laboratory setting. This research has confirmed that
MAOA-L male carriers show higher levels of experimental aggression (as tested by standard
paradigms, such as the hot sauce task, the Taylor aggression paradigm, and the point-
subtraction aggression paradigm) in response to provocation and social exclusion
(McDermott et al., 2009; Gallardo-Pujol et al., 2013; Kuepper et al., 2013). While these data
suggest that the aggression associated with this G x E interaction may be primarily reactive,
it is worth noting that other studies appear to indicate that this biosocial interplay may also
be relevant to aspects of proactive aggression in ASB. For example, a few studies have
shown that the interaction of MAOA-L alleles and early life stress increases the risk for
fraudulent behavior (Beaver and Holtfreter, 2009). More generally, emerging criminological
evidence shows that, while MAOA-L has a direct association with serious criminal activity
(as highlighted in the previous section), its interaction with a history of abuse enhances the
risk for delinquent behavior and less serious crime (Armstrong et al., 2014). Similarly,
Roettger and colleagues (2016) showed that while the 2R uVNTR allele is associated with
criminal violence in males, these effects are buffered by a close relationship between the
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proband and father. An interaction between the MAOA-L genotype and peer delinquency
has also been reported to increase the risk of ASB in males (Cooke et al., 2018).

Several studies have also examined the temporal trajectory of the G x E interaction from
childhood onwards. Enoch and colleagues (2010) documented that, in a cohort of 6129 4- to
7-year-old children, boys and girls harboring MAOA-L variants with a history of stress
exposure during their infancy exhibited greater hyperactivity and behavioral disinhibition.
Furthermore, a longitudinal study with 1265 males confirmed that the interplay between
MAOA-L haplotype and a history of childhood adversity led to conduct problems and
hostility in puberty (Fergusson et al., 2011). Another longitudinal analysis confirmed that a
history of childhood maltreatment and the MAOA-L genetic variant predicted lifetime
symptoms of ASPD and revealed that childhood adversity predicted adult depressive
symptoms in carriers of MAOA-H alleles (Beach et al., 2010), suggesting that different
MAOA variants may be critical to defining the long-term psychopathological sequelae of
early-life stress. Some insight into the psychological mechanisms by which this G x E
interaction may occur has been provided by Galan and coworkers (2017), who reported that
MAOA interacts with punitive parenting during childhood to increase the risk of ASB,
plausibly through problems in social information processing. Specifically, boys with
MAOA-L alleles experiencing punitive discipline at age 1.5 years showed an increase in
aggressive responses to perceived threat at age ten years. This observation provides support
for the concept that MAOA-L genotypes may increase hostile attribution bias in early
developmental stages, thereby impairing social information processing and enhancing the
risk of aggressive responses.

In addition to the research on the interaction between MAOA uVNTR alleles and child
maltreatment, a few studies have recently focused on the hypothesis that these genetic
variants may also interact with prenatal and perinatal stress. These analyses have shown that
infants carrying MAOA-L alleles and exposed to prenatal stress exhibited greater negative
emotionality (Hill et al., 2013). Interestingly, a recent study conducted on 95 mother-child
dyads verified that exposure to Superstorm Sandy during pregnancy was associated with a
reduction in placental MAOA activity (Pehme et al., 2018), suggesting that prenatal
exposure to adversity may synergize with the effects of MAOA genotype to cause a more
profound deficit in enzyme activity (leading to greater neurochemical imbalances). However,
another recent study identified that, in males, MAOA-H, rather than MAOA-L variants
might interact with early-life stress to predispose to disruptive behavior at five years of age
(Massey et al., 2017).

Although these confirmations strongly support the existence of a G x E interaction between
MAOA-L and early adversity, several studies have failed to confirm it (Huizinga et al., 2006;
Prichard et al., 2008; Kieling et al., 2013; Lavigne et al., 2013; Haberstick et al., 2014; Kiive
etal., 2014; Smeijers et al., 2020). These discrepancies may partially reflect the influence of
several confounding factors:

Race—Several investigations have denoted that the effects of this G x E interaction may be
race-specific. In a study of 600 subjects with a documented history of abuse and neglect
before 12 years of age and who were followed up into adulthood, the interaction between
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MAOA-L variants and child maltreatment was confirmed to increase the risk for violent and
ASB only in Caucasians, but not in subjects of other ethnic groups (Widom and Brustowicz,
2006). Similar racial differences were found by Reti and colleagues (2011). These disparities
may be due to both genetic and environmental factors. As noted above, the frequency of
MAOA-L and MAOA-H variants is significantly different across different ethnic groups.
Furthermore, racial differences have been shown for other biological variables that may play
a role in aggression, including testosterone and other sex hormones (Richard et al., 2014).
Racial differences are also observed in the risk of child maltreatment, mostly due to
disparities in socioeconomic status (SES) (Lefebvre et al., 2017; Kim and Drake, 2018).
Indeed, the fourth National Incidence Study revealed that the risk of abuse and neglect was
approximately 5.8 times for children raised in families with low SES (Sedlak et al., 2010).
Finally, studying racial differences in antisocial conduct may be complicated by the criteria
used to operationalize violence, given racial inequalities in the criminal justice systems of
the United States and other ethnically diverse countries (Rehavi and Starr, 2014; da Silva
and Oliveira Lima, 2016).

Sex—Research on the UWVNTR polymorphism and ASB has predominantly targeted male
populations for several reasons. First, as mentioned above, male sex is a key risk factor for
external aggression, ASPD, psychopathy, and violence. Second, at a molecular level, there
are differences in MAOA allele pairings that make comparisons of genotypes between sexes
more difficult. For instance, females are either homozygous or heterozygous for the MAOA
UVNTR allele; conversely, males are hemizygous at the same genetic locus. Furthermore, X-
inactivation may occur in females, although some research indicates that the MAOA gene
may escape X-inactivation (Benjamin et al., 2000; Carrel and Willard, 2005). Even with
these limitations, a few studies have been conducted on how the interaction of MAOA
UVNTR variants and environmental factors leads to the development of ASB in females.
Some data suggest that MAOA-L variants are associated with conduct-disordered behavior
in women. For example, one investigation of Native American females found that the
MAOA-L genotype was more common among individuals with ASB and AUD (Ducci et al.,
2008). Furthermore, MAOA-L homozygous women who had a history of childhood sexual
abuse were more likely to display ASPD and AUD symptoms. This interaction was only
reported in women who had experienced childhood sexual abuse. In contrast to these
findings, other studies have shown that, in MAOA-H female carriers, early adversity is
significantly associated with conduct problems and ASB (Sj6berg et al., 2007; Prom-
Wormley et al., 2009; Aslund et al., 2011; McGrath et al., 2012; Ruisch et al., 2019) as well
as externalizing behaviors (Kinnally et al., 2009; Beach et al., 2010; Aslund et al., 2011;
McGrath et al., 2012; Verhoeven et al., 2012). In their meta-analysis, Byrd and Manuck
(2014) showed that, although no clear effect for a G x E interaction was found in females,
homozygous MAOA-H female carriers exhibited stronger effects of child maltreatment,
pointing to a possible sex-dimorphism of these interplays. The sex dimorphism of MAOA is
in keeping with rich evidence on its gene x sex interactions (for a full discussion of this
topic, please see Godar and Bortolato, 2014). Multiple mechanisms appear to participate in
this interplay, including a different role of testosterone in the transcription of the MAOA
gene. In line with this idea, it has been reported that higher CSF testosterone levels are
linked to increased unspecified aggression only in males with the MAOA-L variant (Sj6berg
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et al., 2008). Furthermore, it should be mentioned that the administration of testosterone
increases risk-taking responses in MAOA-L carriers (Wagels et al,, 2017). These data
suggest that the influence of the MAOA-L genotype may vary depending on androgen
levels.

Epistatic interactions with other genes and epigenetic factors—Another key
element to account for different results across multiple studies is the possibility that epistatic
interactions with other genes may be critical to sharpen the long-term impact of child
maltreatment on ASB risk. For example, the interaction between MAOA-H, 5-HTTLPR-SS,
and a history of sexual abuse has been found to predispose Han Chinese to a greater
propensity for aggression (Zhang et al., 2017). Adolescent males with the MAOA-L
genotype who were homozygous for the 10R allele of the dopamine transporter 1 (DATI)
gene and who had experienced poor maternal parenting evinced less self-control and
engaged in more criminal behavior (Watts and McNulty, 2016).

Other epistatic interactions have been reported in a large cohort of Swedish high-school
students, including four-way interactions encompassing the brain-derived neurotrophic
factor Val66Met genotype (Nilsson et al., 2014). Another key factor that may modify the
interaction between stress and MAOA polymaorphic variants is the epigenetic impact of other
environmental variables on the MAOA promoter. Hypermethylation of the MAOA promoter
has been reported among incarcerated offenders with ASPD (Checknita et al., 2015). These
findings suggest that epigenetic modifications of the MAOA promoter region may fortify the
association of MAOA-L genotypes and aggression. Indeed, in a small outpatient sample of
adolescents misusing substances, maltreated males with the 3R MAOA genetic variant and
high exonic methylation had the highest level of aggressive behavior, controlling for
substance misuse, tobacco use, and psychotropic medication use (Checknita et al., 2020). At
the same time, however, hypermethylation of MAOA may reduce the protective effect of
MAOA-H alleles against the impact of early-life trauma.

While most research has linked the MAOA-L variant to the development of ASB with or
without a history of childhood maltreatment, some investigations (typically based on smaller
samples) have also shown a relationship between the MAOA-H alleles and antisocial and
aggressive behavior. These studies have pointed to an association of the MAOA-H genetic
variant with aggression among boys and adult men (Manuck et al., 2000; Brownlie et al.,
2004). Additionally, an investigation of 174 male, Finnish violent offenders with an AUD
(36% had a diagnosis of ASPD) reported that the MAOA-H genetic variant was related to
violent recidivism within eight years of follow-up among individuals with a history of
childhood maltreatment. No such relationship was discerned for offenders with the MAOA-
L genetic variant (Tikkanen et al., 2010). Lastly, in a sample of 119 adolescent women, the
MAOA-H genotype was related to increased risk for criminal behavior among those who
reported active psychosocial stressors (Sjéberg et al., 2007). The divergence in findings
between the effects of MAOA-L and MAOA-HuVNTR alleles could reflect different
mechanisms underlying antisocial and aggressive behavior. For example, MRI research has
shown that the MAOA-L genotype is associated with hyperactivity of the amygdala and
hypoactivity of PFC regulatory regions, which may increase vulnerability for reactive
aggression and hypervigilance to perceived threats (Meyer-Lindenberg et al., 2006). On the
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other hand, the MAOA-H genotype has been linked to psychopathic traits such as
callousness and insensitivity, which may moderate the effects of childhood maltreatment
(Pickles et al., 2013; Silva et al., 2014). Some studies (Kolla et al., 2014), but not all (Kolla
et al., 2018), have also shown a connection between the MAOA-H genetic variant and
proactive aggression. This association may be mediated by the level of psychopathic traits
present (Kolla et al., 2018), as participants from different studies varied in the severity of
psychopathic traits. These theoretical models remain speculative yet propose that different
types of aggression in ASPD may be regulated by other MAOA uVNTR variants, with the
MAOA-L allele being more common in ASPD with reactive aggression.

4.4. MAOA inhibition as a mechanism for ASB associated with prenatal smoking

exposure

In addition to early-life maltreatment, another critical environmental factor for the
predisposition to ASB, delinquency, and recidivism, independently of potential confounders
and cultural factors, is prenatal exposure to tobacco (Wakschlag et al., 1997; Brennan et al.,
1999; Fergusson, 1999; Weissman et al., 1999; Rasanen et al., 1999; Gibson and Tibbetts,
2000; Wakschlag and Keenan, 2001; Wakschlag et al., 2002; Cornelius and Day, 2009).

The odds of developing ASB are 1.5-4 times greater in individuals exposed to tobacco
(Wakschlag et al., 2002). Several components of tobacco smoke, including 2,3,6-
trimethyl-1,4-naphthoquinone and adducts of 1,2,3,4-tetrahydroisoquinoline, have been
shown to inhibit MAOs (Castagnoli et al., 2002; Sari and Khalil, 2015). The p-carboline
alkaloids harman and nonharman also inhibit MAOA, even though they may account for no
more than 10% of the total effects of tobacco smoking on this enzyme (Truman et al., 2017).
PET studies have confirmed that MAOA activity in the brain is reduced in tobacco smokers
(Fowler et al., 1996), supporting the inference that fetal brain MAOA inhibition may be a
mechanism whereby prenatal tobacco exposure confers a higher propensity for conduct
disorder (Baler et al., 2008). Notably, Wakschlag et al. (2010) reported that, in males,
MAOA-L variants interact with prenatal tobacco exposure to increase the risk of antisocial
symptoms, as measured by a face-processing task.

5. The role of MAOA in aggression: human neuroimaging studies

Only a few investigations have investigated the role of MAOA in aggression and ASB. Here
we present the current evidence obtained via PET and RI studies on this issue.

5.1 PET studies on MAOA activity and aggression

PET is a non-invasive neuroimaging technique that provides a window into the
neurochemistry of the living human brain, including individuals with ASPD (Kolla and
Houle, 2019).

Initial PET studies of MAOA focused on the relationship between trait anger and aggression
in healthy participants (Alia-Klein et al., 2008; Soliman et al., 2011). These investigations
converged in their findings of an inverse association between trait anger and aggression and
lower MAOA binding. That is, individuals higher on personality measures of aggression and
angry/hostility had lower MAOA binding in cortical and subcortical structures. Remarkably,
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Alia-Klein and colleagues (2008) reported that brain MAOA levels explained more than
30% of the variability in trait aggression. Consistent with the animal literature and healthy
participant PET studies cited above, we similarly found that MAOA density measured using
[11C]harmine PET was lower in the orbitofrontal cortex (OFC) and ventral striatum (VS) of
ASPD with high psychopathic traits and aggression compared with the control group (Kolla
et al., 2015). Additionally, MAOA binding in the VS was negatively correlated with
measures of impulsivity. Not only do these results emphasize the importance of the MAOA
KO as critical to understanding the pathophysiology and ASPD and aggression, but they also
suggest that MAOA may be a feasible target for therapeutics or preventative strategies.

Other PET studies have analyzed the impact of MAOA genotypes on neurotransmitter
functions. In a study with the Dy/D3 ligand ([*8F]DMFP), MAOA-L carriers, contrary to
predictions, showed lower dopamine release and decreases in aggression after watching a
violent movie, potentially indicating a role of MAOA uVNTR genotypes in the regulation of
dopamine release in response to violent stimuli (Schliter et al., 2016).

5.2 Structural MRI (sMRI)

One of the first studies of an antisocial population (Romero-Rebollar et al., 2015) used
voxel-based morphometry (VBM) to examine the association of MAOA gene-environment
interactions with regional changes in brain structure. The experimental group (7 = 25) did
not undergo diagnostic interviews but were selected based on high psychopathic traits and
other measures of aggression. Twenty-eight males scoring low on all instruments comprised
the comparison group. All participants were genotyped for the uWNTR polymorphism.
Although no differences in grey matter volumes were detected between high and low
psychopathic groups or by differing MAOA uVNTR genotypes, a G x E interaction
emerged, such that MAOA-L carriers with greater aggression demonstrated grey matter
reductions in the right superior temporal pole. The authors proposed that their results were
consistent with other neuroimaging studies reporting abnormal connections between this
region and other brain areas commonly implicated in ASPD, such as the amygdala or OFC.
Other VBM studies have similarly reported a reduction of temporal pole grey matter volume
in ASPD (Kolla et al., 2013).

A subsequent investigation (Kolla et al., 2017) analyzed the relationship between the
amygdala surface area and OFC thickness with MAOA uVNTR alleles in a well-
characterized sample of ASPD males and healthy controls. Compared with healthy MAOA-
L carriers, ASPD subjects who possessed the MAOA-L genotype displayed decreased
surface area of the right basolateral nucleus of the amygdala (BLA) and increased surface
area of the right anterior cortical amygdaloid nucleus. Interestingly, these structural changes
were also associated with enhanced psychopathic traits. Since 5-HT is a neuromodulator of
amygdala BLA function (Cheng et al., 1998) and is also a substrate of MAOA, it was
surmised that genetic influences altering serotonergic neurotransmission during development
could affect the structure of the BLA, which is also required for intact fear conditioning
(Campeau and Davis, 1995) — a process that is often impaired in psychopathy.
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5.3 Functional MAOA Neuroimaging Studies of Aggression and ASPD

As mentioned above, MAOA-L carriers have been shown to exhibit abnormalities in cortico-
amygdaloid connectivity (Meyer-Lindenberg et al., 2006). Male carriers of these alleles
display an increased volume of the orbitofrontal cortex (OFC), as well as diminished PFC
activity during inhibitory control tasks and heightened limbic responsiveness to emotional
arousal (Meyer-Lindenberg et al., 2006; Buckholtz et al., 2008; Nymberg et al., 2013). These
individuals also exhibit a marked enhancement of PFC activation in response to social
provocation or rejection, or negative facial affect (Eisenberger et al., 2007; Lee and Ham,
2008; Denson et al., 2014), supporting the idea that MAQOA in the PFC exerts a key role in
evaluating the emotional salience of socio-affective cues and enacting adaptive responses.
The disruption of this function may increase the sensitivity to early-life adversities and
promote a negative socio-cognitive bias (Buckholtz et al., 2008; Dorfman et al., 2014). As
mentioned in the introduction, alterations in the connectivity between the PFC and amygdala
are a hallmark feature of reactive aggression, IED, and ASPD (Ongur and Price, 2000; Best
et al., 2002; Ghashghaei and Barbas, 2002; Machado and Bachevalier, 2006; Coccaro et al.,
2007; New et al., 2009; Coccaro et al., 2011; Rosell and Siever, 2015; De Cunha-Bang et al.,
2017).

The effects of MAOA genotypes on the connectivity between PFC and amygdala may be
age-dependent, possibly in relation to the degree of functional maturation of the cortex
across different developmental stages. Indeed, the activation of the left amygdala in MAOA-
L carriers in response to rejection words was observed in young adults (aged 23-28 years).
In comparison, adolescents (14-16 years) with the same variants had a lower response to the
same type of stimuli when compared with MAOA-H counterparts (Sebastian et al., 2010).

An early investigation (Williams et al., 2009) examined event-related potentials (ERPS) in
relation to MAOA uVNTR variants among a community sample of 210 males and females.
Subjects also completed the Five-Factor Inventory Antisocial Index (FFI-Al), a scale derived
from the Revised NEO Personality Inventory (Costa and McCrae, 1992) that assesses the
level of antisocial traits. A main effect of genotype on FFI-Al results was observed with
MAOA-L carriers achieving higher scores. The investigation also included a facial emotion
perceptual task, where the processing of anger in male MAOA-L carriers showed activation
in medial frontal, parietal, and superior temporo-occipital regions; in MAOA-L females,
effects were limited to the superior temporo-occipital area. Results suggested that the
MAOA-L genotype may confer vulnerability for ASB through alteration of neural signals
relevant to threat-related emotional cues. Again, caution is warranted in extrapolating these
results to clinical populations.

Recent research has highlighted differences that neural networks supporting trait aggression
may depend on MAOA gene alleles. For example, healthy males with the MAOA-L
genotype showed stronger functional connections between the ventromedial PFC and trait
aggression in regions of the default mode network, such as the right angular gyrus, posterior
cingulate cortex, and dorsomedial PFC and lower correlations in bilateral supramarginal
gyrus. Disengagement of the ventromedial PFC from the default mode network in MAOA-L
genotype males may, therefore, be associated with lower trait aggression (Klasen et al.,
2018).
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The association (Kolla et al., 2018) of resting-state functional connectivity (FC) with MAOA
UVNTR genotypes was investigated in a sample of ASPD males and healthy controls. ASPD
participants in possession of the MAOA-L genotype endorsed greater proactive aggression
than MAOA-H carriers with ASPD. However, proactive aggression among ASPD MAOA-L
subjects was positively correlated with ventral striatum FC to the angular gyrus and
negatively correlated with FC to the precuneus. These data provide support for the premise
that neural endophenotypes underlying aggressive behavior may differ between MAOA-L
and MAOA-H genotypes.

A handful of fMRI investigations have analyzed the association between MAOA uVNTR
genotypes, neural activation patterns, and trait or behavioral aggression. Results have not
been consistent, perhaps because studies have used different fMRI paradigms or scanning
sequences. For example, one study of 125 healthy subjects from a high-risk cohort reported
an association between amygdala activation and reactive aggression in response to an
emotional task among MAOA-H females but not males of either MAOA genotype. In a
different investigation, the combined amygdala and thalamic response to a visual linguistic
anger task explained most of the variance in anger reactivity among healthy individuals with
the MAOA-L genotype (Alia-Klein et al., 2009). Finally, in a sample of ASPD violent
offenders, inferior ventral striatum-precuneus activity, measured during resting state, was
negatively associated with trait proactive aggression among males with the MAOA-L variant
(Kolla et al., 2018). Future fMRI-genetic studies of MAOA uVNTR variants could benefit
from the study of additional populations with pathological aggression that employ well-
validated paradigms eliciting aggressive behavior.

The effects of the interaction of MAOA genotype and early-life adversity have been
analyzed in one study on 125 healthy adults from a high-risk community sample (Holz et al.,
2016). The results of this study showed that, during an emotional face-matching task, the
degree of activation of the amygdala and hippocampus increased in relation to levels of
childhood stress in male MAOA-L carriers and decreased in MAOA-H counterparts. These
effects were shown to be sex-dimorphic, with MAOA-H female carriers showing an
increased response in those regions as a function of their history of childhood stress (Holz et
al., 2016). The same authors found that sex x genotype x stress interaction also influenced
response inhibition in a go/no-go task (Holz et al., 2016). While the neurobiological
mechanism of this difference between males and females remains unknown, a recent study
has shown that, in men, testosterone administration can synergize with MAOA-L genotype
to increase the propensity for risk-taking behavior and responsiveness to social provocation,
by lowering the activation of the insula (Wagels et al., 2017). The same interaction was
found to increase the involvement of brain regions subserving responsivity toward social
provocation (such as the cuneus) (Wagels et al., 2019). These findings point to the
possibility that androgen hormones may moderate the role of MAOA uVNTR genotypes on
corticolimbic connectivity.

6. The role of Maoa in aggression and ASB: animal evidence

While MRI neuroimaging studies are paving the way to understand the neuroanatomic
alterations related to the functioning of gene variants, animal models remain a crucial tool to
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gain mechanistic insight into the neurochemical processes associated with behavioral
changes and genetic mutations. Studies in mammalian models are particularly meaningful,
given the high homology of human MAOA with those of other placental mammals (Table 4).

6.1 Neurobehavioral effects of MAOA in non-human primates

Several studies have been conducted to understand the presence of MAOA polymorphisms
in primates. All apes have been found to display a VNTR polymorphism similar to the
UVNTR in humans. In chimpanzees (Pan troglodytes) and bonobos (Pan paniscus), a single
30 bp-repeat sequence, identical to that in humans, was discovered (Wendland et al., 2006);
however, most individuals display one repeat (Wendland et al., 2006), and an extremely rare,
no-repeat allele with no repeats was found in 0.01% of chimpanzees (Inoue-Murayama et
al., 2006). In gorillas (Gorilla gorilla), the VNTR features 2, 3, 4, or 5 copies of a shorter
repeat, featuring the first 18 bp of the human and chimpanzee copies (ACCGGCACCG
GCACCAGT) (Inoue-Murayama et al., 2006). Of these alleles, the 2R variant was by far the
most common (78.4% of allelic frequency). Orangutans (Pongo pygmaeus) also exhibited a
VNTR of a 12 bp repeat (Inoue-Murayama et al., 2006) with 1.5, 3 or 4 repeat variants;
however, because of slight intraspecies variations across repeats and the high degree of
repetition within each series, no consensus has been reached as to the exact size of the repeat
and the number of copies in the VNTR polymorphism (see Wendland et al., 2006). Finally,
similar VNTR polymorphisms have been documented in all the species from the four known
genera of gibbons (Hylobates, Nomascus, Symphalangus, and Hoolock) (Choi et al., 2014).

The transfection of VNTR constructs of apes in a human neuroblastoma cell line showed
that, unlike the significant difference between human 3R and 4R variants, neither
chimpanzee nor orangutan alleles showed any substantial divergence in luciferase activity.
The 2R allele of the gorilla VNTR was associated with a slight numeric increase
(approximately 12.5%) in comparison with 3R and 5R variants (Inoue-Murayama et al.,
2006). Although these data suggest that these polymorphisms are unlikely to be functional,
current evidence on the potential contributions of these variants to aggression in other apes
remains scant.

Most of the information on MAOA VNTRs in non-human primates and their functional
implications comes from a VNTR in Rhesus monkeys (Macaca mulatta), featuring an
orthologous polymorphism (rhMAQA-LPR) in the upstream regulatory region of the MAOA
gene in macaques, at 1.1 kb from the initiation site of the MAOA gene (Newman et al.,
2005). The rhMAOA-LPR features 4, 5, 6, or 7 copies of an 18-bp repeat highly similar to
that observed in gorillas (ACCGGCACTG GCACVACT) (Newman et al., 2005; Wendland
et al., 2006; Jones et al., 2020). Available data suggest that the four alleles have different
frequencies, with a possible predominance of the 7R variant (4R: 0-1%; 5R: 15-35%; 6R:
25-43%; 7R: 40-41%) (Wendland et al., 2006; Jones et al., 2020). Based on /n vitro studies,
the 5 and 6 R alleles were found to transcribe at a higher rate than 7R variants (Newman et
al., 2005). The same 18-bp repeat motif has been identified in the Japanese macaque
(Macaca fuscatad), the gelada ( Theropithecus geladd), and several species of baboons (Papio
gen.). However, the distribution of variants diverges greatly within each species; for
example, gelada only showed a 6R variant (Wendland et al., 2006), while M. fuscata
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displays 6R and 7R alleles (Jones et al., 2020). Different species of baboons show 8,9, or 10
copies of the repeat, with varying distributions of frequency depending on their origin
(Kalbitzer et al., 2016). The high intraspecies variability of MAOA promoter in M. mulatta
has been speculated to reflect the exceptionally wide geographical distribution of this
species as well as their high adaptive capability (Wendland et al., 2006). Capitalizing on the
knowledge of polymorphic MAOA variants in rhesus macaques, a few studies were
performed to verify whether these alleles may interact with early-life environment to modify
the predisposition to aggression. These investigations found that male macaques with low-
activity rnMAOA-LPR alleles reared by mothers in small social groups had higher
aggression scores (Newman et al., 2005; Karere et al., 2009).

Very little information is currently available about MAOA tandem repeats in other species
than primates. Eo and coworkers (2016) identified a 90-bp VNTR in the upstream region of
the MAOA gene of dogs. All tested breeds, however, showed two copies of this sequence,
suggesting that this motif does not affect enzyme expression or function or explain potential
differences in aggressiveness.

6.2 Neurobehavioral effects of Maoa deficiency and hypomorphism in mice

While studies in primate models have stressed the importance of early-life environment in
shaping the role of MAOA in the ontogeny of aggression, they have not led to significant
mechanistic advances on the neurochemical processes mediating the interplay between
MAOA-L and early-life stress. Studies in rodents, on the other hand, have been crucial to
understanding the mechanisms of action by which variations in MAOA contribute to
aggression (Bortolato and Shih, 2011; Godar et al., 2016). The first studies on the
neurobehavioral impact of Maoa genetic deficiency came from the serendipitous generation
of a line of Maoa KO mice following the integration of an interferon beta cassette in exons 2
and 3 of the Maoa gene of C3H/HeJ mice (Cases et al., 1995). The resulting frameshift
mutation resulted in an early truncation of the corresponding protein and the ablation of the
native Maoa gene. Strikingly, these mutants exhibited several behavioral characteristics
highly reminiscent of the phenotypes of Brunner syndrome (Brunner et al., 1993).
Specifically, adult male mice carrying the mutation exhibited high levels of inter-male
aggression, which was accompanied by significant elevations of 5-HT and norepinephrine.
Of note, the elevation in 5-HT brain levels was found to be particularly pronounced during
the first weeks of life (with an overall 10-fold increase in the mutants compared with wild-
type littermates); conversely, the greatest increase in norepinephrine levels was more modest
and was primarily observed after the third week onward. The increase in whole-brain
dopamine was even smaller and was limited to late adolescence and young adulthood. These
results suggest that the catabolism of different neurotransmitters by Maoa varies across
different developmental stages (as well as brain regions). Similar behavioral and
neurochemical phenotypes were observed in a second mouse line harboring a spontaneous
point mutation in exon 8 of the gene in a different genetic background (129S6) (Scott et al.,
2008). Detailed studies on the behavioral repertoire of Maoa KO mice showed that
aggression in these mutants is accompanied by severe deficits in sociability and
environmental exploration (Bortolato et al., 2011; Godar et al., 2011; Bortolato et al., 2013).
Maoa KO mice were found to display exaggerated defensive responses towards foreign
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counterparts as well as innocuous objects; conversely, these mutants showed a reduced
reaction to several stressors, including physical restraint, cold temperature, and predator cues
(Popova et al., 2006; Godar et al., 2011). Notably, the increased aggression in Maoa KO
mice is not limited to reactive constructs, as it also encompasses a lower latency in predatory
attacks against a cricket (Vishniyetskaya et al., 2007), possibly indicating the link of this
genetic alteration with both defensive and proactive aggression.

Adding to the complexity of these behavioral aberrations, the social deficits in Maoa KO
mice were also found to be accompanied by a full spectrum of autism-related alterations,
including communication deficits and perseverative responses, as well as poor reversal
learning and reduced acoustic and tactile sensitivity (Bortolato et al., 2013). In line with
these discoveries, several recent reports have documented that children affected by Brunner
syndrome show autistic-like abnormalities (Piton et al., 2014; Palmer et al., 2016; Bortolato
et al., 2018). Furthermore, autistic patients with MAOA-L variants have thicker cortex as
well as greater severity of several symptoms, including arousal regulation deficits,
aggressiveness, and communication deficits (Davis et al., 2008; Cohen et al., 2011).

Although the MGI repository lists 229 SNPs in mice, no polymorphism (with the exclusion
of nonsense mutations) has yet been documented to impact MAOA activity in this species.
To gain insight into the phenotypical outcomes of polymorphic variants associated with low
activity, a new line of hypomorphic mice (Maoa'Vé%) was generated by the insertion of a
neomycin resistance cassette into intron 8 of the Maoa gene (Bortolato et al., 2011). This
mutation results in a significant reduction in Maoa transcript and enzyme activity in the
brain. While these mice share the same socio-communicative deficits as their KO
counterparts (Bortolato et al., 2011; Godar et al., 2019), they exhibit only a very modest
increase in aggression propensity. These studies appear to indicate that the primary deficit
associated with MAOA deficiency is the impairment of social and environmental
information processing during early developmental stages. In turn, these alterations may
enhance the propensity for the emergence of ASPD and other developmental disabilities.
Indeed, poor social information processing is regarded as critical for the ontogeny of
aggressive behavior (Schwartz et al., 1997).

In line with human evidence, several studies have shown that both Maoa KO and MAOANeEo
male mice display functional PFC deficits (Bortolato et al., 2011), as well as alterations in
corticogenesis. Both mutant lines are characterized by cytoarchitectural alterations in the
columnar organization of the cortex. These anomalies are best observed in the barrel fields
of layer IV of the somatosensory cortex (Bortolato et al., 2011; Cases et al., 1995). These
structures are spatially well-demarcated, as they correspond to the sensory map of the
mystacial vibrissae in the rodent snout (Erzurumlu and Jhaveri, 1990). Cortical columns are
posited to integrate input over time and space and are, therefore, essential for integrating
environmental information (Hawkins et al., 2017). Thus, it is likely that alterations of
columnar organization in the PFC may underlie the information deficit processing in these
mutants. It is worth noting that the pyramidal cells in MAOAM€ male mice show an
exaggerated development of dendritic arbor, which may signify excessive connectivity in
this region. In line with this interpretation, a recent multimodal neuroimaging study
conducted on more than 200 healthy subjects showed that MAOA-L carriers exhibit cortical

Prog Neurobiol. Author manuscript; available in PMC 2021 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kolla and Bortolato

Page 26

hyperconnectivity in relation to a selective impairment of implicit emotion processing
(Harneit et al., 2019). The dysfunctional connectivity of the PFC is also signaled by the
evidence that Maoa KO mice display deficits of the NMDA glutamate receptors, which serve
as primary targets for the integration of different signals at the neuronal level, in the PFC
(Bortolato et al., 2012). Such alterations included reduced glycosylation of NR1 subunits in
the PFC, which leads to lower levels of release of NMDA from the endoplasmic reticulum
and membrane expression (Bortolato et al., 2012; Lichnerova et al., 2015). The relevance of
the PFC to the manifestation of aggression in Maoa KO mice is also indicated by evidence
indicating that this behavioral abnormality is rescued by the genetic reinstatement of human
MAOA in the forebrain areas (Chen et al., 2007).

6.3 Interactive Effects of MAOA genotypes and environmental factors

To study the mechanisms of G x E interactions, a mouse model has been recently developed
(Godar et al., 2019), based on subjecting MAOAME male pups (as well as their wild type
littermates) to a regimen of maternal separation and daily intraperitoneal injections -
mimicking neglect and physical abuse, respectively - for the first three weeks of postnatal
life. The most effective way to deliver this regimen of early stress was to subject mice to
these stressors following a pseudorandom schedule (at different times of the day and with
variable durations), which increased the unpredictability of each event. This manipulation
resulted in the emergence of aggressive responses in adolescent and adult MAOANE? mice;
conversely, wild-type littermates exhibited a strikingly different phenotype, including some
behavioral alterations more directly akin to depression-like responses, rather than
aggression. This result is reminiscent of similar human findings (Beach et al., 2010). The
increase in aggressive behavior in MAOAVE? mice subjected to early stress is not
accompanied by other specific anxiety-like responses but is associated with a low reactivity
to environmental threat and stress. These characteristics resemble the low emotional arousal
documented in some antisocial individuals (Raine, 2002). According to the low arousal
theory, antisocial individuals engage in aggressive and socially unsanctioned behavior to
compensate for their low emotional reactivity to stimuli (Raine et al., 1997).

We further qualified that the temporal window to produce the effect was primarily limited to
the first week of postnatal life. Indeed, stress during the first week of postnatal life produced
significant increases in aggression, while beginning the stressful schedule from the second
week did not. This concept highlights the importance of the first week of postnatal life in
mice to produce aggressive and antisocial-related behaviors. These data are aligned with
previous observations in rodents, which showed that perinatal pharmacological inhibition of
MAOA produced impulsive and aggressive responses (Whitaker-Azmitia et al., 1994; Mejia
et al., 2002), which are accompanied by long-term perturbations of serotonergic, but not
dopaminergic signaling in the cortex and raphe nuclei (Burke et al., 2018). It should be
noted that, in mice, the brain expression of the Maoa gene in serotonergic neurons is high
during the first four days and progressively declines to reach a minimal level by the third
week of postnatal life (Vitalis et al., 2002). Conversely, the activity of MAOA in
dopaminergic neurons is very low at birth and progressively increases to reach stability
around the 10t day of life. These data further support the relevance of the serotonergic
system in the early stages of G x E interaction between MAOA-L and child maltreatment.
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Before the onset of aggressive reactions, MAOANE? mice exposed to early stress were also
found to exhibit several phenotypic predictors of aggression documented in humans,
including low body weight, hyperactivity, communication deficits, and, particularly, low
resting heart rate (Raine et al., 1990; Portnoy et al., 2014; Latvala et al., 2015). This last
response likely corresponds to low arousal in humans. The analysis of the mechanism
whereby the MAOA-L genotype interacts with early-life stress pointed to the selective up-
regulation of 5-HTp receptors in the PFC. Accordingly, the use of antagonists for this
receptor during the first postnatal week fully rescued the trajectory to aggression in this
model. This evidence aligns with previous studies showing that 5-HT,a receptor antagonism
suppresses aggression in Maoa KO mice (Shih et al., 1999) as well as other models of
murine aggression (Sakaue et al., 2002) and points to these receptors as critical modulators
of the behavioral outcomes of aggression. In line with this evidence, the density of 5-HTya
receptors has also been reported to be increased in the OFC of aggressive personality-
disordered patients (Rosell et al., 2010). At the same time, it should be noted that this up-
regulation may be specific to certain compartments of the PFC, since other studies have
found a reduction in 5-HTx receptor binding potential in the dorsolateral PFC of violent,
aggressive individuals (Meyer et al., 2008). To explain the role of PFC 5-HT,a receptors in
the pathophysiology of ASPD and psychopathy; it is important to note that these molecules
exert a profound influence on threat reactivity in the amygdala. In particular, Fisher and
colleagues (2015) reported that the density of 5-HT,p receptors in the medial PFC was
inversely correlated with the reactivity of the right amygdala and that it explained 25-37%
of the variability in the response of this region to threat. Ongoing studies in the Bortolato lab
demonstrate that MAOANE? mice exposed to early stress exhibit a progressive, age-
dependent decline in the responsiveness of glutamatergic receptors in the PFC, suggesting
that the early activation of 5-HT,a receptors may lead to an escalating deficit of this region

(Fig. 2).

On the other hand, the Kolla lab recently reported that glutamine+glutamate (GIx)
metabolites measured using magnetic response spectroscopy were greater in the PFC of
ASPD with high psychopathic traits compared with individuals with bipolar disorder and
healthy controls and that they were positively correlated with a measure of aggression
(Smaragdi et al., 2019).

Since a reduced density of NMDA receptors is a typical signature of aging (Segovia et al.,
2001), increased Glx could be a candidate biomarker of adult ASPD or psychopathy.
Although the mechanisms whereby early-life activation of 5-HTa receptors may lead to
PFC deficits remain elusive, several studies have evidenced that the stimulation of these
receptors enhances glutamatergic transmission in the PFC (Marek and Aghajanian, 1998;
Moceci et al., 2014), which may lead to altered connectivity due to excitotoxicity or
morphological aberrances of dendritic arbors.

Recent evidence has particularly shown that activation of presynaptic 5-HTa
heteroreceptors in glutamatergic thalamocortical terminals enhances glutamate release to the
PFC (Barre et al., 2016). Overall, these data suggest that overactivation of 5-HT,a receptors
in the PFC during early postnatal life may reduce the threshold for glutamatergic
excitotoxicity, which is already low during the first two weeks after birth (McDonald et al.,
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1992). Future studies should assess whether early-life activation of 5-HT, receptors in
Maoa-deficient mice is conducive to neuronal death in the PFC.

Peripubertal stress, a known risk factor for aggression (Méarquez et al., 2013), may also alter
the binding of Sirt1 (Imai et al., 2000), a NAD-dependent deacetylase, to the MAOA
promoter. In male but not female rats exposed to peripubertal stress, MAOA expression and
enzyme activity was reduced in the hypothalamus and increased in the PFC. Subsequent
investigation revealed hypomethylation of the Maoa promoter and hypermethylation of the
hypothalamus. However, binding of Sirtl showed an opposite pattern with an increase in the
Maoa promoter and a decrease in the hypothalamus. Neither MAOA expression nor
alteration of the epigenetic status of MAOA was present in female rats exposed to
peripubertal stress, suggesting a pattern of sexual dimorphism in the molecular changes
associated with early stressors, MAOA and aggression (Konar et al., 2019).

Another mechanism that may contribute to the pathogenesis of aggression in
MAOACdEeficient subjects is the elevation in brain dopamine content. Although dopamine
levels are only mildly increased in the central nervous system of Maoa KO mice, recent
studies have shown that the direct optogenetic stimulation of dopaminergic neurons in the
mesocorticolimbic system leads to a marked enhancement of aggressive behaviors (Yu et al.,
2014). Given that cortical dopamine is predominantly metabolized by catechol-O-
methyltransferase (COMT), low MAOA activity may lead to selective changes in dopamine
signaling in the nucleus accumbens. Accordingly, studies in rodents have shown that the
accumbal concentrations of this neurotransmitter are increased before, during, and after an
aggressive encounter (de Almeida et al., 2005). Clinical evidence has also implicated
hyperactive dopaminergic limbic transmission in the genesis of reactive aggression (Comai
et al., 2012). Furthermore, given the importance of accumbal dopamine signaling in habit
formation, it is likely that this substrate may play a role in the formation of aggressive habits
and the perpetuation of ASBs. It is important to note that 5-HT receptors in the PFC have
been shown to regulate the release of dopamine in the mesolimbic system (Bortolozzi et al.,
2005). Thus, activation of these receptors may facilitate the release of dopamine from the
VTA to the nucleus accumbens, which in turn sustains aggressive responses through
activation of D1 receptors (Frau et al., 2019). As impulsive traits in humans similarly predict
nucleus accumbens dopamine release following pharmacological challenge (Buckholtz et
al., 2010), novel neuropsychopharmacological interventions that inhibit or attenuate striatal
dopaminergic signaling could emerge as potential therapeutics for aggression, ASPD, and
psychopathy.

The surge in testosterone during adolescence likely plays a key role in shaping aggression by
affecting the homeostatic control of dopamine neurotransmission. Ample evidence has
shown that, by acting on androgen receptors, this hormone increases the synthesis of both
MAOA as well as tyrosine hydroxylase (TH), the rate-limiting enzyme for dopamine
synthesis (Goldstein et al., 1992; Purves-Tyson et al., 2014). While the upregulation of these
two enzymes may maintain a balance in dopamine turnover, it is possible that in MAOA-L
subjects, the effects of testosterone could have a greater effect on TH, leading to increased
production of dopamine in the mesolimbic pathway. This situation may be particularly
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problematic in individuals with constitutionally low emotional arousal and deficient PFC
functioning.

It is worth noting, however, that, while dopaminergic mechanisms may play a critical role in
the ontogeny of aggression of Maoa-deficient mice, the translation of these data to humans
is definitely complicated, given that, as mentioned in Section 2 of this article, dopamine
catabolism in primates is primarily served by MAOB, rather than MAOA.. At the same time,
although no clinical condition of isolated MAOB deficiency has been described in humans,
low MAOB platelet activity has been associated with novelty-seeking traits (Ruchkin et al.,
2005), but not aggression. It is worth noting that the deletion of the Maob gene in mice is
associated with a very similar behavioral profile, but no changes in dopamine brain-regional
content (Grimsby et al., 1997; Bortolato et al., 2009).

These potential interspecies discrepancies notwithstanding, the findings in Maoa-deficient
mice collectively point to the possibility that the ontogeny of ASPD and psychopathy may
be reflective of multiple, age-specific neurochemical mechanisms. According to this multi-
hit hypothesis, the interaction of MAOA-L variants and early life stress may be mediated by
overactive 5-HTa receptors in the PFC, leading to functional impairments of the amygdala
and a reduction in emotional arousal. Throughout adolescence, these problems may be
compounded by alterations in the mesolimbic dopaminergic system contributed by
testosterone, ultimately leading to the overt expression of aggressive behaviors.

7. Concluding statements and future directions

The findings presented in the previous sections illustrate how the study of MAOA uVNTR
polymorphism in relation to ASPD, psychopathy, aggression, and antisocial outcomes
among small samples provided the initial landscape for investigation of MAOA uUVNTR
genetic variants in larger and well-characterized samples of antisocial outcomes. The field
was further enhanced with the discovery that MAOA-L genetic variants in concert with
adverse environmental outcomes increased risk for aggression and antisocial symptoms.
Still, the incredible heterogeneity of the results illustrates that diverse and nuanced factors
contribute to this variance. For example, differences in the definition, duration, and type of
early adverse experiences may help explain incongruent findings in similar populations
(Kolla and Vinette, 2017).

A growing line of research suggests that MAOA uVNTR polymorphism is associated with
structural and functional brain changes in ASPD. Imaging genetics holds promise for the
elucidation of neural endophenotypes underscoring violence and aggression in ASPD and
psychopathy. The preclinical and clinical evidence presented in the previous sections
collectively shows that a reduction of in vitro MAOA activity combined with stress during
early life increases susceptibility to ASPD. Findings in animal models of G x E interactions
highlight a key role of 5-HT,x receptors in the mechanism underpinning this biosocial
interplay. In line with this evidence, four polymorphisms of the H72RA gene (rs6311,
rs6313, rs6314, and rs7322347) have been shown to affect aggression and ASB (Bjork et al.,
2002; Assal et al., 2004; Nomura et al., 2006; Burt and Mikolajewski, 2008; Banlaki et al.,
2015). These findings highlight the possibility that the role of MAOA on ASPD or
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psychopathy may be moderated by H72RA polymorphisms. Future studies are warranted to
evaluate the role of epistatic MAOA x HTZRA interactions in ASPD and psychopathy.
These and other epistatic interactions may be critical to understanding the relationship
between MAOA and both reactive and proactive aggression.

Another intriguing corollary of this discovery is that 5-HT,a receptor antagonists may be a
viable treatment strategy for premorbid and prodromal manifestations of ASB, which may
be highly valuable in reducing the susceptibility for ASPD, psychopathy, and violent
behavior. The development of novel, more specific animal models mimicking the role of
MAOA in ASPD and psychopathy may be critical to test the efficacy of selective 5-HT,a
receptor antagonists as a potential novel therapeutic and preventative tool. From this
perspective, it is worth noting that pimavanserin, a novel 5-HT,a receptor inverse agonist,
has been approved in 2014 for clinical use as a novel antipsychotic therapy for Parkinson’s
disease patients (Hunter et al., 2015).

The availability of novel animal models and advanced neuroimaging technologies affords
new translational research tools to elucidate the role of MAOA and its interaction with
environmental factors in the ontogeny of aggression and violence. The integration of these
strategies with traditional research approaches may prove critical to addressing the following
mechanistic problems on the neurobiology of ASPD and psychopathy:

Mechanisms of sex dimorphism in G x E interactions

As mentioned above, evidence on the interaction between MAQOA genotypes and early
environmental factors in female carriers remains inconclusive, due to the insufficient power
of studies that have compared MAOA-LL and MAOA-HH homozygous carriers.
Furthermore, given the influence of ovarian hormones on serotonergic transmission and 5-
HT,p receptor expression (Biegon et al., 1983; Sumner and Fink, 1995; Cyr et al., 1998;
Rubinow et al., 1998), it is conceivable that these alterations may be partially responsible for
the association between estradiol and aggression in women (Stanton and Schultheiss, 2007;
Vermeersch et al., 2008) as well as for the fluctuations of aggressive responses throughout
the menstrual cycle (Ritter, 2003). Animal models may be a useful tool to study the impact
of early life stress in Maoa-deficient female mice across different phases of their estrous
cycle, and dissect the mechanisms underlying such differences.

Molecular mediators of stress in G x E interactions

The mediator that links stress to interaction with the MAOA genotype, ultimately leading to
5-HT,p receptor activation and aggression, remains unknown. A promising candidate may
be corticotropin-releasing factor (CRF), which has been shown to mediate many of the long-
term psychopathological sequelae of early life stress (Nemeroff, 2004; Gondre-Lewis et al.,
2016; Forster et al., 2018) and up-regulate the expression of 5-HT,a receptors in the PFC
(Magalhaes et al., 2010). In line with this possibility, recent evidence from humans reveals
that variance in corticotropin-releasing factor receptor 1 (CRF1) genetic polymorphic alleles
is associated with violence and aggression in young Han Chinese males (Liu et al., 2019).
Synthesis of suitable PET radioligands for CRF1 (Lodge et al., 2014) may allow researchers
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to acquire /n vivo human data of potential CRF1 receptor anomalies in ASPD, psychopathy,
and aggression.

Neurodevelopmental mechanisms of G x E interactions

By definition, the antisocial outcomes associated with MAQOA variants should be classified
as a typical example of LCP ASB. Indeed, one of the key differences between LCP and AL
is the strong biological and genetic signature associated with the former subtype (Moffitt,
1993). Even with this persistence, very little is known about the age-specific neurobiological
alterations associated with the trajectory of LCP ASB. In particular, the transience of AL
antisocial conduct may reflect the maturation of the PFC in the second decade of life,
providing a better inhibitory control over the propensity to engage in aggressive and
delinquent behavior (Arain et al., 2013); however, these mechanisms appear to have very
little to no impact on LCP ASB. Mouse models of G x E interactions of early-life stress and
low-activity Maoa genotypes afford an interesting opportunity to examine how the biological
impairments caused by this biosocial interplay override the behavioral changes associated
with cortical maturation and ensure the persistence of aggressive tendencies through
adulthood.

Role of G x E interactions in the pathophysiology of comorbid problems in ASPD and

psychopathy
Ample evidence has shown that MAOA uVNTR variants exert sex-dimorphic main effects
on the development of AUDs, as well as interactive effects with early-life adversity on the
expression of AUDs (Samochoviec et al., 1999; Schmidt et al., 2000; Vanyukov et al., 2004;
Guindalini et al., 2005; Contini et al., 2006; Ducci et al., 2008; Nilsson et al., 2011).
Furthermore, MAOA-L variants are associated with a younger age of onset of alcohol
dependence (Vanyukov et al., 1995; Vanyukov et al., 2004) and antisocial alcoholism
(Samochoviec et al., 1999) in males. A history of maltreatment predisposes male MAOA-L
carriers or female MAOA-H carriers to a greater risk of alcohol use (Nilsson et al., 2011). In
alignment with these findings, we found that MAOA-L males and MAOA-H females with a
history of child maltreatment have a higher risk for tobacco use (Fite et al., 2018) and
polysubstance use (Fite et al., 2020). Accordingly, the examination of MAOA variants in
comorbid conditions known to exacerbate the symptomatology of ASPD and psychopathy
may be fruitful avenues to pursue as novel therapeutics that can mitigate the effects of ASPD
and psychopathy. From this perspective, the examination of the effects of drugs of abuse on
mouse models of G x E interactions is likely to offer a unique platform to examine the
reciprocal links and influences between AUD and ASPD.

Verification of the differential susceptibility hypothesis for G x E interactions

The interaction between MAOQOA alleles and child maltreatment has been traditionally
explained through the diathesis-stress framework, which posits that genetic factors confer
vulnerability to stress, and the synergism of the two factors leads to a super-additive negative
effect (Zuckerman, 1999). Alternatively, the differential susceptibility hypothesis suggests
that some genetic factors can predispose to either positive or negative sequelae, depending
on the specific environmental interactors (Belsky et al., 2009; Ellis et al., 2011). In the
particular case of the uWNTR polymorphism, MAOA-L variants should not only confer
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greater vulnerability to stress, but also higher responsiveness to a positive environmental
influence. Several studies have provided preliminary support for this theoretical framework
(Oreland et al., 2007; Simons et al., 2012; Nilsson et al., 2018). For example, in a stratified
sample of Swedish youth, the MAOA-L genotype was found to increase or decrease the risk
of criminality in boys as a function of high or low psychosocial stress in their environment
(Oreland et al., 2007). The same authors further showed that MAOA-L carriers with a
history of positive relationships with their parents showed a lower risk of delinquency
(Nilsson et al., 2014). Nevertheless, evidence on the protective potential of MAOA-L
genotypes for boys raised in a nurturing environment remains inconclusive and awaits
further experimental confirmation. From this perspective, the employment of animal models
may offer an attractive platform to help confirm the predictions of the differential
susceptibility hypothesis. If this framework applies to animal models, it would be expected
that exposure of dams and litters to environmental enrichment (such as nesting material and
shelters) during pregnancy and lactation may lead to more favorable long-term outcomes in
MAOANe mice. These studies, however, may be complicated by potential experimental
caveats and interpretational issues, as previous research has documented that, in several
mouse strains, enrichment is often associated with increased levels of intermale aggression
(Van Loo et al., 2002; Bayne, 2018). Given the abnormal reactivity of Maoa-deficient mice
to contextual stimuli (Godar et al., 2011), it is particularly important to verify what types of
environmental enrichment may reduce stress in these mutants, by monitoring
neuroendocrine responses.

Role of MAOA variants in reactive and proactive aggression

One of the major unresolved issues about the role of MAOA in aggression concerns its
association with reactive or proactive aggression. In general, most evidence appears to
suggest that MAOA may have a predominant role in impulsive and reactive aggression.
Nevertheless, some evidence indicates a high frequency of MAOA-L genotypes among
individuals that engage in proactive aggression. We hypothesize that, while the interaction of
low-activity MAOA variants with early-life stress may lead to an increase in impulsive and
defensive aggression, the consistent enactment of violence (facilitated by certain settings)
from adolescence onwards may gradually increase the likelihood that these individuals also
engage in proactive and appetitive aggression. A similar type of progression has, indeed,
been described among combatants in war-torn regions. At the same time, these individuals
typically experience a strong aversion for the extreme violence of their first killing, they
gradually become desensitized towards this sense of repulsion and experience more
motivation and pleasure from inflicting harm on their victims (Elbert et al., 2010). Given
that engagement in fights increases dopamine in the nucleus accumbens just like any drug of
abuse, it is possible that, in a subset of MAOA-deficient individuals, the activation of reward
circuits may facilitate the transition from impulsive aggression to a veritable “aggression
addiction,” as defined by Golden and Shaham (2018). Similar to addicts, violent offenders
engage in appetitive aggression despite their awareness of long-term untoward consequences
and have a very high rate of recidivism (relapse). This phenomenology has been replicated
in a subset of aggressive mice, which engage in operant behavior to attack subordinate males
and establish conditioned preference for fighting-associated contexts (Fish et al., 2002;
Golden et al., 2016).
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Based on this background, it is tempting to speculate that, exactly like in the escalation from
abuse to dependence, engagement in violence in some individuals with low MAOA activity
may also shift from initial impulsive episodes to a long-standing habit. Incidentally, the fact
that low MAOA activity reduces the catabolism of dopamine, thereby prolonging its
synaptic effects on the striatum, may offer a mechanistic support in favor of a facilitated
transition to habit formation. Although a first study has failed to find an association between
MAOA and appetitive aggression in a community of low-income South-Africans
(Hemmings et al., 2018), these results should be confirmed by further studies, particularly
since this study did not account for the impact of early-life trauma in aggressive
manifestations. Studying the progression of aggressive behaviors in MAOAMNE mice
subjected to early stress may offer a unique opportunity to study how the trajectory of
aggression in these animals may be accompanied by progressive alterations in dopamine
release as well as plastic changes associated with the reward system.

The title of this article pays homage to John Steinbeck’s novella Of Mice and Men, which
depicts a cruel world where violence begets violence by a seemingly inexorable law of
nature. Just as the story of the two protagonists casts light on the diverse motivations
promoting this endless cycle of human violence, so too can mouse models of G x E
interactions in ASB offer a unique window into the mechanisms underlying aggression. For
more than two decades, MAOA has secured its place as one of the most intensely scrutinized
genes in psychiatric research and is arguably the most important in the study of human
aggression. We fully expect that the synergism of genetic, neuroimaging, and animal
research on this gene and its gene product will point to new horizons for understanding the
widespread - yet still largely elusive - problem of violence and aggression.
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HIGHLIGHTS

. This review article discusses the role of monoamine oxidase (MAOA) in
aggression

. Findings of genetic and neuroimaging studies are discussed

. The evidence from animal models of MAOA deficiency is also presented

. A potential mechanism to explain the involvement of MAOA in aggression is
framed

. Future directions and experimental challenges are highlighted
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Figure 1.

Role of MAOA and ALDH in the degradation of serotonin, dopamine, and norepinephrine.

5-HIAL, 5-hydroxy indole aldehyde; DOPAL; 3,4-dihydroxy phenyl acetaldehyde;

DOPGAL,; 3,4-dihydroxy phenyl glycol aldehyde; 5-HIAA; 5-hydroxy indole acetic acid;
DOPAC; 3,4-dihydroxy phenylacetic acid; DOMA,; 3,4-dihydroxymandelic acid. For further
details, see text.
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Figure 2.

Hypothesized mechanism of interaction between MAOA-L and child maltreatment in ASB.
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Table 1.

Main neuroimaging studies on reactive and proactive aggression.

Page 60

Study

Population

Paradigm/Imaging
Modality

Findings

Coccaro et al.
(2007)

10 individuals with Intermittent
explosive disorder

fMRI socio-emotional
processing task

* amygdala reactivity and ¥
orbitofrontal reactivity to angry
faces

Bubenzer-Busch et
al. (2016)

18 boys with ADHD (10 with
comorbid CU)

Modified fMRI Point
Subtraction Aggression

| activation of ventral ACC and
temporoparietal junction during

Craig et al. (2019)

140 youth with CD or ODD

Reactive Game aggressive phase
aggression — -
a Cunha-Bang et violent offenders (14 witl : : amygdala and striatum reactivity to
daCuntwang et | 1ovioletofferrs (14 wit | (eATEE P |+ syt st s
al. (2017) ASPD) Game provocation
156 males with varying levels of right amygdala volumes positively
Farah etal. (2018) psychopathology S correlated with reactive aggression
) 30 youth with conduct problems fMRI implicit face- Re:gg:eirsr}ggg%icri?:\?eodniglsai?ozesir:;I
Lozier et al. (2014) endorsing htlr%?tsand low CU emotlont"irli)cessmg between CU traits and proactive
Proactive aggression
aggression

proton magnetic
resonance spectroscopy

proactive aggression was inversely
correlated with striatal glutamate
concentration

ACC = anterior cingulate cortex; ADHD = attention deficit hyperactivity disorder; CD = conduct disorder; CU = callous-unemotional; fMRI =
functional magnetic resonance imaging; ODD = oppositional defiant disorder; SMRI = structural magnetic resonance imaging
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Number of unique single nucleotide polymorphisms (SNPs) in the MAOA gene, divided by type of mutation.
Data collected from the dbSNP repository.

Polymorphism type # recorded polymorphisms | % intronic polymorphisms | % coding sequence polymorphisms
Single nucleotide variant (SNV) 13837 12863 974
Multinucleotide variant (MNV) 3 2 1
Deletion 214 195 19
Insertion 60 52 8
Deletion/insertion 808 725 83
TOTAL 14922 13837 1085
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Best-studied SNPs of MAOA. Data are collected from the dbSNP and SNPedia databases.

Table 3.

SNP Alleles and relative frequency Functional consequence
rs6323 G>T synonymous variant
rs1137070 T>C synonymous variant
rs1800466 A>G missense variant
rs72554632 C>T Stop variant (Brunner syndrome)
rs909525 C>T intron variant
rs979605 A>G intron variant
rs979606 C>T intron variant
rs1465107 A>G intron variant
rs1465108 A>G intron variant
rs1799835 T>G missense variant
rs1800659 G>AT intron variant
rs1803986 G>T missense variant
rs2072743 T>C intron variant
rs2072744 T>C intron variant
rs2235185 A>CGT intron variant
rs2235186 A>G intron variant
rs2238968 C>A intron variant
rs2239448 T>C intron variant
152283724 G>A intron variant
1s2283725 A>GT intron variant
rs3027396 C>T intron variant
rs3027399 G>C intron variant
rs3027400 T>G intron variant
rs3027405 A>T intron variant
1s3027407 A>G 3’ UTR variant
rs3788862 A>G intron variant
rs3788863 T>A intron variant
rs3810709 C>T intron variant
rs5905702 T>G intron variant
rs5905809 G>CT intron variant
rs5905859 C>AT intron variant
rs5906883 A>C intron variant
rs5906597 A>C.G intron variant
rs5953210 G>A upstream transcript variant
rs6609257 G>A downstream variant
rs6610845 C>T intron variant
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SNP

Alleles and relative frequency

Functional consequence

rs12843268

A>G

intron variant
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Degrees of MAOA sequence identity across humans (H. sapiens sapiens), chimpanzees (P troglodytes), dogs
(C. lupus familiaris), cattle (B. Taurus), mouse (M. musculus) and rat (R. Norvegicus). Data are obtained from
the gene NCBI database.

Human

99.17% | Chimpanzee

89.75% 89.47% Dog

88.05% 87.81% 89.75% Cattle

88.12% 88.48% 87.74% | 85.82% | Mouse
88.00% 88.30% 86.83% | 86.07% | 95.98% | Rat
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