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In a seminal article, Brunner and colleagues (1) discovered a
stop codon unique to one Dutch family leading to altered
metabolism of monoamine neurotransmitters and antisocial

behavior in hemizygous males (Figure 1). Discovery of this rare
functional variant was followed by the detection of a common
functional variable number of tandem repeat locus that was
associated to behavioral dyscontrol, especially in the context of
stress exposure (Figure 1). In 2002, Caspi et al. (2) reported the
first powerful demonstration of gene–environment interaction in
behavior by showing that childhood maltreatment predicted
antisocial behavior in men as a function of monoamine oxidase
A (MAOA) genotype. This finding has proven to be a veritable
cornucopia or prototype, spawning myriad studies that have
sought to address the issue of whether the combined effects of
low expression MAOA genotypes and stress are additive or
interactive along with studies of the environment’s interaction
with many other genes. Under the additive model, 2 � 2 ¼ 4, but
as is well understood, interactions can be subadditive (e.g., 2 �
2 ¼ 3) or superadditive (e.g., 2 � 2 ¼ 10).

In this issue of Biological Psychiatry a positive MAOA-maltreat-
ment meta-analysis is juxtaposed with a negative MAOA-maltreat-
ment study conducted in a single, large, well-characterized
sample. In their meta-analysis, Byrd and Manuck (3) evaluated
27 peer-reviewed studies on MAOA-maltreatment interaction
published between 2002 and 2012. Overall, these studies sup-
ported the original MAOA–maltreatment interaction in males and
showed a similar, although less robust trend in females. A
minority of studies reviewed by Byrd and Manuck reported null
or opposite results, highlighting several important functions of
meta-analysis. A more panoramic view can point to overall
consistency, even on a lowest common denominator (meaning
crude) dependent variable such as antisocial behavior. Moreover,
meta-analysis can reveal false positives or false negatives, time
trends, and publication bias. Meta-analysis also enables more
accurate estimation of effect size; this is particularly important for
the estimation of interaction effects, which requires large samples.

Also in this issue of Biological Psychiatry, Haberstick et al. (4)
report lack of interaction between MAOA and childhood maltreat-
ment drawing from the National Longitudinal Study of Adolescent
Health (Add Health). Add Health is a large (n ¼ �26,000),
nationally and epidemiologically representative sample tracking
adolescents through adulthood—a goldmine for understanding
the effects of predictors and their interactions on common
behaviors. Studying 3,356 white and 960 black subjects from
within Add Health, Haberstick et al. justifiably argue that some
replications based on smaller samples could be false positives,
although one previous positive study, the Avon Longitudinal
Study on Parents and Children, involved a larger number of
subjects (3). One problem that meta-analysis can partially address
is that publication bias may be afoot in situations where
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replications are concentrated among smaller studies and earlier
studies, problems addressed by Byrd and Manuck, who found that
the MAOA–maltreatment interaction finding remains robust to the
addition of many (�93!) studies of null effect and equivalent
sample size and that no effect of time of publication was evident.

The qualitative and imperfect nature of behavioral measures
and exposures degrades our ability to detect the interaction of a
gene. Haberstick et al. constructed a composite antisocial index
based on extensive information both retrospectively and long-
itudinally in childhood and young adulthood (4). Nevertheless,
the data on which the index is constructed include convictions for
violent offenses, conduct problems, and adult antisocial behaviors
—items that are influenced by different sources of “noise.” For
example, respondent bias and sociocultural factors influence the
expression of antisocial behavior and the consequences. Several
positive MAOA–maltreatment studies, including the original study
by Caspi et al. (Dunedin Longitudinal Cohort) and Enoch et al.
(Avon Longitudinal Study on Parents and Children) were con-
ducted on more homogeneous samples (2,5). The one near
constant in all interaction studies has been MAOA genotype;
however, we cannot expect the maltreatment predictor variables
and behavioral outcomes in the various studies to equate, and
there may be modifying variables of unknown effect.

Failure to replicate a genetic association does not prove
complexity of causation. However, one must consider the possi-
bility that the gene’s effect on complex behavior is small and at
the mercy of unmeasured influences. How to proceed: isolate the
effects of genes and environment on brain function and behavior
by better stratifying for factors of strong effect (for example,
severe maltreatment) and by identifying phenotypes closer to the
level of the gene but relevant to the gene–environment interac-
tion and by the use of model organisms in which genotype,
including genetic background and exposures, can be controlled.
Fortunately, this is exactly the turn that MAOA research has taken.

Although some continue to define the broad effects of MAOA on
behavior in population samples, others are identifying neurogenetic
mechanisms. Neuroimaging studies have yet to demonstrate MAOA–
maltreatment interaction, but they have confirmed that MAOA alters
function of brain regions involved in emotion and provided a genetic
clue as to why some brains respond more strongly to maltreatment
than others. Several years ago, Buckholtz et al. (6) reported that
males carrying low-activity MAOA genotypes had dysregulated
amygdala activation and enhanced functional coupling with ven-
tromedial prefrontal cortex. Their functional coupling predicted
increased harm avoidance and decreased reward dependence.

MAOA–maltreatment interaction studies have not always
accounted for the multifaceted relationship between gender
and MAOA. At the level of brain function, Buckholtz et al. found
that MAOA low activity genotypes more strongly alter the brain
activation of male subjects (6). Haberstick et al. studied only male
subjects, and most studies meta-analyzed by Byrd and Manuck
focused on males or both sexes (3,4). However, 7 of the 27 studies
were exclusively female (3). At the level of the gene, males and
females differ in copy number, one of the two copies in females
being randomly inactivated in different cells. As shown in
Figure 1, MAOA and MAOB are oriented in tail to tail (3′ gene
end to 3′ gene end) on the X chromosome (7). This gene
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Figure 1. The monoamine oxidase (MAOA and MAOB) genes are located 20 kb from each other on the p arm of the X chromosome in tail-to-tail orientation. The
variable number tandem repeats (VNTRs) and androgen responsive elements (AREs), responsible for differential behavior of MAOA, are located within the gene’s
promoter region. The Brunner stop codon, which resides in the MAOA gene’s eighth exon, results in complete dysfunction of the gene. In the Venn diagram:
amine groups (NH2) of molecular substrates are highlighted. MAOA preferentially degrades norepinephrine (top left) and serotonin (bottom left), whereas MAOB
preferentially degrades benzylamine (top right) and phenylethylamine (bottom right). Both enzymes degrade dopamine (middle).
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configuration has been phylogenetically conserved in mammals,
with the two enzymes metabolizing a partially overlapping series
of monoamine neurotransmitter substrates. Thus, males are
hemizygous for either a low or high activity MAOA allele, whereas
many females are heterozygous and thus have intermediate
enzyme activity. Some investigators arbitrarily lump heterozy-
gotes with one of the homozygotes, others treat the three
genotypes as distinct predictors, and others, as is probably most
biologically accurate, regress behavioral outcome against the
number of copies of the low activity allele. At the level of social
context and exposures, males and females differ; females are
more likely to experience sexual trauma, whereas males are more
likely, because of sociocultural factors, to exhibit aggression.
Finally, MAOA activity appears to be modulated by testosterone.
An androgen-responsive element is found in the MAOA promoter.
The ability of the low-activity MAOA to increase aggressive
behavior is strongly influenced by interaction with high testoster-
one levels found in some males but seldom found in females (8).
The effect of MAOA on antisocial behavior might therefore be
obscured in studies that included prepubertal males (5).

The benefits of understanding the nuances of the effects of
MAOA are likely great. Low-activity alleles are common in all
populations surveyed thus far. Selective MAOB inhibitors are used
for Parkinson’s disease, whereas selective MAOA inhibitors are
used to treat depression and anxiety (9). Dopamine, serotonin,
and other neurotransmitters metabolized by MAO enzymes have
protean effects on behavior. The functional MAOA variable
number tandem repeats and rare MAOA stop codon are part of
the stuff of the many heritable behaviors influenced by these
monoamine transmitters. Deciphering the genetic code of beha-
vior requires the identification of functional loci at many other
genes, and probably at thousands of genes. It will also require the
broad-scale gene–environment and finer scale neuroscience
studies that have taken us to a partial understanding of the role
of MAOA in behavior.
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