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Background: Childhood adversity has been shown to interact with monoamine oxidase-A (MAOA) genotype to confer risk for antisocial
behavior. Studies examining this gene-by-environment (GXE) association, however, have produced mixed results.

Methods: Relevantresearch is reviewed, and results of a study with 114 children (73 maltreated and 41 control subjects) are presented. The
maltreated children represent the extreme on a continuum of adversity and were assessed at a time of extreme stress—shortly after removal
from their parents’ care due to abuse. Measures of aggressive behavior were obtained using standard research instruments, and monoamine
oxidase-A MAOA genotypes were obtained from saliva-derived DNA specimens. Population structure was controlled for using ancestral
proportion scores computed on the basis of genotypes of ancestry informative markers.

Results: Many prior investigations appear to have had reduced power to detect the predicted GXE interaction because of low base rates of
maltreatment and antisocial behavior in their samples and failure to use optimal procedures to control for population structure in ethnically diverse
cohorts. In this investigation, a significant interaction was detected between exposure to moderate trauma and the “low-activity” MAOA genotype
in conferring risk for aggression. Children with exposure to extreme levels of trauma, however, had high aggression scores regardless of genotype.

Conclusions: Our study suggests that problems in aggressive behavior in maltreated children are moderated by MAOA genotype, but only
up to moderate levels of trauma exposure. Extreme levels of trauma appear to overshadow the effect of MAOA genotype, especially in

children assessed at time of acute crisis.

Key Words: Aggression, antisocial, child abuse, gene-environ-
ment interaction, maltreatment, MAOA

antisocial behavior in children who were abused (1-9).

However, not all maltreated children develop problems
with aggression or rule breaking, core symptoms associated with
the diagnoses of conduct disorder and antisocial personality
disorder. A groundbreaking study by Caspi et al. (1) suggested
that resilience shown by some maltreated children relates to a
polymorphism in the monoamine oxidase-A (MAOA) gene pro-
moter. MAOA is an X-linked gene encoding an enzyme respon-
sible for metabolizing neurotransmitters, such as serotonin and
norepinephrine. The absence of a functional MAOA gene has
been associated with aggression in animals (2) and humans (3).
The number of copies in this variable number of tandem repeats
(VNTR) MAOA polymorphism affects gene expression and effi-
ciency of gene transcription (4,5). Caspi et al. (1) found that
adults who were maltreated as children with “low-activity”
MAOA alleles (MAOA- L) were more likely to develop conduct
disorder, antisocial personality symptoms, and violence than
adults maltreated as children with “high-activity” MAOA alleles

C hild maltreatment has been consistently associated with
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(MAOA-H), with this latter group having rates of these problems
that were comparable to nonmaltreated control subjects.

Subsequent studies examining this gene-by-environment
(GXE) interaction, however, have yielded mixed results. Repli-
cations (6-9), partial replications (10-13), negative findings
(14-16), and even opposite findings (17) have been reported.
Two recent meta-analyses reported small to medium effect sizes
for the MAOA genotype and maltreatment interaction in confer-
ring risk for antisocial behavior. The first (12) included five
studies and reported an effect size of .18. The second, which
included a total of eight studies, including the five studies in the
original meta-analysis (12), showed an effect size of .17 for the
GXE interaction involving the MAOA gene (18).

Studies included in these meta-analyses differ in terms of
sample characteristics and phenotypes examined. Table 1 sum-
marizes findings and key study characteristics of the 13 relevant
published studies. Two of four replications included epidemio-
logic samples with Caucasian males (6,8), similar to the Caspi
study (1), and one of the other replication studies was performed
with Caucasian males who were referred to a forensic clinic (9).
The fourth replication study included Native American females
and reported an interaction between MAOA genotype and
experiences of child maltreatment in conferring risk for antisocial
personality (7). No other published articles that included non-
Caucasian subjects replicated this GXE interaction for antisocial
personality and aggression (10,14,16).

Among the partial replications, Widom (11) studied an ethni-
cally diverse cohort but only found a significant GXE interaction
for aggression among Caucasian subjects. Frazzetto’s study (13)
was limited to Caucasian male and female psychiatric outpatients
and control subjects, but the GXE interaction was only signifi-
cant for male participants (13). In the last two studies classified as
partial replications, neither Huang (10) nor Kim-Cohen (12)
detected a GXE interaction in predicting aggression or antisocial
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Table 1. Characteristics and Findings of Published Studies Examining MAOA Genotype and Maltreatment in Conferring Risk for Antisocial Behavior

Prevalence Number High-Risk Phenotypes Prevalence Antisocial
Reference Sample (n) Cohort Ethnicity Sex Maltreatment (%) Subjects? Examined Behavior (%) Findings
Replications
Caspi 2002" 442 adults Epidemiological Caucasian Males 8 13 Conduct disorder, 25 GXE (low-activity allele)
violent disposition,
violent offenses,
antisocial
symptoms
Foley 2004° 514 children and Epidemiological Caucasian Males 35 6 Conduct disorder 1.5 GXE (low-activity allele)
adolescents
Nilsson 20068 81 adolescents Epidemiological Caucasian Males 14 5 Violence, vandalism, 37 G xE (low-activity allele)
stealing, total
Criminality Index
Reif 2007° 184 adults Forensic evaluation Caucasian Males 50 63 Recurrent violent 39 GXE (low-activity allele)
referrals behavior
Ducci 20077 291 adults 168 alcoholicand 123 Native Females 51 13 Alcohol use disorders 13 GXE (low-activity allele)
control subjects Americans and ASPD, ASPD
symptoms
Partial Replications
Widom 2006"" 409 adults Maltreated and Mixed Both 50 NR Juvenile and adult 42 GXE only in Caucasians
control subjects violence (low-activity allele)
Frazzetto 2007"® 235 adults 90 psychiatric Caucasian Both 34 38 Aggression NR GXE only in men (low
outpatients and activity allele)
145 control
controls
Huang 2004'° 766 adults 663 Psychiatric Mixed Both 21 53 Aggression, hostility NR GXE for aggression
outpatients with a impulsivity, suicide both sexes (ns),
mood disorder and attempts positive for
103 healthy impulsivity in men
controls and for suicide
attempts in women
(low-activity allele); in
men, low-activity
allele also associated
with history of abuse
Kim-Cohen 975 children Epidemiological Caucasian Males 4.7 16 Mental health 7 GXE negative for
2006'? composite score aggression, positive
with antisocial, for inattention
inattention, and (low-activity allele)
emotional
problem subscales
Negative or Opposite Reports
Huizinga 2006'® 277 adults Epidemiological Caucasian Males 9 9 Violence, antisocial 27 ns
behavior
Sjoberg 2007" 119 adolescents Epidemiological Caucasian Females 1 1 Criminality risk index 38 GXE (high-activity

allele, opposite
finding)
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Table 1. (continued)

Prevalence Antisocial

Number High-Risk Phenotypes

Prevalence
Maltreatment (%)

Behavior (%) Findings

Examined

Subjects?

Sex

Ethnicity

Cohort

Sample (n)

Reference

ns

15 Conduct disorder

53

Males

Caucasian

Haberstick 2005'* 774 adolescents and Epidemiological

young adults
247 adolescents

ns

100

20 Conduct Disorder

28

Males

Mixed

Residential patients

Young 2006'¢

ASPD, antisocial personality disorder; GXE, gene-by-environment association; MAOA, monoamine oxidase-A; NR, not reported.

history of maltreatment or adversity and high-risk genotype (e.g., low-activity allele MAOA gene).

“High risk
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personality. Huang (10) reported an interaction between MAOA
genotype and adversity in predicting impulsivity in adults, and
Kim-Cohen (12) reported an interaction in predicting inattention
in children.

Among negative studies, two had low rates of maltreatment
within their samples, with few “high-risk” subjects—subjects with
both a history of maltreatment and MAOA-L genotypes (15,17).
Although the other two negative studies had more “high-risk”
subjects, in one study the prevalence of conduct disorder was
low (14), and the other study exclusively included delinquents
without a matched no-problem control group (16). Power to
detect GXE effects was reduced by the low number of “high-
risk,” antisocial, or control subjects in these studies.

Studies with mixed ethnic samples have predominantly been
negative. However, prior studies that included subjects from
multiple populations—a design that can to lead to population
stratification artifact—have not optimally controlled for stratifi-
cation effects. In our study, ancestry proportion scores were
generated and included as a covariate in all analyses to prevent
spurious associations that can result from variation in allele
frequency by population (19). This method allows systematic
testing of ethnicity effects without loss of power, which results
when ethnic groups are analyzed separately, and characterizes
biracial subjects more correctly in terms of ancestry.

The primary goal of this study was to examine in a sample
with significant numbers of both “high-" and “low”-risk subjects
the GXE interaction between MAOA genotype and maltreatment
in the development of antisocial symptomatology, including
aggression and rule-breaking behavior. The cohort included
boys and gitls of diverse ethnic backgrounds, but subpopulation
differences in allele frequency were systematically controlled.
Consistent with the original report by Caspi (1), it was hypothe-
sized that children exposed to trauma with “low-activity” MAOA
alleles would exhibit more antisocial behavior than nonmal-
treated control subjects and children exposed to trauma with
“high-activity” MAOA alleles. Given the finding by Kim-Cohen
(12) suggesting that problems with inattention may represent a
developmentally earlier phenotype that could develop into an-
tisocial personality disorder, we also examined inattention.

Methods and Materials

Sample

Participants included 114 children: 73 children who were
removed from their parents’ care within the past 6 months
because of reports of abuse or neglect (or both), and 41
community control subjects demographically matched for low
socioeconomic status, with no history of maltreatment or expo-
sure to intrafamilial violence. This sample represents a subset of
children included in our prior study examining genetic and
environmental predictors of depression (20), with this subsample
restricted to children with teacher ratings of aggression (80% of
the sample) and female subjects homozygous for MAOA geno-
type. As is depicted in Table 1, several prior reports included
women who are heterozygous for MAOA, although it is unclear
whether the MAOA gene escapes X-inactivation, as has been
postulated (21). It is therefore impossible to determine what
proportion of each allele is expressed in heterozygous females,
which is why they were not included in this report.

Inclusion and exclusion criteria, recruitment, and consent
procedures are detailed elsewhere (20). Children ranged in age
from 5 to 15 years (x> = 9.7, SD = 2.7), with five being the lower
age limit when conduct symptoms are reported to first appear
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(22). The sample had more male subjects (66%) because het-
erozygous females were excluded. Twenty-four percent of sub-
jects were European American (EA), 25% Hispanic, 31% African
American (AA), and 19% biracial. Maltreated and control groups
did not differ in terms of age (+ = —1.27, df = 112, ns), sex =
.7, df= 1, ns), or ethnicity (x> = 5.2, df = 4, ns). The 114 children
were from 85 families with various numbers of siblings and
half-siblings (range: 1-4) in each family, with a comparable
number of siblings included in the study in both of the groups
(F = 1.6, ns, Maltreated: 1.6 = .7; Control: 1.8 * 1.0).

Procedures

Yale University Human Investigations Committee and DCF
Institutional Review Board approved this investigation. Ratings
of children’s behaviors were obtained from children’s school
teachers, and DNA specimens were collected at a day camp
devised specifically for our research purposes, as described
previously (20,23).

Measures

Total Trauma Exposure Score (TTES). Multiple informants
and data sources were used to obtain a best estimate of children’s
trauma history (24). An index of total trauma exposure was
created for all subjects. Experiences assessed included the fol-
lowing: physical abuse, sexual abuse, domestic violence expo-
sure, multiple out-of-home placements, and community violence
exposure. Each adversity was rated on a 0—2 point scale and
summed to create the TTES (see Table 2). In general, scores of 0
indicate the child was not exposed to this experience, scores of
1 indicate mild or subthreshold experiences, and scores of 2
indicate clinically significant experiences—experiences of suffi-
cient severity to warrant state intervention. Measures reviewed to
derive the TTES for maltreated and control children included the
following: state child protective service records, the Child
Trauma Questionnaire (25), the Partner Violence Inventory (26),
and the posttraumatic stress disorder (PTSD) trauma screen from
the psychiatric interview administered in this study (27). The
TTES scales are the same as the 0- to 4-point Child Maltreatment
Rating Scales we previously published (24), but given that the
control subjects were also being rated with these scales, the sco-
ring criteria were limited to 0-2 points to accommodate the
restricted range of scores in the control subjects. These rating
scales have good predictive and discriminant validity and inter-
rater reliability (intraclass correlation mean: .91, range: .84—.97).

Aggressive Behaviors. Achenbach Teacher’s Report Form

N. Weder et al.

(TRF) (28) was used as the primary outcome measure. TRF is
widely used in clinical and research settings and has excellent
psychometric properties (29). Scores derived from the TRF
include the aggression (e.g., “gets in many fights”), rule breaking
(e.g., “truancy”; “steals outside the home”), and inattention (e.g.,
“can’t concentrate”) subscale scores. TRF raw scores are con-
verted to ¢ scores normed by age and sex, and the published
norms have been validated for use in children of various
ethnicities. Scores on these measures were significantly intercor-
related with correlations ranging from .59 to .67. The proportion
of children above the clinical range (a score > 63) on the
aggression, rule breaking, and inattention subscales were 36%),
32%, and 30%, respectively.

Psychiatric Diagnoses. As previously described (30), a num-
ber of standardized parent- and child-report questionnaires and
a semistructured diagnostic interview, the Schedule for Affective
Disorders and Schizophrenia for School-Age Children (27), were
used to generate child psychiatric diagnoses. Maltreated children
were significantly more likely than control subjects to meet
criteria for any psychiatric diagnosis (64% vs. 32%, p = .001),
PTSD (47% vs. 0%, Fisher's Exact = 50.4, p < .001), major
depression (MDD; 10% vs. 0%, Fisher’s Exact = 4.2, p < .05), and
any depressive diagnoses (32% vs.12%, Fisher’s Exact 5.3, p <
.02). Although maltreated children were more likely than control
subjects to meet criteria for conduct disorder (7% vs. 0%) and
oppositional defiant disorder (8% vs. 5%), these differences were
not statistically significant within the sample of subjects included
in this report. Eighteen percent of the sample met criteria for
attention-deficit/hyperactivity disorder (ADHD), and there were
no differences in rates of this diagnosis in the two groups.

DNA Specimens. Saliva was collected for DNA extraction
using Puregene (Gentra, Minneapolis, Minnesota) kits as previ-
ously described (20).

MAOA Promoter Genetic Variation. The 5’ promoter region
of the MAOA gene was genotyped by polymerase chain reaction
followed by size fractionation, similar to the method described
by Sabol (4). Eight percent of subjects were regenotyped for
quality control with complete concordance. The MAOA polymor-
phism consists of 30-bp repeated sequence presented in 2, 3, 3.5,
4, or 5 copies (4). Sabol (4) found that alleles with 3.5 and 4
copies of the repeat sequence were transcribed more efficiently
than those with 3 or 5 copies of the repeat; Deckert (5) found that
all longer alleles (3.5, 4, and 5 repeats) were transcribed more
efficiently than the 3-repeat allele. This discrepancy in findings
has resulted in variations in the definition of genetic risk among

Table 2. Trauma Exposure in Maltreated Children and Control Subjects

Maltreated Children

Control Children

1 2 1 2
Physical Abuse 16% 6% 27% —
Sexual Abuse 12% 18% 2.4% —
Domestic Violence 8% 74% 59% —
Multiple Out-of-Home Placements 67% 33% — —
Exposure to Community Violence 26% 8% 20% —

Mean of Total Trauma Exposure Score

5.2 = 1.8 (Range: 2-9)

1.1 £ .8 (Range: 0-3)

Scoring criteria: physical abuse rating—1 = excessive physical discipline (e.g., hit with object, no bruising); 2 =
physical abuse with bruising or more serious injury; sexual abuse—1 = exposure to pornography or peer-related
sexual misconduct; 2 = sexual abuse with an adult of sufficient severity to warrant criminal or protective services
intervention; domestic violence—1 = frequent intense verbal arguments, throw objects at one another; 2 = more
serious domestic disputes (e.g, hit other, use weapons, injury); multiple foster placements—1 = first placement in year
prior to study entry; 2 = two or more placements before study entry; community violence—1 = gunshots heard in
neighborhood, witness serious physical fight; 2 = witness shooting, death, or serious injury of another.
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studies. Only one child in the sample had the 5-repeat allele, and
the pattern of findings were comparable whether or not this child
was included and whether or not the 5-repeat allele was assigned
as “low” or “high” activity. Therefore, in our study, 2, 3, and 5
repeat alleles were classified as “low activity,” and 3.5 and 4
repeat alleles as “high activity.”

Ancestral Proportion Scores. Subjects’ ancestries were esti-
mated using a set of unlinked genetic markers by Bayesian
cluster analysis, using procedures and software developed by
Pritchard (31,32) (http://pritch.bsd.uchicago.edu/software.html).
Procedures for determining ancestral proportion scores have
been detailed elsewhere (33,34).

Statistical Analyses

In predicting children’s scores, to take into account within-
group correlations, generalized estimating equations (GEE) were
used to model the effects of risk while handling familial correla-
tions between subjects resulting from the inclusion of siblings in
the sample. Ancestral proportion scores were entered as a
covariate in all models and retained regardless of significance
given its relevance in interpreting study results (34). Effects of
age and sex were also examined, but these variables were not
significant as expected, because the outcome measures are
normed by age and sex. Before conducting GEE, distribution of
outcome measures (TRF scores) was examined for normality
using the Shapiro-Wilks test. Because the measures were non-
normally distributed and standard transformations failed to cor-
rect distributions, rank transformed scores were used in subse-
quent analyses. Main effects of MAOA genotype (e.g., “low
activity” vs. “high activity”) and the continuous trauma exposure
measure (TTES), as well as the interaction of these two factors,
were explored, and Bonferroni tests were performed to control
for multiple comparisons in examining outcomes on the three
primary measures. Analyses conducted using the categorical
classification of subjects (e.g., maltreated vs. control) produced
comparable results, but the GXE interactions were easier to
interpret using the continuous trauma measure, so these analyses
are presented.

Results

Allele Frequencies
Forty-three percent of the sample had the “low-activity”
genotype, and 57% had the “high-activity” genotype. There were
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no statistically significant differences in terms of genotype (clas-
sified by functional expression group) between maltreated chil-
dren and control subjects (x> = .8, df = 1, ns) or between
children of different ethnicities (x> = 1.6 df = 4; ns).

TTES

Table 2 depicts the prevalence of each of the experiences
included in the TTES for maltreated and control children. Many
of the low-SES control children experienced mild trauma (e.g.,
excessive discipline, exposure to mild domestic and community
violence) but were markedly less traumatized than the mal-
treated children. Among control subjects, 30% had no exposure
to trauma, 44% met criterion for one mild experience of trauma,
24% met criteria for two mild experiences of trauma, and 2% met
criteria for three mild experiences of trauma, as detailed in Table
2. The TTES was significantly correlated with children’s aggres-
sion (tho = .26, p < .005), rule breaking (rtho = .40, p < .001),
and inattention (tho = .21, p < .03) problems. Age correlated
with TTES scores (F = .2; p = .01); the older children were, the
more trauma they had. Trauma scores were comparable for boys
and girls (F = .12; ns).

Each experience contributing to the TTES also independently
correlated with the outcome measures. Children’s aggression
scores were significantly correlated with ratings of physical abuse
(tho = .24, p < .05) and out-of-home placement history (tho =
.30, p < .001). Children’s rule-breaking scores correlated signif-
icantly with ratings of physical abuse (rho = .33, p < .005),
sexual abuse (rtho = .27, p < .005), domestic violence (tho = .27,
P < .005), out-of-home placements (rtho = .32, p < .005), and
community violence exposure (tho = .19, p < .05); and chil-
dren’s inattention scores correlated significantly with sexual
abuse ratings (tho = .21, p < .03) and showed trends toward
significant correlations with all the other measures except do-
mestic violence.

Predicting Externalizing Behaviors: MAOA Genotype X Total
Trauma Exposure Score

Results of the GEE analyses are depicted in Figure 1 and Table
3. Ancestry proportion scores significantly predicted children’s
aggression (x> = 11.5; p = .0007) and rule breaking (x* = 4.6;
p = .03) scores, TTES was also a significant predictor of
aggression (x> = 4.7; p = .03) and rule breaking (x2 = 14.3; p =
.0002), and MAOA genotype (x2 = 3.8; p = .05) and MAOA
genotype in interaction with TTES (x* = 6.2; p = .01) predicted

A Aggression B Rule-breaking c Inattention
120 120 120 |
10 . > .. 110 -
£ 100 £ 100 I < 100
T g0 = % 90 //F( £ s01—4 by .
e
i ol ¢ il 5?/ & i I \\i E l\);;/_t
- () —g\*, z ™ /{IL/ T < 701 =
60 60 —-;, + 60 +— +
50 50 = 50
Low Moderate Severe Extreme Low Moderate Severe Extreme Low Moderate Severe Extreme

Trauma Exposure

Trauma Exposure

Trauma Exposure

Figure 1. The low-activity MAOA gene (blue) was associated with increased aggression in the low to moderate range on the Trauma Exposure index. With
Trauma Exposure Scores greater than this, genotype made no difference in children’s aggression scores (A). In predicting rule-breaking scores, only the
Trauma Exposure Index was a significant predictor of children’s scores, with greater adversity associated with more rule-breaking behavior, regardless of
genotype (B). There was a main effect for genotype and a GXE interaction in predicting children’s inattention scores. Overall, higher inattention scores were
associated with the low-activity version of the MAOA gene. At low to moderate levels of Trauma Exposure, higher inattention scores were associated with the
low-activity version of the gene. At the most extreme level of Trauma Exposure, both genotypes were associated with high inattention scores, with the
greatest scores observed in children with the high-activity MAOA gene (C). Analyses were conducted using the continuous Trauma Exposure scale. For
illustrative purposes, children were grouped into low (N=30), moderate (n=14), severe (N=42), and extreme (N=28) categories, but analyses were conducted

using the full TTES range of scores (0-9).
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Table 3. Results of Generalized Estimating Equation Analysis Examining the Effect of Total Trauma Exposure Score
and MAOA Genotype on Externalizing Behaviors (n = 114) (WALD Type 3 Statistic)

df Parameter Estimate Standard Error x> p Value

Aggression

Ancestral Proportion Score 1 379 11.1 11.5 .007¢

TTES 1 59 2.1 47 .03

MAOA 1 13.9 15.0 0.9 ns

MAOA X TTES 1 —4.4 3.2 1.9 ns
Rule-breaking

Ancestral Proportion Score 1 —22.8 10.6 4.6 .03

TTES 1 9.0 2.0 143 .0002¢

MAOA 1 12.2 14.4 0.7 ns

MAOA X Total Trauma Exposure Score 1 —53 34 24 ns
Inattention

Ancestral Proportion Score 1 —22.1 11.8 35 .06

TTES 1 7.6 23 23 ns

MAOA 1 31.6 16.1 3.9 .05

MAOA X Total Trauma Exposure Score 1 —9.5 3.8 6.2 .019

MAOA, monoamine oxidase-A; TTES, Total Trauma Exposure Score.
“Results significant after controlling for multiple Bonferroni correction.

inattention. After controlling for multiple comparisons using
Bonferroni corrections, ancestry proportion scores in predicting
aggression, TTES in predicting rule breaking and the GXE
interaction of MAOA genotype and TTES in predicting inattention
remained significant.

As depicted in Figure 1, MAOA-L was associated with in-
creased inattention for children with low or moderate trauma
exposure, and MAOA-H was associated with increased inatten-
tion for children with extreme histories of trauma. Approximately
20% of the cohort met diagnostic criteria for ADHD, with
comparable rates for children in the low, moderate, severe, and
extreme trauma exposure categories (Kendall’s tau-b = —.25, ns).
In contrast, none of the children in the low to moderate trauma
exposure range, 33% in the severe range, and 71% in the extreme
trauma exposure range met diagnostic criteria for PTSD (Ken-
dall’s tau-b = 11.6, p <.001). Children in the severe and extreme
trauma exposure range were also more likely to meet criteria for
MDD (Kendall’s tau-b = 2.6, p <.01) or any depressive diagnosis
(Kendall’s tau-b = 2.4, p <.02). Elevated inattention scores were
associated with each of these diagnoses: ADHD (F = 11.8, p <
.001), PTSD (F = 4.4, p < .04), and depression (F= 3.4, p < .05).

Exploratory Analysis

The graph of the aggression data suggests that MAOA-L was
associated with increased aggression scores for children with
moderate trauma histories, but that MA0A genotype had little
effect for children with extreme trauma experiences (Figure 1).
To test this hypothesis, an exploratory GEE analyses was con-
ducted examining the effect of trauma exposure and genotype
for children with low to moderate trauma histories (e.g., scores
0-2) and proposing no effect of genotype for children with more
severe trauma exposure (e.g., scores = 3). In the moderate
trauma range, 25% of the children had a history of verified
maltreatment and removal from home. The analysis used the
whole sample to estimate the model. For children with trauma
scores below the threshold (TTES < 3), the main effects and
interaction term were estimated. When an individual child’s
trauma score exceeded the threshold, the model converted the
effect of MAOA genotype and the GXE interaction term to zero.

Results of this exploratory analysis (7 = 114) were consistent
with this hypothesis. Ancestral proportion scores were still
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significant in the model (x*> = 12.2, p < .001), as were TTES
(x* = 5.6, p < .02) and the GXE interaction term when it was
only calculated for children with low to moderate trauma expo-
sure (x* = 3.8, p < .05).

Minority Analyses

The above exploratory GEE analyses was tested in African
American and biracial subjects (nz = 58). Consistent with the
results reported earlier, ancestral proportion scores (x> = 19.3,
p < .00D), TTES (x* = 9.3, p < .005), and the GXE interaction
term (x> = 7.8, p < .006) were significant predictors of aggres-
sion.

Discussion

This study examined the GXE interaction of MAOA genotype
and maltreatment in predicting risk for aggression, rule breaking,
and inattention in children of different racial backgrounds. The
children in our study represent the extreme on a continuum of
adversity and were assessed at a time of extreme stress—shortly
after removal from their parents’ care due to abuse or neglect.
The interaction between MAOA-L and adversity held up to
moderate levels of trauma exposure, with the maltreated children
with moderate level of trauma in our study roughly comparable
in terms of maltreatment experiences to the subjects living with
birth families with definite maltreatment in the Caspi study.
However, MAOA-L did not contribute to explaining variability in
children’s aggression scores at extreme levels of trauma. The
children with the most severe traumatic experiences had high
aggression scores, regardless of MAOA genotype.

These findings held when controlling for ethnic variation
within the entire sample and when examining a subset of
minority subjects. Failure to use appropriate statistical ap-
proaches (e.g., ancestral proportion scores) to control for ethnic-
ity effects in prior investigations, and instead relying on separate
analyses with reduced power for each population group, may
have accounted for the failure to detect this association in some
prior investigations with racially heterogeneous samples.

When examining children’s rule-breaking scores, we did not
find a significant GXE interaction between MAOA genotype and
TTES. Most other published studies examining this GXE interac-
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tion in children did not examine aggression and rule breaking as
separate entities and instead looked at either conduct disorder or
delinquency, which include elements of both aggression and
rule breaking. To date, there is no consistent pattern of findings
in the literature regarding the relationship among adversity,
MAOA genotype, and rule-breaking behavior in children.

When examining inattention, we found an interaction be-
tween MAOA genotype and children’s trauma experiences, with
MAOA-L associated with increased inattention at low and mod-
erate levels of trauma exposure, and MAOA-H was associated
with increased inattention at extreme levels of trauma. Approx-
imately 20% of the cohort met criteria for ADHD, with compara-
ble numbers of children in the low, moderate, severe, and
extreme trauma groups meeting criteria for this diagnosis. Studies
looking at main effects of MAOA genotype in conferring risk for
ADHD have been mixed. Some studies found an association
between MAOA-L and ADHD symptoms (35,36), whereas others
found the opposite (37,38); to the best of our knowledge, no
study except the investigation by Kim-Cohen (12) reported a
GXE effect with MAOA-L conferring vulnerability for inattention
in maltreated children.

In this study, as noted earlier, for the children with the most
extreme trauma exposure, it was MAOA-H that was associated
with inattention. More than 70% of the children in this group met
criteria for PTSD, with diagnoses of depression also overrepre-
sented in children with the most severe trauma histories.
MAOA-H has been associated with MDD in some (39,40), but not
all (41), studies. If the inattention associated with low to moder-
ate histories of trauma exposure is associated with a different
diagnostic profile than inattention associated with more extreme
histories of trauma exposure, one might not expect the same
genes to confer risk for inattention in both groups.

Studies examining GXE interactions in the prediction of
depression have been notably more consistent than studies
examining GXE interactions in the prediction of aggression and
related phenotypes. Although the diagnosis of depression is
frequently comorbid with a range of diagnoses, the symptom of
depression is not included in the diagnostic criteria for any other
psychiatric disorder. This is in sharp contrast to the symptoms of
aggression and inattention, which are included in the diagnostic
criteria for multiple behavioral, mood, and anxiety disorders.
Integrating dimensional and categorical diagnostic approaches
may lead to more refined phenotypes for investigation in future
studies.

The use of neuroimaging assays is another means to obtain
more refined phenotypes or endophenotypes in genetics studies.
For example, in three independent investigations, variation in
MAOA genotype has been found to relate to anterior cingulate
cortex (ACC) activation during completion of tasks assessing
impulsivity (42—44). Variation in MAOA activity has also been
found to be associated with activation in more dorsal regions of
ACC in functional neuroimaging paradigms that assess sensitivity
to social rejection (45). The ACC is a central locus of information
processing and regulation in the brain (46), and these prelimi-
nary studies suggest two possible mechanisms by which MAOA-L
may confer risk for aggressive behavior.

Several caveats and limitations of our study warrant mention.
First, findings are based on cross-sectional analyses. Second,
aggression ratings were based on a one-time assessment by a
single informant (e.g., teachers). In addition, results are based on
a relatively small number of subjects. Although power to detect
associations was enhanced because the sample was enriched for

BIOL PSYCHIATRY 2009;65:417-424 423

maltreatment and psychopathology, independent replication in a
comparably traumatized cohort is warranted.

Conclusions

Variability in prior research findings is best understood by
inadequate power to detect GXE associations, due to the low
base rates of maltreatment and antisocial symptoms in most of
the investigations that failed to replicate this association. Our
investigation is consistent with the findings of Caspi et al. (1) and
suggests that problems in aggression in maltreated children are
moderated by MAOA genotype—but only up to moderate levels
of trauma exposure.

We thank the children and families, as well as the staff at the
State Department of Children and Families, who facilitated the
completion of this work. We also acknowledge Eileen Billingslea,
M.A., and Mindy Crouse-Artus for their belp in the collection of
the clinical data, and Greg Kay, B.S., for bis work in genotyping
the sample. This research was funded by the National Institute of
Mental Health, Grant Nos. 1ROIMHG65519-01 (JK) and RO1
MHO077087 (JK); the Biological Sciences Training Program,
Grant Nos. MH14276 (BZY) and R25 MHO071584 (NW); the
National Institute on Drug Abuse, Grant No. K24 DA15105 (JG);
the National Institute on Alcobhol Abuse and Alcobolism, Grant
Nos. KO5AA14906-01 (JHK), P50 AA-12870-04 (JHK, JK, JG),
and RO1 AA11330 (JG). Support was also provided by the
National Center for Posttraumatic Stress Disorder; the Veterans
Administration (VA), West Haven, Connecticut; and the VA
Depression Research Enbancement Award Program (VA CT
REAP; 10 JG, JHK, JK).

Dr. Krystal reports the following: Consulting: AstraZeneca
Pharmaceuticals, LP, Cypress Bioscience, Inc., HoustonPharma,
Schering-Plough Research Institute, Shire Pharmaceuticals, and
Pfizer Pharmaceuticals; Advisory Boards: Bristol-Myers Squibb,
Eli Lilly and Co., Forest Laboratories, GlaxoSmithKline, Lobocla
Research Corporation, Merz Pharmaceuticals, Takeda Indus-
tries, and Transcept Pharmaceuticals, Inc.; Exercisable Warrant
Options: Tetragenex Pharmaceuticals Inc.; Research Suppori:
Janssen Research Foundation (through the VA); Pending Pat-
ents: glutamatergic agents for psychiatric disorders (depression,
OCD), antidepressant effects of oral ketamine, and oral ket-
amine for depression. Dr. Kaufman bas served as a consultant
Jfor Bristol-Myers Squibb, Pfizer, Wyeth-Ayerst, Forest Laborato-
ries, Jobnson & Jobhnson Research Pharmaceutical Institute,
Shire, and Otsuka Pharmaceutical. Dr. Weder, Dr. Yang, Dr.
Gelernter, Ms. Massey, and Ms. Douglas-Palumberi reported no
biomedical financial or potential conflicts of interest.

1. Caspi A, McClay J, Moffitt TE, Mill J, Martin J, Craig IW, et al. (2002): Role of
genotype in the cycle of violence in maltreated children. Science 297:
851-854.

2. Cases O, Seif I, Grimsby J, Gaspar P, Chen K, Pournin S, et al. (1995):
Aggressive behavior and altered amounts of brain serotonin and nor-
epinephrine in mice lacking MAOA. Science 268:1763-1766.

3. Brunner HG, Nelen M, Breakefield XO, Ropers HH, van Oost BA (1993):
Abnormal behavior associated with a point mutation in the structural
gene for monoamine oxidase A. Science 262:578-580.

4. Sabol SZ, Hu S, Hamer D (1998): A functional polymorphism in the
monoamine oxidase A gene promoter. Human Genet 103:273-279.

5. Deckert J, Catalano M, Syagailo YV, Bosi M, Okladnova O, Di Bella D, et al.
(1999): Excess of high activity monoamine oxidase A gene promoter
alleles in female patients with panic disorder. Human Mol Genet 8:621-
624.

6. Foley DL, Eaves LJ, Wormley B, Silberg JL, Maes HH, Kuhn J, et al. (2004):
Childhood adversity, monoamine oxidase a genotype, and risk for con-
duct disorder. Arch Gen Psychiatry 61:738-744.

www.sobp.org/journal



424 BIOL PSYCHIATRY 2009;65:417—424

7.

20.

21.

22.

23.

24,

25.

26.

27.

Ducci F, Enoch MA, Hodgkinson C, Xu K, Catena M, Robin RW, et al.
(2007): Interaction between a functional MAOA locus and childhood
sexual abuse predicts alcoholism and antisocial personality disorder in
adult women. Mol Psychiatry 13:334-347.

. Nilsson KW, Sjoberg RL, Damberg M, Leppert J, Ohrvik J, Alm PO (2006):

Role of monoamine oxidase A genotype and psychosocial factors in
male adolescent criminal activity. Biol Psychiatry 59:121-127.

. Reif A, Rosler M, Freitag CM, Schneider M, Eujen A, Kissling C, et al. (2007):

Nature and nurture predispose to violent behavior: Serotonergic genes
and adverse childhood environment. Neuropsychopharmacology 32:
2375-2383.

. Huang YY, Cate SP, Battistuzzi C, Oquendo MA, Brent D, Mann JJ (2004):

An association between a functional polymorphism in the monoamine
oxidase a gene promoter, impulsive traits and early abuse experiences.
Neuropsychopharmacology 29:1498-1505.

. Widom CS, Brzustowicz LM (2006): MAOA and the “cycle of violence”:

Childhood abuse and neglect, MAOA genotype, and risk for violent and
antisocial behavior. Biol Psychiatry 60:684 - 689.

. Kim-Cohen J, Caspi A, Taylor A, Williams B, Newcombe R, Craig IW, et al.

(2006): MAOA, maltreatment, and gene-environment interaction pre-
dicting children’s mental health: New evidence and a meta-analysis. Mol
Psychiatry 11:903-913.

. Frazzetto G, Di Lorenzo G, Carola V, Proietti L, Sokolowska E, Siracusano

A, et al. (2007): Early trauma and increased risk for physical aggression
during adulthood: The moderating role of MAOA genotype. PLoS ONE
2:e486.

. Haberstick BC, Lessem JM, Hopfer CJ, Smolen A, Ehringer MA, Timber-

lake D, et al. (2005): Monoamine oxidase A (MAOA) and antisocial be-
haviors in the presence of childhood and adolescent maltreatment.
Am J Med Genet B Neuropsychiatr Genet 135:59 - 64.

. Huizinga D, Haberstick BC, Smolen A, Menard S, Young SE, Corley RP,

et al. (2006): Childhood maltreatment, subsequent antisocial behavior,
and the role of monoamine oxidase A genotype. Biol Psychiatry 60:677-
683.

. Young SE, Smolen A, Hewitt JK, Haberstick BC, Stallings MC, Corley RP,

etal. (2006): Interaction between MAO-A genotype and maltreatmentin
the risk for conduct disorder: Failure to confirm in adolescent patients.
Am J Psychiatry 163:1019-1025.

. Sjoberg RL, Nilsson KW, Wargelius HL, Leppert J, Lindstrom L, Oreland L

(2007): Adolescent girls and criminal activity: Role of MAOA-LPR geno-
type and psychosocial factors. Am J Med Genet B Neuropsychiatr Genet
144:159-164.

. Taylor A, Kim-Cohen J (2007): Meta-analysis of gene-environment inter-

actions in developmental psychopathology. Dev Psychopathol 19:
1029-1037.

. Gelernter J, Kranzler H, Cubells JF (1997): Serotonin transporter protein

(SLC6AA4) allele and haplotype frequencies and linkage disequilibria in
African- and European-American and Japanese populations and in al-
cohol-dependent subjects. Hum Genetics 101:243-246.

Kaufman J, Yang BZ, Douglas-Palumberi H, Grasso D, Lipschitz D,
Houshyar S, et al. (2006): Brain-derived neurotrophic factor-5-HTTLPR
gene interactions and environmental modifiers of depression in chil-
dren. Biol Psychiatry 59:673-680.

Carrel L, Willard HF (2005): X-inactivation profile reveals extensive vari-
ability in X-linked gene expression in females. Nature 434:400 - 404.
American Psychiatric Association (2000): Diagnostic and Statistical Man-
ual of Mental Disorders, 4th ed., text revision. Washington, DC: American
Psychiatric Association Press.

Kaufman J (1991): Depressive disorders in maltreated children. J Am
Acad Child Adolesc Psychiatry 30:257-265.

Kaufman J, Jones B, Vitulano L, Mannarino A (1994): The use of multiple
informants to assess children’s maltreatment experiences. J Fam Vio-
lence 9:227-248.

Bernstein DP, Ahluvalia T, Pogge D, Handelsman L (1997): Validity of the
Childhood Trauma Questionnaire in an adolescent psychiatric popula-
tion.JAm Acad Child Adolesc Psychiatry 36:340-348.

Bernstein DP (1998): New screening measure for detecting “hidden”
domestic violence. Psychiatr Times 15. Available at: http://www.
psychiatrictimes.com/display/article/10168/49131. Accessed August
17,2005.

Kaufman J, Birmaher B, Brent D, Rao U, Flynn C, Moreci P, et al. (1997):
Schedule for Affective Disorders and Schizophrenia for School-Age Chil-

www.sobp.org/journal

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

N. Weder et al.

dren-Present and Lifetime Version (K-SADS-PL): Initial reliability and
validity data. J Am Acad Child Adolesc Psychiatry 36:980-988.
Achenbach T (1991): Manual for the Teacher’s Report Form and 1991
Profile. Burlington: Department of Psychiatry, University of Vermont.
Achenbach T, Rescorla LA (2001): Manual for ASEBA Adult Forms & Pro-
files. Burlington: Research Center for Children, Youth, & Families, Univer-
sity of Vermont.

Pine DS, Mogg K, Bradley BP, Montgomery L, Monk CS, McClure E, et al.
(2005): Attention bias to threat in maltreated children: Implications for
vulnerability to stress-related psychopathology. Am J Psychiatry 162:
291-296.

Falush D, Stephens M, Pritchard JK (2003): Inference of population struc-
ture using multilocus genotype data: Linked loci and correlated allele
frequencies. Genetics 164:1567-1587.

Pritchard JK, Stephens M, Donnelly P (2000): Inference of population
structure using multilocus genotype data. Genetics 155:945-959.

Yang BZ, Zhao H, Kranzler HR, Gelernter J (2005): Practical population
group assignment with selected informative markers: Characteristics
and properties of Bayesian clustering via STRUCTURE. Genetic Epidemiol
28:302-312.

Kaufman J, Yang BZ, Douglas-Palumberi H, Houshyar S, Lipschitz D,
Krystal JH, et al. (2004): Social supports and serotonin transporter gene
moderate depression in maltreated children. Proc Natl Acad Sci U S A
101:17316-17321.

Domschke K, Sheehan K, Lowe N, Kirley A, Mullins C, O'Sullivan R, et al.
(2005): Association analysis of the monoamine oxidase A and B genes
with attention deficit hyperactivity disorder (ADHD) in an Irish sample:
Preferential transmission of the MAO-A 941G allele to affected children.
Am J Med Genet B Neuropsychiatr Genet 134:110-114.

Xu X, Brookes K, Chen CK, Huang YS, Wu YY, Asherson P (2007): Associ-
ation study between the monoamine oxidase A gene and attention
deficit hyperactivity disorder in Taiwanese samples. BMC Psychiatry
7:10.

Das M, Bhowmik AD, Sinha S, Chattopadhyay A, ChaudhuriK, Singh M, et
al. (2006): MAOA promoter polymorphism and attention deficit hyper-
activity disorder (ADHD) in Indian children. Am J Med Genet B Neuropsy-
chiatr Genet 141:637-642.

Manor |, Tyano S, Mel E, Eisenberg J, Bachner-Melman R, Kotler M, et al.
(2002): Family-based and association studies of monoamine oxidase A
and attention deficit hyperactivity disorder (ADHD): Preferential trans-
mission of the long promoter-region repeat and its association with
impaired performance on a continuous performance test (TOVA). Mol
Psychiatry 7:626 -632.

Yu YW, Tsai SJ, Hong CJ, Chen TJ, Chen MC, Yang CW (2005): Association
study of a monoamine oxidase a gene promoter polymorphism with
major depressive disorder and antidepressant response. Neuropsycho-
pharmacology 30:1719-1723.

Gutierrez B, Arias B, Gasto C, Catalan R, Papiol S, Pintor L, et al. (2004):
Association analysis between a functional polymorphism in the mono-
amine oxidase A gene promoter and severe mood disorders. Psychiatr
Genet 14:203-208.

Syagailo YV, Stober G, Grassle M, Reimer E, Knapp M, Jungkunz G, et al.
(2001): Association analysis of the functional monoamine oxidase A
gene promoter polymorphism in psychiatric disorders. Am J Med Ge-
netic 105:168-171.

Passamonti L, Cerasa A, Gioia MC, Magariello A, Muglia M, Quattrone A,
et al. (2008): Genetically dependent modulation of serotonergic inacti-
vation in the human prefrontal cortex. Neuroimage 40:1264-1273.
Meyer-Lindenberg A, Buckholtz JW, Kolachana B, A RH, Pezawas L, Blasi
G, et al. (2006): Neural mechanisms of genetic risk for impulsivity and
violence in humans. Proc Natl Acad Sci U S A 103:6269-6274.

Fan J,FossellaJ, Sommer T, WuY, Posner MI (2003): Mapping the genetic
variation of executive attention onto brain activity. Proc Natl Acad Sci
USAm 100:7406-7411.

Eisenberger NI, Way BM, Taylor SE, Welch WT, Lieberman MD (2007):
Understanding genetic risk for aggression: Clues from the brain’s re-
sponse to social exclusion. Biol Psychiatry 61:1100-1108.

Margulies DS, Kelly AM, Uddin LQ, Biswal BB, Castellanos FX, Milham MP
(2007): Mapping the functional connectivity of anterior cingulate cor-
tex. Neuroimage 37:579-588.


http://www.psychiatrictimes.com/display/article/10168/49131
http://www.psychiatrictimes.com/display/article/10168/49131

	MAOA Genotype, Maltreatment, and Aggressive Behavior: The Changing Impact of Genotype at Varying Levels of Trauma
	Methods and Materials
	Sample
	Procedures
	Measures
	Total Trauma Exposure Score (TTES)
	Aggressive Behaviors
	Psychiatric Diagnoses
	DNA Specimens
	MAOA Promoter Genetic Variation
	Ancestral Proportion Scores

	Statistical Analyses

	Results
	Allele Frequencies
	TTES
	Predicting Externalizing Behaviors: MAOA Genotype × Total Trauma Exposure Score
	Exploratory Analysis
	Minority Analyses

	Discussion
	Conclusions

	Acknowledgment
	References


