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Abstract

Drawing upon the recent resurgence of biological criminology, several studies have highlighted a 

critical role for genetic factors in the ontogeny of antisocial and violent conduct. In particular, 

converging lines of evidence have documented that these maladaptive manifestations of aggression 

are influenced by monoamine oxidase A (MAOA), the enzyme that catalyzes the degradation of 

brain serotonin, norepinephrine and dopamine. The interest on the link between MAOA and 

aggression was originally sparked by Han Brunner’s discovery of a syndrome characterized by 

marked antisocial behaviors in male carriers of a nonsense mutation of this gene. Subsequent 

studies showed that MAOA allelic variants associated with low enzyme activity moderate the 

impact of early-life maltreatment on aggression propensity. In spite of overwhelming evidence 

pointing to the relationship between MAOA and aggression, the neurobiological substrates of this 

link remain surprisingly elusive; very little is also known about the interventions that may reduce 

the severity of pathological aggression in genetically predisposed subjects. Animal models offer a 

unique experimental tool to investigate these issues; in particular, several lines of transgenic mice 

harboring total or partial loss-of-function Maoa mutations have been shown to recapitulate 

numerous psychological and neurofunctional endophenotypes observed in humans. This review 

summarizes the current knowledge on the link between MAOA and aggression; in particular, we 

will emphasize how an integrated translational strategy coordinating clinical and preclinical 

research may prove critical to elucidate important aspects of the pathophysiology of aggression, 

and identify potential targets for its diagnosis, prevention and treatment.
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1. Introduction

Aggression is characterized by a multifaceted array of adaptive responses aimed at inflicting 

harm to another organism for offensive or defensive purposes. From an evolutionary 

perspective, aggressive behaviors are instrumental to a large number of vital functions, 

including the attainment of resources, determent of competitors and organization of social 

hierarchies (Buss and Shackelford, 1997). Given the relevance of these tasks for survival and 

offspring fitness, it is not surprising that human aggression is deeply rooted in genetic 

foundations (Ferguson, 2010). Consistent with this premise, multiple studies have 

documented the high heritability of pathological aggression, defined as a set of maladaptive 

and exaggerated hostile manifestations, such as antisocial and violent behaviors (Grove et 

al., 1990; diLalla and Gottesman, 1991; Miles and Carey, 1997; Rhee and Waldman, 2002). 

The best-validated genetic basis of aggression and antisocial behavior is the gene MAOA, 

located on the short arm of the X chromosome (Xp11.4-p11.23) (Bach et al., 1988; Grimsby 

et al., 1990) and encoding monoamine oxidase A. This enzyme catalyzes the degradation of 

key brain neurotransmitters involved in pathological aggression, such as serotonin (5-

hydroxytryptamine; 5-HT), and the two catecholamines norepinephrine and dopamine 

(Bortolato et al., 2008). While other genes involved in monoamine neurotransmission 

pathways have been implicated in antisocial behaviors (Ferguson and Beaver, 2009), the 

unique reputation of MAOA lies in the large number of independent studies supporting its 

role in aggression. For all the popularity of this gene - which has even led to occasional 

misinterpretations from the media and criminal justice system (Crampton and Parkin, 2007; 

Forzano et al., 2010) - the neurobiological underpinnings of the link between MAOA and 

aggression remain surprisingly elusive. A unique tool to address this issue is afforded by 

animal models, and in particular by lines of transgenic mice with total or partial loss-of-

function mutations for this enzyme (Cases et al., 1995; Scott et al., 2008; Bortolato et al., 

2011). The goal of this review article is to present a holistic view of the available knowledge 

on the relationship between MAOA and aggression pathophysiology, and underscore the 

multiple elements of convergence between human and animal findings. To this end, we 

conducted a systematic review of the scientific literature in the past 30 years (1985–2015), 

focused on the relations between MAOA and aggression, antisocial behavior, violence and 

psychopathy (for details on the literature search, see the PRISMA Flow Diagram in Fig. 1). 

We will particularly emphasize how emerging evidence from preclinical models may help 

inform future lines of research on the molecular bases of aggression and antisocial behavior, 

and assist in the identification of diagnostic markers and therapeutic targets for these 

conditions.

2. Clinical and phenomenological classifications of aggression

The socioeconomic repercussions of pathological aggression are nothing short of 

devastating. In the U.S. alone, more than 5.4 million non-fatal violent crimes occurred in 

2014 (Langton and Truman, 2014), with total costs estimated to exceed $180 billion/year 

(McCollister et al., 2010), including direct (such as legal and medical expenses, perpetrator 

incarceration, etc.) and indirect costs (including lost earnings, time, productivity, etc.) 

(Miller et al., 2001; Waters et al., 2004).
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To compound this grim scenario, current strategies to treat pathological aggression are based 

on empirical approaches, often relying on the combination of antidepressant and 

anticonvulsant medications with cognitive/behavioral therapy, which are only moderately 

effective (Fava, 1997; Volavka et al., 2006).

One of the major critical barriers to the improvement of our clinical approaches lies in our 

inadequate understanding of the dimensional nature of the spectrum of aggressive behaviors 

and other externalizing disorders (Krueger et al., 2005). A glaring example of this 

shortcoming comes from the diagnostic criteria defined by the DSM-5, which fail to discern 

the dimensional commonalities among the conditions characterized by predominant 

aggressive psychopathology (such as antisocial personality disorder and intermittent 

explosive disorder in adulthood, as well as conduct disorder and oppositional defiant 

disorder in childhood and adolescence).

In the attempt to overcome these conceptual restrictions and identify biological subtypes of 

pathological aggression, the Research Domain Criteria (RDoC) initiative promoted by the 

National Institute of Mental Health (NIMH) has laid out a number of preliminary standards 

to study different pathophysiological aspects of this phenomenon, as indicated by research in 

neuroscience and psychology. The RDoC framework regards aggression as a core frustrative, 

non-reward construct within the broader group of negative valence systems. The RDoC has 

also recognized a preliminary distinction between proactive and reactive aggression, based 

on the motivational and emotional state of the perpetrators (Dodge and Coie, 1987; for 

reviews see Vitaro and Brendgen, 2011; Fite, et al. 2012), as well as different information-

processing mechanisms and autonomic responses (Connor et al., 2004).

Proactive aggression is typically initiated by the offender in an instrumental fashion, and 

directed towards a rewarding and/or positive outcome, such as power or dominance status 

(Vitaro et al., 1998); accordingly, this construct is associated with a positive outcome 
expectancy for aggression (Dodge et al., 1997; Marsee and Frick, 2007; Vitaro and 

Brendgen, 2011). Proactive aggression has also been linked to callous-unemotional traits, 

characterized by a lack of empathy and remorse, as well as flattened emotional responses for 

others’ suffering (Frick et al., 2003). This temperament has been shown to have robust 

genetic (Viding et al., 2007) and environmental bases. For example, this construct has been 

linked to social learning from models of violent behavior and substance abuse (Dodge et al., 

1997; Connor et al., 2004).

In contrast, reactive aggression consists in the uncontrollable and/or exaggerated defensive 

responses to perceived provocation or threat (Dodge and Coie, 1987; Eisenberg and Fabes, 

1992). Accordingly, individuals with reactive aggression exhibit a hostile attribution bias, 

i.e. higher propensity to perceive provocation or threat in response to neutral stimuli (Vitaro 

and Brendgen, 2011). The hostile nature of reactive aggressive responses is typically 

associated with impairments in social information processing, emotion regulation, verbal 

intelligence, impulse control and executive functioning (Dodge et al., 1997; Lemerise and 

Arsenio, 2000; Connor et al., 2003; Dodge and Pettit, 2003; Marsee and Frick, 2007; 

Arsenio et al., 2009). Reactive aggression is also associated with child abuse and 

maltreatment (Dodge et al., 1997; Shields and Cicchetti, 1998; Connor et al., 2004). The 
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severity and prevalence of this subtype follow a developmental trajectory, with a peak at 

young ages, followed by a gradual remission; this decline signifies a progressively greater 

ability to suppress emotional outbursts.

3. MAOA deficiency and aggression

MAOA has been largely associated with impulsive and reactive aggression, particularly in 

relation to overt, physical manifestations of violence. The first indication of a key role of this 

gene in antisocial behavior came from the identification of a point nonsense mutation 

(C936T) in exon 8 of the MAOA gene within a large Dutch kindred (Brunner et al., 1993; 

Brunner, 1996). The corresponding X-linked recessive disorder, named Brunner syndrome, 

was found to be characterized by abnormal levels of disruptive, violent outbursts in the 

affected males; these responses, which were reportedly triggered by frustration, anger and/or 

fear, would often lead to criminal acts, including attempted murder, rape and arson. Other 

symptoms and clinical signs included borderline intellectual disability, sleep disturbances 

and stereotyped hand movements. Although this breakthrough was instrumental for the 

resurgence of biological criminology, progress on the clinical characterization of the 

phenotypic consequences of MAOA deficiency lagged behind for several years, due to the 

lack of nosographic details on the psychological and cognitive characteristics of these 

patients (Hebebrand and Klug, 1995) as well as the rarity of Brunner syndrome. Indeed, 

several attempts to identify other cases of this disorder proved unsuccessful (Mejia et al., 

2001), and a second case of Brunner syndrome was described in the literature only in 2014, 

approximately twenty years after the first report (Piton et al., 2014).

In contrast with clinical evidence, progress on the characterization of the neurobehavioral 

correlates of MAOA deficits came from studies on mutant mice. In 1995, Cases and 

colleagues reported the development of the first transgenic line of Maoa knockout (KO) 

mice. This mutation resulted from the serendipitous deletion of exons 2 and 3 of the Maoa 
gene in C3H/HeJ mice, following the integration of an interferon β cassette. Similarly to the 

phenotypes of Brunner syndrome, MAOA deficiency in mice resulted in high levels of 

aggressive behavior towards both familiar and foreign conspecifics. The analysis of the 

neurochemical correlates of these alterations revealed increased levels of 5-HT, 

norepinephrine and dopamine in the brain; however, the elevations in each monoamine were 

found to be age-dependent. In particular, 5-HT concentrations were 900–1000% greater than 

the corresponding levels in wild-type (WT) littermates during the first three postnatal weeks; 

conversely, significant increases in catecholamines were only recorded after the second week 

of life, possibly attesting to different functional roles of monoamine neurotransmitters (and 

their metabolism) throughout the development of the central nervous system. In 

correspondence to these time-sensitive changes, the comparisons of neurobehavioral 

phenotypes between KO and WT pups at multiple ages pointed to a complex set of 

developmental alterations. In particular, KO pups in the first week of life exhibited intense 

head nodding, trembling and deficits in posture and gait. These alterations were followed by 

hyperlocomotion and hyperreactivity during the second week of life, time-locked with the 

onset of aggressive biting.
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The lack of evidence on early-life abnormalities in Brunner syndrome patients raised the 

question of whether the neurodevelopmental aberrances in Maoa KO mice may result from 

their artificial mutation and/or by the interaction of the phenotypical consequences of Maoa 
deficiency with other congenital problems in the C3H/HeJ strain, such as blindness. These 

doubts were essentially dispelled by the development of a second line of 129S6 mice 

harboring a spontaneous mutation of exon 8 (in a position adjacent to the site of the 

nonsense codon in Brunner syndrome) (Scott et al., 2008). Indeed, the spectrum of 

alterations exhibited by these mice overlaps with those of C3H mice.

Our group and others have investigated whether the aggression in adult KO mice may be 

underpinned by specific cognitive and emotional endophenotypes. These studies elucidated 

that KO mice display a marked reduction in social and environmental exploration (Bortolato 

et al., 2011; Godar et al., 2011). In particular, KO mice showed exaggerated defensive and 

neophobic responses to minor or innocuous stimuli (such as unfamiliar objects in their home 

cage or a mild footshock) (Kim et al., 1997; Godar et al., 2011); furthermore, they displayed 

lower response to stressful and threatening contingencies, including predator cues, physical 

restraint and cold temperature (Popova et al., 2006; Godar et al., 2011; Godar et al., 2015). 

KO mice were also found to exhibit a marked reduction in other measures of risk assessment 

and threat appraisal (Popova et al., 2001; Bortolato et al., 2011; Godar et al., 2011), as well 

as greater retention of aversive memories (Kim et al., 1997; Dubrovina et al., 2006).

Building on this background, we explored whether the developmental changes in KO mice 

may correspond to a generalized inability to process environmental information. These 

studies led to the discovery that Maoa mutants exhibit a broad number of deficits akin to 

core autistic symptoms, namely social deficits, communication impairments, perseverative 

behaviors, poor reversal learning and reduced auditory and tactile sensitivity (Bortolato et 

al., 2013a). Notably, this preclinical evidence was strikingly confirmed by the recent 

characterization of a new cases of Brunner syndrome in a boy with low-functioning autism-

spectrum disorder, exhibiting severe cognitive impairments and episodic self-aggression in 

response to stress (Piton et al., 2014). Other loss-of-function MAOA mutations were 

recently identified in males with mild intellectual disability, introverted and obsessive traits, 

attentional deficits and episodic explosive aggression (Palmer et al., 2015). The early onset 

of the behavioral symptoms in these patients confirm that the clinical abnormalities in 

Brunner syndrome are underpinned by dysregulations in early neurodevelopmental 

processes.

The possibility that MAOA deficiency is conducive to impairments that may be related to 

aggression and autism-related alterations is particularly intriguing, in consideration of the 

frequency of aggressive manifestations in autistic children (Lecavalier, 2006; Farmer and 

Aman, 2011). Recent studies have shown that MAOA may play a key role in the ontogenesis 

of sensory and communication deficits, as well as arousal regulation problems and 

aggressiveness in autistic boys (Cohen et al., 2011). These findings may suggest a potential 

relationship between aggression and sensory-communicative problems, even raising the 

intriguing possibility that aggression may arise as a defensive response driven by poor social 

information processing (Crick and Dodge, 1996). Future work will be needed to verify 
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whether the severity of aggression in MAOA-deficient individuals may correlate with the 

intensity of communicative and sensory deficits.

In summary, the total congenital deficiency of MAOA, termed Brunner syndrome, has been 

shown to result in antisocial behavior and abnormally high levels of aggression in patients; 

these findings have been paralleled by similar results in mouse models harboring null-allele 

mutations of the Maoa gene. In particular, these investigations have begun to reveal that the 

behavioral phenotype of MAOA deficiency also encompasses autistic-related characteristics, 

which have been recently confirmed in recently-discovered cases of Brunner syndrome.

4. Role of MAOA allelic variants in the ontogeny of aggression

The bulk of clinical evidence on the link between MAOA and aggression comes from 

genetic studies on the numerous polymorphic variants of this gene (Table 1). The richest 

source of evidence on the functional role of MAOA in aggression has come from an 

upstream variable-number tandem repeat (uVNTR) polymorphism, featuring alleles with 

different numbers (2, 3, 3.5, 4, 5 and 6) of 30-bp repeats 1.2 kb upstream of the transcription 

initiation site (Sabol et al., 1998; Huang et al., 2004). The two most common uVNTR 

alleles, harboring 3 and 4 repeats, are estimated to be present in 35–39% and 59–63% of 

Caucasians, respectively; conversely, 3-repeat variants are present in the majority of African 

(52–59%) Asian (53–61%), and Hispanic (70%) Americans (Sabol et al., 1998; Rosenberg 

et al., 2006; Widom and Brzustowicz, 2006; Beaver et al., 2013). The particular importance 

of the uVNTR polymorphism arises from its functional nature: the 3-repeat allele (and, to an 

even greater extent, the 2-repeat allele) is associated with low transcriptional efficiency of 

the MAOA promoter, resulting in lower enzyme activity than that of the 4-repeat variant 

(Sabol et al., 1998; Deckert et al., 1999; Denney et al., 1999; Jonsson et al., 2000).

Several studies have shown an association between the 2- and 3-repeat alleles and multiple 

facets of aggression, including hostility and antisocial personality (Oreland et al., 2007; 

Buckholtz and Meyer-Lindenberg, 2008; Weder et al., 2009; Williams et al., 2009). This 

predisposition is accompanied by a set of impairments of neurocognitive functions, such as 

processing of facial expressions (Lee and Ham, 2008), as well as blunted stress response 

(Brummett et al., 2008). Other studies have investigated whether MAOA uVNTR variants 

may be related to other personality traits, including conscientiousness, straightforwardness, 

and neuroticism, but results have been largely inconsistent (Garpenstrand et al., 2002; 

Samochowiec et al., 2004; Jacob et al., 2005; Contini et al., 2006; Kim et al., 2006; 

Rosenberg et al., 2006; Tochigi et al., 2006), possibly suggesting a specific involvement of 

MAOA in aggression.

An interesting aspect of the research on the psychological phenotypes associated with 

different MAOA uVNTR alleles involves the specific subtypes of aggression. Numerous 

lines of evidence have shown that the low-activity variants are associated with reactive, 

rather than proactive aggression. For example, carriers of 3-repeat variants exhibit a greater 

proclivity to engage in hostile retaliatory acts against the provocations of perceived 

opponents and competitors (McDermott et al., 2009; Kuepper et al., 2013). More recently, 
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these individuals were shown to display a significantly higher tendency to engage in 

impulsive aggressive reactions to negative affect (Chester et al., 2015).

A number of studies have found a robust association between low-activity MAOA variants 

(and particularly 2-repeat alleles) and psychopathy and criminal behavior (Guo et al., 2008; 

Beaver et al., 2009; Beaver et al., 2010; Beaver et al., 2013; Beaver et al., 2014; Armstrong 

et al., 2014; Stetler et al., 2014; Tiihonen et al., 2015). The link with psychopathy, which has 

garnered this allele the questionable moniker of “psycho gene”, is particularly surprising, 

given the consolidated link of this trait with proactive aggression and callous-unemotional 

traits, rather than reactive aggression (Raine et al., 2006; Nouvion et al., 2007). 

Nevertheless, it is worth noting that the definition of psychopathy is not entirely aligned with 

that of proactive aggression; for example, this trait is associated with several aspects of 

impulsivity (Morgan et al., 2011). In addition, several authors have recognized a distinction 

between primary psychopathy, characterized by low anxiety and lack of conscience, and 

secondary psychopathy, associated with negative affect, high anxiety and impulsivity 

(Blackburn, 1975; Newman et al., 2005a; Skeem et al., 2007). Recent work has shown that 

these two subtypes are underpinned by different genetic and environmental factors 

(Blonigen et al., 2005; Hicks et al., 2012); in particular, secondary psychopathy is highly 

associated with environmental risk factors (Skeem et al., 2003). This background suggests 

that the acquisition of psychopathic traits in carriers of low-activity MAOA alleles may 

result from social learning: in other terms, while these variants lead to a greater propensity 

for reactive aggression, the repeated engagement in violent acts (if associated with perceived 

advantages) may in turn facilitate the development of instrumental antisocial behaviors. With 

respect to this possibility, it is interesting to note that, although the distinction between 

reactive and proactive aggression is well supported by clinical evidence (Card and Little, 

2006), several studies point to a moderate concurrence of both subtypes (see Polman et al., 

2007 for a meta-analysis of this relationship in children and adolescents), and indicate a 

sizable overlap of their genetic predisposition factors (Brendgen et al., 2006).

In keeping with the multifactorial nature of aggression, multiple lines of evidence have 

documented that the influence of MAOA on antisocial behavior is shaped by interactions 

with other vulnerability factors. In a seminal study on New Zealanders, Caspi and coworkers 

(2002) reported that male carriers of the 3-repeat allele with a history of child abuse or 

neglect had a significantly higher prevalence of antisocial behaviors than individuals with 

only one risk factor. This breakthrough, which documented the first gene x environment 

(GxE) interaction in antisocial conduct, was confirmed and extended by multiple subsequent 

studies in US, UK and Sweden (Foley et al., 2004; Huang et al., 2004; Nilsson et al., 2006; 

Frazzetto et al., 2007; Weder et al., 2009; Beach et al., 2010; Derringer et al., 2010; Edwards 

et al., 2010; Åslund et al., 2011; Fergusson et al., 2011; but see also Prichard et al., 2008 and 

Haberstick et al., 2014 for contrasting evidence), and validated by three meta-analyses (Kim-

Cohen et al., 2006; Byrd and Manuck, 2014; Ficks and Waldman, 2014). A particularly 

remarkable replication of this result came from a 30-year longitudinal study, showing that 

abused children with low-activity MAOA variants developed conduct problems and hostility 

at around 16 years of age (Fergusson et al., 2011). Interestingly, low-activity MAOA alleles 

have been recently found to interact with maternal stress to influence negative emotionality 
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in infants (Hill et al., 2013), pointing to the fact that the synergistic effects of stress and 

MAOA may also occur throughout prenatal development.

An interesting interpretation of the psychological processes underlying GxE interaction has 

been recently provided by Nillson and colleagues (2014), who reported that low-activity 

MAOA variants may interact with early maltreatment by shaping the susceptibility to 

negative events. In line with this idea, the interaction of these genetic variants with social 

exclusion has been shown to result in higher aggression scores in the point subtraction 

aggression paradigm, a common experimental task used to simulate aspects of aggression in 

a laboratory setting (Gallardo-Pujol et al., 2013).

It is worth noting that the nature of the GxE interaction is sex-dimorphic. Indeed, most lines 

of evidence have shown that, in women, high-activity MAOA variants and their interactions 

with early adversities, predict for externalizing behaviors and aggression (Kinnally et al., 

2009; Beach et al., 2010; Åslund et al., 2011; Verhoeven et al., 2012; McGrath et al., 2012; 

Holz et al., 2014; but see also Ducci et al., 2008 for evidence pointing to homozygous low-

activity genotype as a risk factor for antisocial behavior in females). Further studies are 

warranted to examine how MAOA may impact aggression risk in a sex-dependent fashion.

Taken together, the evidence on the uVNTR variants of MAOA has unequivocally shown 

that male carriers of low-activity alleles of this gene are predisposed to a negative bias in the 

interpretation of social stimuli, which results in a greater propensity for aggressive and 

impulsive reactions to provocation and stress. Building on this premise, several independent 

studies have shown that the synergism of this psychological substrate with early-life traumas 

or stressors markedly increases the susceptibility to develop antisocial behaviors from 

adolescence onwards. A potential tool to investigate the mechanistic bases of this GxE 

interaction may be afforded by animal models. Most of the preclinical studies on the role of 

MAOA genotypic variants have been produced in non-human primates (Barr and Driscoll, 

2014). Sequence analysis studies have revealed the presence of functional VNTRs in the 

transcriptional control region of MAOA across several species of monkeys (such as Rhesus 

macaques and Gelada baboon) as well as apes (including gorillas, orangutans, chimpanzees 

and bonobos) (Wendland et al., 2006). In particular, the alleles in the rhMAOA-LPR (an 

upstream functional polymorphism regulating MAOA transcription) in Rhesus monkeys 

show a great degree of variability, particularly in societies with high levels of intermale 

conflicts for dominance, suggesting a likely homology with the uVNTR polymorphism 

(Wendland et al., 2006). These variants have also been shown to participate in GxE 

interactions with early rearing experiences; for instance, male macaques raised with or 

without their mothers were found to exhibit competitive behavior and social group 

aggression in a MAOA-dependent fashion. In striking resemblance with the human data, 

carriers of low-activity alleles reared in small groups or without mothers were found to 

exhibit higher aggression and other anxiety-related maladaptive behaviors (Newman et al., 

2005b; Karere et al., 2009).

While no direct equivalent of uVNTR alleles exist in rodents, our group has begun studying 

the impact of early stress in a novel line of Maoa hypomorphic mice, generated through the 

insertion of a neomycin resistance cassette into the eighth intron of the gene Maoa 
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(Bortolato et al., 2011). These mice, termed MaoaNeo, display reduced normal levels of 

Maoa transcript and very low levels of MAOA activity. Similar to Maoa KO mice, MaoaNeo 

mice display impairments in social behavior, as well as communication deficits and 

perseverative behaviors (Bortolato et al., 2011 and unpublished data). In addition, we found 

that these animals feature alterations in their cerebellar morphology (Alzghoul et al., 2012) 

reminiscent of abnormalities documented in autism-spectrum disorder patients. In contrast 

with KO mice, however, their MaoaNeo counterparts display no spontaneous aggression, 

affording a unique experimental platform to test the effects of early adversities on the 

development of this trait. Collectively, these premises argue in favor of the utilization of 

animal models as a unique experimental tool to verify the role of MAOA in the 

neurobiological bases of GxE interactions in antisocial behavior and aggression.

5. Role of MAOA enzymatic activity in aggression

Although the majority of clinical studies on the role of MAOA in aggression has focused on 

the genetic bases of this relationship, a number of investigations have targeted the specific 

role of the enzyme and its catalytic activity in antisocial and violent behaviors. One of the 

key limitations of this approach is that peripheral MAOA activity is typically measured in 

platelets, which only express MAOB (Bortolato et al., 2008). It is worth noting, however, 

several studies have highlighted that MAO platelet activity is low in aggressive and violent 

individuals (Belfrage et al., 1992; Skondras et al., 2004); the significance of these findings, 

however, remains unclear, given that Maob deficiency in mice is associated with behavioral 

disinhibition, but not aggression (Grimsby et al., 1997; Bortolato et al., 2009).

The most prominent line of evidence for the association between MAOA activity and 

aggression comes from PET studies employing radiolabeled MAOA inhibitors (Fowler et al., 

2007; Alia-Klein et al., 2008). In particular, it was shown that, in healthy adult males, 

MAOA activity in multiple subcortical and cortical brain regions was inversely correlated 

with indices of trait aggression in the Multidimensional Personality Questionnaire (MPQ) 

(Alia-Klein et al., 2008). This finding has been confirmed by Independent studies showing 

that anger and hostility are negatively correlated with MAOA binding in multiple sub-

regions of the prefrontal cortex (PFC) (Soliman et al., 2011). These results underscore the 

importance of MAOA in antisocial behavior and point to this enzyme as a biomarker for 

aberrant aggression. In support of this idea, recent studies have documented lower MAOA 

distribution volume in patients affected by antisocial personality disorder (Kolla et al., 

2015).

While these findings appear to be in line with the abundant evidence on the role of uVNTR 

genotypes in aggression, it is worth noting that no direct association between these alleles 

and MAOA brain levels in adults has been found (Fowler et al., 2007). This lack of direct 

relationship was also confirmed by post-mortem analyses, which documented that, although 

the enzyme activity of 3-repeat carriers is numerically lower than that of 4-repeat controls, 

this comparison was not statistically significant (Balciuniene et al., 2002). Taken together, 

this background suggests that, while uVNTR variants are likely to predispose to different 

levels of MAOA catalytic activity in the brain, this effect may be particularly important in 

early life stages, when this enzyme reaches its peak concentrations (Tong et al., 2013). 
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Future studies are warranted to investigate the association between uVNTR alleles and brain 

MAOA activity in childhood and adolescence.

It is also worth noting that MAOA enzyme activity is influenced by multiple environmental 

factors, including exercise (Morishima et al., 2006), diet (Jahng et al., 1998) and stress 

(Marquez et al., 2013), raising the possibility that the importance of the genetic influence on 

this index may become progressively weaker with time. Two important corollaries of this 

idea are that the nature of the link between MAOA and aggression is neurodevelopmental, 

and that early-life exposure to environmental factors that may reduce MAOA activity may 

lead to a greater predisposition to aggression.

Indeed, this possibility has been hypothesized to explain the well-documented association 

between maternal smoking and conduct disorder (Baler et al., 2008; Wakschlag et al., 2010), 

in consideration of the reduction of MAOA activity following exposure to smoke (Fowler et 

al., 1996; Berlin and Anthenelli, 2001).

The importance of contextual factors in the regulation of MAOA activity is also supported 

by evidence documenting that brain MAOA activity is predicted by the levels of methylation 

of MAOA promoter (Shumay et al., 2012), suggesting that environmental factors, especially 

during early stages, influence MAOA activity through epigenetic mechanisms. The 

relevance of this result is highlighted by the recent discovery of higher levels of MAOA 
promoter methylation in violent offenders (Checknita et al., 2015).

In summary, recent evidence has shown that MAOA genetic variants may not be a robust 

predictor of the catalytic activity of the corresponding enzyme, likely due to a wide array of 

environmental influences. This finding notwithstanding, the catalytic activity of MAOA in 

the brain may serve as an even more reliable and accurate biological index to measure the 

predisposition to antisocial behavior and aggression.

Rodent models have been extensively used to verify how and when chronic pharmacological 

blockade of MAOA may lead to aggressive responses. These investigations have shown that 

prenatal inhibition of MAOA leads to increased proclivity for aggression and stereotyped 

behaviors in rats (Whitaker-Azmitia et al., 1994; Mejia et al., 2002). In addition, MAOA 
inhibition in adolescence and juvenile stages (between the third and sixth week of life) has 

been recently found to result in aggression in mice, while the same treatment during the first 

three postnatal weeks leads to anxiety-like behaviors, but not aggression (Yu et al., 2014). 

Finally, several studies have shown that chronic inhibition of MAOA in adult rodents 

reduces, rather than increases, aggression (Griebel et al., 1998; Datla et al., 1991). In 

conformity with the antidepressant effects of MAOA inhibitors, this latter regimen was 

found to reduce defensive responses towards predators and block stress-induced aggression 

in adult rodents. Taken together, these data suggest that low MAOA activity may have 

distinct and complementary outcomes across different developmental stages, the 

combination of which may lead to enduring increases in aggression.
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6. Neuroanatomical bases of the link between MAOA and aggression

The primary approach to identify the biological underpinnings of the link between MAOA 
and aggression in humans is currently based on neuroimaging studies conducted on carriers 

of different functional classes of uVNTR alleles. As mentioned above, low-activity 

genotypes have been shown to predispose for reactive aggression by facilitating the 

dysregulation of affective information processing and altering the emotional response to 

provocation (McDermott et al., 2009; Gallardo-Pujol et al., 2013; Kuepper et al., 2013). 

Several studies on reactive aggressive individuals have shown that these behavioral 

alterations reflect dysregulations in corticolimbic networks, and particularly in the 

connectivity between the amygdala and different parts of the PFC (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). Specifically, the 

impaired communication between these areas is often based on a diminished activity of 

prefrontal regions and an increased responsiveness of the amygdala and other limbic 

structures to social cues (Sterzer et al., 2005; Coccaro et al., 2007; Marsh et al., 2011; 

Motzkin et al., 2011). Indeed, the activities of the PFC and amygdala are inversely correlated 

in reactive aggressive individuals during emotional appraisal (Coccaro et al., 2011; Dorfman 

et al., 2014), probably indicating the impairment of top-down inhibitory controls from the 

cortex to limbic areas.

In confirmation of the link between low MAOA activity and aggression, similar 

neurofunctional alterations have been reported in male carriers of 3-repeat MAOA uVNTR 

alleles. Specifically, these subjects exhibit elevated and reduced volumes of the orbitofrontal 

cortex and amygdala, respectively; these morphological changes are accompanied by 

diminished prefrontal activity during tasks of inhibitory control as well as heightened limbic 

responsiveness to emotional arousal (Meyer-Lindenberg et al., 2006; Buckholtz et al., 2008; 

Nymberg et al., 2013). Furthermore, these individuals showed a significant enhancement of 

neural activity in the PFC, in correspondence of their high responsiveness to social rejection, 

insults and facial affect (Eisenberger et al., 2007; Denson et al., 2014). These data support 

the possibility that MAOA in the PFC modulates both the ability to properly assess the 

emotional salience of contextual cues (towards a less severe hostile attribution bias), and the 

selection of appropriate adaptive responses; early disruptions of this system may enhance the 

sensitivity to adverse-life experience and result in a negative socio-cognitive bias (Buckholtz 

and Meyer-Lindenberg, 2008; Dorfman et al., 2014).

In addition to clinical studies, the neuroanatomical underpinnings of the link between Maoa 
and aggression have been extensively investigated in mouse models. The indirect proof of 

the importance of cortico-amygdalar connectivity in these mutants came from the finding 

that the behavioral and metabolic effects of Maoa deletion could be rescued by genetic 

reinstatement of human MAOA in forebrain areas (Chen et al., 2007). Further studies by our 

group and others helped understand the cellular bases of the behavioral dysfunctions 

associated with low MAOA activity. Both Maoa KO and MaoaNeo males exhibit functional 

deficits of the PFC, which are accompanied by higher dendritic arborization of its pyramidal 

cells (Bortolato et al., 2011); conversely, opposite morphological and functional changes 

were documented in amygdala (Kim et al., 1997; Bortolato et al., 2011; Godar et al., 2015). 
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Notably, the combination of hypofrontality and amygdalar hyperactivity in Maoa mutants 

parallels the well-documented dysregyulation of corticolimbic connectivity observed in 

reactive aggressive subjects (Coccaro et al., 2011).

Another morphological abnormality featured in Maoa KO mice concerns the reduced 

thickness of the rostral portion of the corpus callosum (Bortolato et al., 2013a). This 

aberrance, which further suggests connectivity impairments in the frontal pole of the cortex, 

may lead to impairments in the interhemispheric processing of emotional responses to 

conflict and social cues (Paul et al., 2007; Schutter and Harmon-Jones, 2013), thereby 

contributing to the maladaptive responses to neutral and threatening cues in these animals 

(Godar et al., 2011). Reductions in callosal thickness have been evidenced in psychopathic, 

antisocial subjects (Raine et al., 2003).

Finally, Maoa-deficient mice exhibit a marked dysmorphogenesis of the barrel fields in layer 

IV of the somatosensory cortex (Cases et al., 1995; Bortolato et al., 2011). These structures 

serve the sensory representation of the mystacial vibrissae in the rodent snout (Erzurumlu 

and Jhaveri, 1990), and are optimal proxy substrates for the analysis of columns, basic 

functional units of cortical organization in the brain (Lubke and Feldmeyer, 2007; Lokman 

and Garel, 2014). While columnarity alterations are usually regarded as prominent 

cytoarchitectural correlates of autism-related impairments (Courchesne and Pierce, 2005; 

Buxhoeveden et al., 2006; Stoner et al., 2014), these studies suggest that region-specific 

alterations in cortical columns may underpin not only autistic symptoms, but also contribute 

to the pathogenesis of antisocial and violent behavior. To the best of our knowledge, little is 

currently known about changes in dendritic arborization and columnarity in carriers of low-

activity MAOA variants and antisocial individuals. Based on animal findings, future studies 

on post-mortem brain samples are warranted to address this potentially important 

translational link.

7. Neurochemical bases of the link between MAOA and aggression

The clinical evidence on the neurochemical mechanisms supporting the link between MAOA 
and aggression is very limited and based on indirect indices, such as the levels of 

monoamine metabolites in peripheral fluids and/or CSF. For example, Brunner syndrome 

patients exhibit very low urinary concentrations of 5-hydroxyindoleacetic acid (5-HIAA) as 

well as homovanillic acid (HVA) and vanillylmandelic acid (VMA), the key products of 

oxidative metabolism of 5-HT and catecholamines, respectively (Brunner et al., 1993), 

signifying the marked reduction in monoamine degradation. MAOA uVNTR variants were 

also found to affect monoamine metabolism; for example, the high-activity alleles are 

associated with greater CSF concentrations of 5-HIAA and HVA (Williams et al., 2003; 

Zalsman et al., 2005). Of note, low 5-HIAA levels have long been regarded as a sensitive 

biomarker for hostility, aggression and impulsive violence (Linnoila et al., 1983; Virkkunen 

and Linnoila, 1990; Soderstrom et al., 2001; Moore et al., 2002; Duke et al., 2013), in 

correspondence of the key role of 5-HT in the regulation of aggression (Bortolato et al., 

2013b; Coccaro et al., 2015).
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Most of our current knowledge on the biochemical processes mediating the link between 

MAOA and aggression comes from evidence gathered on animal models. The main 

neurotransmitter implicated in the aggressive behavior of Maoa KO mice is 5-HT. The bulk 

of evidence has shown that impulsive aggression is consequent to a reduction of 5-HT 

content; for example, dietary restriction of the 5-HT precursor tryptophan impairs emotional 

processing and increases the susceptibility for outbursts in aggressive patients (Lee et al., 

2012; Passamonti et al., 2012; Grady et al., 2013). As noted above, however, Maoa KO mice 

exhibit pronounced elevations of synaptic 5-HT levels; this apparent conundrum may be 

explained by the multifaceted contributions of 5-HT to the ontogeny of aggression across 

multiple developmental stages and different brain regions. Given that the concentrations of 

brain 5-HT are consistently higher in Maoa KO than WT mice, this persistent elevation in 5-

HTergic tone may desensitize neurons to the changes in neurotransmitter release caused by 

environmental stimuli. In line with this idea, we recently found that the aggression of Maoa 
KO mice is paradoxically reduced by inhibition of 5-HT reuptake (Godar et al., 2014), 

which leads to a drastic reduction of firing of 5-HTergic neurons as well as a marked 

enhancement in 5-HT synaptic content (Evrard et al., 2002). In line with these findings, 

Palmer and colleagues (2015) recently reported that administration of selective 5-HT 

reuptake inhibitors reduced aggressive outbursts and improved mood in Brunner syndrome 

patients.

Another mechanism that may contribute to the pathogenesis of aggression in MAOA-

deficient 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), it is possible that 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 shown the implication of hyperactive dopaminergic limbic transmission in 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 antisocial behaviors.

In addition to monoaminergic changes, we have documented that Maoa KO mice exhibit 

functional deficits of the glutamatergic system, and in particular of the N-methyl-D-aspartate 

receptors (NMDARs) in the PFC (Bortolato et al., 2012). Maoa mutants show stoichiometric 

changes of NMDAR subunit composition, with reduced glycosylation of NR1 and increased 

expression of NR2A and NR2B. The resulting reduction in NMDAR conductance is posited 

to result in functional impairments of the PFC (Bortolato et al., 2012), which may account 

for the maladaptive processing of contextual cues in individuals with low MAOA activity 

(Sterzer et al., 2005; Godar et al., 2011). The relevance of NMDARs in the aggression of 

MAOA-deficient individuals is consistent with prior evidence pointing to this receptor in the 

modulation of neurofunctional processes implicated in the assessment of environmental and 

social cues (Seeburg et al., 1995; Jackson et al., 2004; Rolls et al., 2008). Recent clinical 
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studies have identified a correlation between elevated cerebrospinal glutamate levels and 

aggressive behaviors in healthy volunteers (Coccaro et al., 2013). Although the exact 

mechanisms underpinning aggressiveness in individuals with low MAOA activity remains 

unclear, it is possible that changes in glutamate signals from the PFC may switch off 

inhibitory cortical control over subcortical circuits. Thus, pharmacological compounds that 

rectify glutamatergic alterations of the PFC and/or the limbic circuitry may be beneficial as 

potential therapies. From this perspective, it is worth noting that NMDAR subunit 

antagonism was found to result in a dramatic amelioration of aggression in MAOA KO mice 

(Bortolato et al., 2012); given that memantine, a low-potency NMDAR antagonist, exerts 

therapeutic properties in patients with high levels of aggression and agitation (Wilcock et al., 

2008), these results may provide important leads for the development of novel treatment for 

antisocial behaviors in aggressive patients with low MAOA activity variants.

In conclusion, findings from animal models strongly suggest that the role of MAOA in the 

pathophysiology of aggression and antisocial behavior is based on the cross-talk of several 

neurotransmitter systems in the corticolimbic system, including 5-HT, dopamine and 

glutamate (with its attending NMDAR receptor). The reciprocal interactions of these 

systems may vary across different brain regions and developmental stages, further 

highlighting the high neurobiological complexity of the underpinnings of aggressive 

behavior.

8. Future challenges and conclusions

The evidence presented in this review shows the close alignment between clinical and 

preclinical findings with respect to the phenotypic consequences of low MAOA activity, 

across a number of complementary lines of evidence encompassing genetic, neuroimaging 

and psychological analyses. In particular, studies on patients and animal models converge in 

indicating that MAOA plays a cardinal role in the orchestration of reactive aggression, 

through the modulation of corticolimbic circuits serving social information processing and 

emotional responsiveness.

In both humans and animals, the impact of MAOA on aggressive behavior appears to depend 

on similar factors, including stress exposure, as well as sex- and age-specific processes. 

MAOA may be particularly critical in modifying the cortical and amygdalar responses to 

adverse environmental contingencies during early developmental stages, and the 

combination of these endophenotypes with other dysregulations may lead to enduring 

modifications of socio-affective reactivity through the engagement of epigenetic processes.

These premises point to the unique possibility of establishing a solid translational platform, 

based on the integration of clinical and preclinical research, in order to address the following 

unresolved challenges concerning the pathophysiology of antisocial behavior associated 

with low MAOA activity:

• What are the behavioral characteristics of subjects with low MAOA allelic variants 
at different developmental stages? Although it is known that reactive aggression 

follows a developmental trajectory, the specific contribution of MAOA to this 

process remains unclear. To elucidate this aspect, future studies are needed to 
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profile the behavioral characteristics of carriers of low MAOA activity variants, as 

well as animals with MAOA deficiency during early developmental stages. In 

particular, these investigations should ascertain whether specific neurobehavioral 

changes may be associated with alterations in neuroendocrinological indices, also 

in relation to different degrees of exposure to various environmental contingencies.

• What elements of stress interact with low MAOA alleles to affect aggression? 
Ample evidence has shown that low MAOA activity allelic variants interact with 

childhood maltreatment, but the specific factors of stress that may influence this 

phenotype are elusive. Future studies in humans and rodents should verify whether 

different stressors may interact with MAOA genotypes to increase risk for 

antisocial behaviors.

• Do individuals with low MAOA allelic variants (with or without exposure to early 
maltreatment) exhibit alterations in cortical columnarity, dendritic arborization or 
NMDAR function in the PFC? Our findings indicate that Maoa-deficient mice 

exhibit a number of functional and histoarchitectural changes in the PFC. Post-

mortem studies are warranted to verify whether antisocial behaviors in humans may 

be underpinned by similar deficits.

• Does low MAOA activity interact with early stress in animals to increase the risk 
for aggression? Preliminary observational studies have begun analyzing what 

specific modalities and degrees of severity of stress interact with MAOA variants to 

facilitate the development of antisocial behavior and aggression (Weder et al., 2009; 

Derringer et al., 2010). It is clear, however, that these studies can only be performed 

from a correlational perspective. To address these issues from an experimental 

standpoint, future studies on animal models are needed; furthermore, these 

investigations would be fundamental to understand the molecular bases of GxE 

interactions and identify novel putative therapeutic targets to prevent and/or treat 

antisocial behavior.

• How do sex differences impact MAOA activity and protect or predispose towards 
aggression? Clinical data suggest that the link between low-activity MAOA 

polymorphisms and aggression is sex-dependent. Indeed, antisocial behaviors in 

females appear to be mostly associated with high-activity MAOA alleles. The 

mechanisms of this dimorphism, however, are still unknown. Future preclinical 

investigations should explore whether different sex factors (such as testosterone, 

adrenal androgens and/or estrogens) may influence the pathogenesis of aggressive 

responses in Maoa-deficient mice.

• Is psychological stress the only environmental factor that interacts with low MAOA 
activity alleles? Most studies have focused on psychological traumas and stressors 

as the key environmental factor interacting with MAOA. Nevertheless, recent 

evidence indicates that the neural effects of stress are based on similar processes as 

those caused by other forms of environmental damage, such as the oxidative stress 

induced by smoking and/or neuroinflammation. It is unclear, however, whether any 

of these factors may predispose to aggression by interacting with specific genetic 

variants of MAOA.
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• Does MAOA genotype affect vulnerability to drug abuse? Ample evidence has 

shown that substance abuse and dependence are highly comorbid with aggression, 

raising the possibility that MAOA may be a risk factor for drug abuse. Future 

clinical and preclinical studies are needed to address this interesting hypothesis and 

verify whether MAOA may influence the complex relationship between addiction, 

negative emotionality and aggressive psychopathology.

Taken together, these questions highlight a translational framework for clinical and 

preclinical researchers to begin unraveling the specific mechanisms by which MAOA 

contributes to the pathogenesis of aggression. The integration of data and ideological 

concepts from both sources of research is fundamental for future theoretical developments 

on the ontogeny of antisocial behavior, and may assist with the identification of premorbid 

signs and diagnostic biomarkers for this disorder. In addition, this research will be 

instrumental to the development of future preventative measures and novel therapeutic 

strategies for this devastating condition.
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PFC prefrontal cortex

RDoC Research Domain Criteria

uVNTR upstream variable-number tandem repeat

VMA vanillylmandelic acid
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Highlights

• The enzyme monoamine oxidase A (MAOA) is one of the best-characterized 

molecular underpinnings of antisocial behavior and aggression

• Low-activity MAOA variants moderate the effect of environmental adversity in 

the pathogenesis of aggression

• Herein, we review clinical and animal models of MAOA deficiency and 

aggression

• We highlight translational approaches for solving current challenges
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Figure 1. 
PRISMA Flow Diagram summarizing the literature search used for the present review. Only 

studies written in English were included.
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Table 1

List of major MAOA polymorphisms.

VNTR
uVNTR

Ca(n)

SNP

Rs1137070

Rs1465107

Rs1801291

Rs2072743

Rs2235186

Rs2283725

Rs3027400

Rs3027407

Rs5906883

Rs5906957

Rs5953210

Rs6323

Rs6609257

Rs72554632

Rs909525

Rs979606

Prog Neuropsychopharmacol Biol Psychiatry. Author manuscript; available in PMC 2017 August 01.


	Abstract
	1. Introduction
	2. Clinical and phenomenological classifications of aggression
	3. MAOA deficiency and aggression
	4. Role of MAOA allelic variants in the ontogeny of aggression
	5. Role of MAOA enzymatic activity in aggression
	6. Neuroanatomical bases of the link between MAOA and aggression
	7. Neurochemical bases of the link between MAOA and aggression
	8. Future challenges and conclusions
	References
	Figure 1
	Table 1

