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Fig. 2. The association between childhood maltreatment and subsequent antisocial
behavior as a function of MAOA activity. (A) Percentage of males (and standard
errors) meeting diagnostic criteria for Conduct Disorder between ages 10 and 18. In
a hierarchical logistic regression model, the interaction between maltreatment and
MAOA activity was in the predicted direction, b =-0.63, SE =0.33,z=1.87, P =
0.06. Probing the interaction within each genotype group showed that the effect of
maltreatment was highly significant in the low-MAOA activity group (b = 0.96, SE
=0.27,z=3.55, P <0.001), and marginally significant in the high-MAOA group (b
=0.34, SE = 0.20, z = 1.72, P = 0.09). (B) Percentage of males convicted of a vio-
lent crime by age 26. The G X E interaction was in the predicted direction, b =
—0.83, SE=0.42,z=1.95, P=0.05. Probing the interaction, the effect of maltreat-
ment was significant in the low-MAOA activity group (b= 1.20, SE =0.33, z=3.65,
P <0.001), but was not significant in the high MAOA group (b = 0.37, SE = 0.27,
z=1.38, P=0.17). (C) Mean z scores (M = 0, SD = 1) on the Disposition Toward
Violence Scale at age 26. In a hierarchical ordinary least squares (OLS) regression
model, the G X E interaction was in the predicted direction (b = —0.24, SE = 0.15,
t=1.62, P=0.10); the effect of maltreatment was significant in the low-MA40OA acti-
vity group (b=0.35,SE=0.11,t=3.09, P=0.002) but not in the high MAOA group
(b=0.12, SE=0.07,1=1.34, P=0.17). (D) Mean z scores (M = 0, SD = 1) on the
Antisocial Personality Disorder symptom scale at age 26. The G X E interaction was
in the predicted direction (b = — 0.31, SE = 0.15, 1 = 2.02, P = 0.04); the effect of
maltreatment was significant in the low-MAOA activity group (b = 0.45, SE = .12,
t=3.83, P <0.001) but not in the high MAOA group (b = 0.14, SE = 0.09, t = 1.57,
P=0.12).

0.03) than among males with low MAOA activity (b =0.68, SE=0.12,¢=5.54,
P <0.001).

We conducted further analyses to test if the G X E interaction was robust across
each of the four measures of antisocial behavior that made up the composite
index. For all four antisocial outcomes, the pattern of findings was consistent
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with the hypothesis that the association between maltreatment and antisocial
behavior is conditional, depending on the child’s MAOA genotype (G X E inter-
action P = (.06, 0.05, 0.10, and 0.04, respectively). For adolescent conduct
disorder (Fig. 2A), maltreated males (including probable and severe cases) with
the low-MAQOA activity genotype were more likely than nonmaltreated males
with this genotype to develop conduct disorder by a significant odds ratio (OR)
of 2.8 [95% confidence interval (CI): 1.42 to 5.74]. In contrast, among males
with high MAOA activity, maltreatment did not confer significant risk for con-
duct disorder (OR = 1.54, 95% CI: 0.89 to 2.68). For adult violent conviction
(Fig. 2B), maltreated males with the low—MAOA activity genotype were more
likely than nonmaltreated males with this genotype to be convicted of a vio-
lent crime by a significant odds ratio of 9.8 (95% CI. 3.10 to 31.15). In con-
trast, among males with high MAOA activity, maltreatment did not confer sig-
nificant risk for violent conviction (OR = 1.63, 95% CI = 0.72 to 3.68). For
self-reported disposition toward violence (Fig. 2C) and informant-reports of
antisocial personality disorder symptoms (Fig. 2D), males with the low-MAOA
activity genotype who were maltreated in childhood had significantly eleva-
ted antisocial scores relative to their low-MAOA counterparts who were not
maltreated. In contrast, males with high MAOA activity did not have elevated
antisocial scores, even when they had experienced childhood maltreatment.

These findings provide initial evidence that a functional polymorphism in the
MAOA gene moderates the impact of early childhood maltreatment on the de-
velopment of antisocial behavior in males. Replications of this G X E inter-
action are now needed. Replication studies should use valid and reliable ascer-
tainments of maltreatment history and should obtain multiple measures of anti-
social outcomes, in large samples of males and females (30). If replicated, the
findings have implications for research and clinical practice. With regard to
research in psychiatric genetics, knowledge about environmental context
might help gene-hunters refine their phenotypes. Genetic effects in the popu-
lation may be diluted across all individuals in a given sample, if the effect is
apparent only among individuals exposed to specific environmental risks. With
regard to research on child health, knowledge about specific genetic risks may
help to clarify risk processes. Numerous biological and psychological proces-
ses have been put forward to explain why and how experiences of maltreat-
ment are converted into antisocial behavior toward others (17, 24, 31-34), but
there is no conclusive evidence that any of these processes can account for the
progression from childhood maltreatment to later criminal violence. Moreover,
some youngsters make the progression, but others do not, and researchers have
sought to understand why (35). The search has focused on social experiences
that may protect some children, overlooking a potential protective role of genes.
Genes are assumed to create vulnerability to disease, but from an evolutionary
perspective they are equally likely to protect against environmental insult (36).
Maltreatment studies may benefit from ascertaining genotypes associated with
sensitivity to stress, and the known functional properties of MAOA4 may point
toward hypotheses, based on neurotransmitter system development, about how
stressful experiences are converted into antisocial behavior toward others in some,
but not all, victims of maltreatment.

Until this study’s findings are replicated, speculation about clinical implica-
tions is premature. Nonetheless, although individuals having the combination
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of low-activity MAOA genotype and maltreatment were only 12% of the male
birth cohort, they accounted for 44% of the cohort’s violent convictions, yield-
ing an attributable risk fraction (11%) comparable to that of the major risk
factors associated with cardiovascular disease (37). Moreover, 85% of cohort
males having a low-activity MAOA genotype who were severely maltreated devel-
oped some form of antisocial behavior. Both attributable risk and predictive
sensitivity indicate that these findings could inform the development of future
pharmacological treatments.
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Supplementary Material

Description of Methods and Measurements used in the Dunedin Mul-
tidisciplinary Health and Development Study

Materials and Methods

Research sample. The Dunedin longitudinal study was constituted when par-
ticipants were age 3 when the investigators enrolled 91% of the consecutive
births between April 1972 and March 1973 in Dunedin, New Zealand (S7).
Cohort families represent the full range of socioeconomic status in the gene-
ral population of New Zealand’s South Island. Follow-ups have been carried
outatages 3,5,7,9, 11, 13, 15, 18, 21, and, most recently, at age 26, when we
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assessed 96% of the living cohort members (N =499 males). At each age, par-
ticipants are brought back to the research unit within 60 days of their birthday
for a full day of individual tests and interviews. These data are supplemented
by questionnaires completed by persons who know the study members well
and by official record searches.

DNA extraction and genotyping. At age 26, DNA was obtained from 953 stu-
dy members (97% of those assessed at that age; 51% male); 93% of DNA sam-
ples were obtained via blood and 7% via buccal swabs for those not wishing
to undergo phlebotomy. DNA was extracted from blood samples using stan-
dard procedures (S2, S3). A modified procedure was used to extract DNA from
buccal cells (S¢). Primer sequences are described by Sabol et al. (S5-S7), name-
ly MAOAPT1 (5’-ACAGCCTGACCGTGGAGAAG-3")and MAOAPBI1 (5°-
GAACGGACGCTCCATTCGGA-3"), although here MAO APT1 was 5’-la-
beled with the TET fluorophore. PCR was carried out on a PTC-225 DNA en-
gine (MJ Research), using the following cycling conditions: initial 2-min dena-
turing step at 95°C, followed by 35 cycles of 94°C for 1 min, 58.2°C for | min
and 72°C for 1 min 30 s, and a final extension phase of 72°C for 5 min. Reac-
tions were performed in 25:1 GeneAmp PCR Buffer I (PE Applied Biosystems),
1.5 mM MgCl,, 50 ng of genomic DNA, 10 pmols of each primer, 0.33 mM
dNTPs and 1.5 units of Native Tag (Promega). PCR products were assayed on
an Applied Biosystems 377 genetic analyzer (PE Applied Biosystems), set up
in genotyping mode, using 4.25% w/v polyacrylamide gel (Amresco) and TAM-
RA-labeled GS500 (PE Applied Biosystems) size standard. Results were ana-
lyzed using GeneScan v2.1 and Genotyper v1.1 software (Applied Biosystems).

Supporting Table S1 shows the allele frequencies observed among non-Mao-
ri members of our study. The genotypes were classified according to previous
results showing that an optimum sequence length of 3.5 or 4 repeats results in
high expression levels. In terms of expression, all studies (S5-57) agree on the
functional classification of the two most common alleles, i.e., 3 repeats (low
activity) and 4 repeats (high activity). These two alleles account for 95.7% of
our sample. Of rare alleles, both Sabol ef al. (S5) and Deckert et al. (S7) assay-
ed the 3.5 repeat with the same result (high activity), whereas a discrepancy
arises for the 5 repeat. We chose the classification of Sabol et al. (S5) as they
assayed 3 cell lines as opposed to one. However, we carried out analyses using
both classifications and observed the same effects. The rare 2 repeat, of which
only 1 exists in our sample, was classified as low activity due to its short length.

Population stratification can probably be ruled out as a confounding factor in
this study. First, cohort members reporting Maori ethnicity (7%) were not includ-

Table S1. The Dunedin sample does not differ significantly from published frequencies
of alleles (S5, S7) at the MAOA promoter locus, x2(4) = 6.21, P =0.184.

Number (and percent) of Number of repeats at MAOA promoter polymorphism
alleles in 2 3 3,5 4 5
Dunedin sample males,
n (chromosomes) = 442
Caucasian controls,

n (chromosomes) = 1940

1(0.2) 149 (33.7) S(1.1) 274 (62.0) 13(2.9)

3(0.2) 658 (33.9) 9(0.5) 1238 (63.8) | 32(1.6)
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ed in our analysis. Second, Caucasian study members reported the ethnicity of
all four grandparents, and only 4% reported 1 or 2 non-European grandparents.
Third, allele frequencies among Caucasian study members matched closely
frequencies reported in Caucasian samples. As a final check for stratification
we adopted a genomic control approach based on latent class analysis (S8).
One hundred individuals were selected at random from the sample and typed
for 40 unlinked microsatellite markers. In a stratified sample one would expect
to observe Hardy-Weinberg disequilibrium and linkage disequilibrium across
the unlinked markers: our genomic control approach aimed to identify sub-
populations (latent classes) such that within each there is Hardy-Weinberg and
linkage equilibrium. In the current sample, however, there was no support for
having more than one latent class, which is consistent with the sample being
homogeneous.

Childhood maltreatment. Evidence of childhood maltreatment during the first
decade of life (ages 3 to 11 years) was ascertained using behavioral observa-
tions, parental reports, and retrospective reports by study members once they
reached adulthood (S9, S10). First, mother-child interactions were observed
during the child’s age-3 assessment. The mother was rated by an observer on
eight categories: mother’s affect toward the child was consistently negative;
harshness toward the child; rough, awkward handling of the child; no effort to
help child; unaware or unresponsive to child’s needs; indifferent to child’s per-
formance; demanding of child’s attention; soiled, unkempt appearance of child).
Mothers engaging in 2 or more such behaviors were classified as rejecting (16%),
based on evidence that such maternal behavior is associated with increased risk
of children’s later antisocial behavior (S17). Second, harsh discipline was mea-
sured at ages 7 and 9 using a checklist on which parents indicated if they enga-
ged in ten disciplinary behaviors such as ,,smack him or hit him with some-
thing.“ Parents scoring in the top decile of the sample-wide distribution were
classified as unusually harsh, relative to the culture in which this cohort grew
up (10%), based on evidence that such parenting styles are associated with sub-
sequent antisocial behavior of children (S72). Third, changes in the person occu-
pying the role of the child’s primary caregiver were ascertained at each assess-
ment. Children who experienced 2 or more such changes during the first deca-
de of life were classified as having suffered disruptive caregiver changes (6%),
based on evidence that such family changes are predictive of later antisocial
behavior (§/3). Fourth, exposure to child physical abuse was assessed retro-
spectively at age 26 as part of an interview about victimization. Study mem-
bers were classified as physically abused if they reported multiple episodes of
severe physical punishment (e.g., strapping leaving welts; whipping with elec-
tric cords) resulting in lasting bruising or injury before age 11 (3%). Fifth, unwan-
ted sexual contact was assessed retrospectively at age 26 as part of an inter-
view about reproductive health. Study members were classified as sexually
abused if they reported having their genitals touched, touching another’s geni-
tals, or attempted and/or completed sexual intercourse before age 11 (5%). The
percentages of males experiencing physical and sexual abuse are consistent
with rates reported elsewhere (S14). We examined these maltreatment experi-
ences based on evidence that they too are linked to antisocial behavior (S75).
We derived a cumulative exposure index for each child by counting the num-
ber of maltreatment experiences during the first decade of life; 64% of the chil-
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dren experienced no maltreatment, 28% experienced 1 indicator of maltreat-
ment (hereafter referred to as ,,probable maltreatment®), and 8% experienced
2 or more indicators of maltreatment (hereafter ,,severe maltreatment®).

Antisocial behavior outcomes in adolescence and in adulthood. We examined
four different outcome measures of antisocial behavior, using information from
independent data sources that were appropriate at different stages of develop-
ment.

Conduct disorder was measured according to the criteria of the Diagnostic and
Statistical Manual of Mental Disorders (DSM-1V), which identify adolescents
displaying a persistent pattern of behavior that violates the rights of others,
including physical harm (S/6). A diagnosis of conduct disorder (using a 12-
month reporting period for symptoms) was made in our longitudinal study when
we assessed the research participants at each of four ages: ages 11, 13, 15, and
18. A “lifetime’ diagnosis was arrived at by establishing whether a study mem-
ber received the diagnosis at one or more of the four ages (according to the
DSM, conduct disorder is not normally diagnosed after age 18).

Court records of violent convictions in adulthood were searched via the Aus-
tralian and New Zealand Police for 97% of male study members. Among stu-
dy males, 11% received 174 convictions for violent crimes (e.g., common assault,
aggravated assault with intent to injure with weapon, domestic violence, mans-
laughter, rape).

A disposition toward violence was ascertained at age 26 as part of the Multi-
dimensional Personality Questionnaire (MPQ) Aggression scale (S/7) (e.g.,
,»When I get angry I am ready to hit someone,*“ ,,] admit that [ sometimes enjoy
hurting someone physically®). The reliability of the summed scale was 0.71.

Symptoms of antisocial personality disorder were ascertained at age 26, when
informant reports about 95% of male study members were collected by mail-
ing a questionnaire to persons they nominated as ,,someone who knows you
well“ (S18). Informants were friends, partners, or family members. Informants
described the study members on seven cardinal symptoms: ,,has problems con-
trolling anger,” ,,blames others for own problems, ,,does not show guilt after
doing something bad, ,,impulsive, rushes into things without thinking,*,,good
citizen (reversed),” ,,does things against the law,” and ,,gets into fights.“ Res-
ponse options were ,,not a problem, ,,a bit of a problem,* and ,,yes, a problem.“
The reliability of the summed scale was 0.84.

Intercorrelations between the four outcomes ranged from (.32 to 0.46. We fit-
ted a common factor model to the four measures of antisocial behavior, using
methods appropriate to the mixture of categorical and continuous measures
(519). According to multiple fit indices, the model fit well (IT2 (2) = 2.56, P =
0.28, CFI = 0.99, RMSEA = 0.02), with factor loadings ranging from 0.64 to
0.74, showing that all four measures index liability to antisocial behavior. On
the basis of the factor analysis, we created a composite index of antisocial beha-
vior by counting the number of antisocial outcomes observed for each study
member. This summary index counts whether they (a) met diagnostic criteria
for adolescent conduct disorder, (b) were convicted for a violent crime, (c)
scored in the top quartile of the distribution on a self-reported disposition toward
violence, and (d) scored in the top quartile of the distribution on informant-
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reported antisocial personality disorder symptoms. We created this composite
because the most reliable way to measure antisocial behavior is to aggregate
multiple sources of information. We also report separate analyses of each of
the four measures of antisocial behavior, in order to test whether the observed
findings were robust or sensitive to the four different ways in which the anti-
social phenotype was measured. A robust finding is one whose pattern should
be observed irrespective of how antisocial behavior is measured (S20).

The effects of MAOA activity, maltreatment, and their interaction on antisoci-
al behavior were estimated in a moderated regression framework, using logis-
tic regression for categorical outcomes (e.g., conduct disorder) and ordinary
least squares (OLS) for continuous measures (e.g., personality disposition toward
violence). The full results are contained in Supporting Table S2. The interac-
tion effect was consistent with the hypothesis that MAOA activity moderated
the effect of maltreatment on antisocial outcomes. As shown in the Report (Fig.
1), the dose-response association between maltreatment and antisocial beha-
vior was significantly weaker in the high-MAQOA activity group than in the low-
MAOA activity group. We probed the gene X environment interaction further
(521) and found that the difference in antisocial behavior between the high and
low MAOA groups became larger at increasing levels of maltreament. T tests
for these differences are as follows: t = —1.48, P = 0.14 at no maltreatment, ¢
=1.62, P=0.11 at probable maltreatment, and r = 2.31, P=0.02 at severe mal-
treatment.

We further considered the possibility that the observed protective effect of high
MAQOA activity could have been brought about because of individual differen-

Table S2. Results of final regression analyses testing G X E interaction effects on
antisocial outcomes. The table presents final models with main effects and interac-
tions entered simultaneously. Childhood maltreatment was handled as a single quan-
titative variable in the regression analyses, ranging from no maltreatment to severe
maltreatment.

Predictor variables

Antisocial

outcomes MAOA Maltreatment MAOA x Maltreatment
b | SE | 2 p b SE | 2 p b SE | 2 P

Composite

Antisocial Index |.16[ .11 | 145 | .15 | .54 | .11 | 473 1.001 | -36] .14 [ 253! 01
Conduct
Disorder (%) 06| 28 | 20 | 84 | 96 | 27 [355].001 | -63] 33 | 187 .06
Violence
Conviction (%) [.32] 46 | .70 | 48 | 1.2 | .33 | 3.65] .001 | -.83 [ 42 {195 .05
Disposition

Toward 111 [ 95 | 35 35| .12 | 3.04 )| .003]-24 | .15 | 1.62 | .10
Violence Scale

Antisocial

Personality 221 12 [ 190 | 06 | 45} .12 [ 3.74] .001 | -31 ] .15 | 202 | .04

Symptoms Scale
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ces in 1Q. We considered this alternative hypothesis because complete and selec-
tive deficiency of enzymatic activity of MAOA was associated with mild men-
tal retardation in the Dutch kindred (S22), and low 1Q is linked to high levels
of antisocial behavior in the general population (S23), including in this sam-
ple (r =-0.28, P < 0.001). Therefore, the observed protective effect of high
MAQA activity could have been an epiphenomenon of higher 1Q among males
with this genotype. However, we found no IQ differences between males with
low- and high MAOA activity (M = 107 (SD = 14) vs. M = 108 (SD = 13),
#(430) =-0.70, P = 0.48), and no significant linear association between mai-
treatment and IQ in either the low-MAOQOA activity group, #(157) =-0.87, P =
0.38, or the high-MAOA activity group, #(269) = 0.93, P = 0.34. We repeated
the regression analysis shown in Supplementary Table S2 (first row), with the
addition of IQ as a covariate. The interaction effect between MAO4 and mal-
treatment remained statistically significant and of equivalent magnitude after
controlling for IQ (b =-0.34, SE =0.14, t=2.43, P=0.015).

Finally, we considered the possibility that the observed protective effect of high
MAOA activity could be brought about if children with this genotype were like-
ly to be reared in favorable environments. As such, we introduced into our ana-
lyses a further environmental covariate, social class, that is associated with anti-
social behavior (524), including in this sample (r=-0.46, P <0.001). The child-
hood social class variable used in our analyses is the average of the highest
social class level of either parent, assessed repeatedly at the study member’s
birth and ages 3, 5, 7,9, 11, 13, and 15. This variable reflects the socioecono-
mic conditions experienced by the study members while they grew up (S25).
There were no social class differences between males with low and high MAOA
activity, ¢ (439) = 0.90, P = 0.37. We repeated the regression analysis shown
in Supplementary Table S2 (first row), with the addition of social class as a
covariate. The interaction effect between MAOA and maltreatment remained
statistically significant and of equivalent magnitude after controlling for child-
hood social class origins (b =—0.33, SE = 0.14, ¢ =2.36, P = 0.019).
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