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Abstract

Genetic susceptibility to antisocial behavior may increase fetal sensitivity to prenatal exposure to
cigarette smoke. Testing putative Gene x Exposure mechanisms requires precise measurement of
exposure and outcomes. We tested whether a functional polymorphism in the gene encoding the
enzyme monoamine oxidase A (MAOA) interacts with exposure to predict pathways to adolescent
antisocial behavior. We assessed both clinical and information-processing outcomes. 176
adolescents and their mothers participated in a follow-up of a pregnancy cohort with well-
characterized exposure. A sex-specific pattern of gene x exposure interaction was detected.
Exposed boys with the low activity MAOA 5’ untranslated region variable number of tandem
repeats (UWNTR) genotype were at increased risk for Conduct Disorder (CD) symptoms. In
contrast, exposed girls with the high activity MAOA uVNTR genotype were at increased risk for
both CD symptoms and hostile attribution bias on a face-processing task. There was no evidence
of a gene-environment correlation (rGE). Findings suggest that the MAOA uVNTR genotype,
prenatal exposure to cigarettes, and sex interact to predict antisocial behavior and related
information-processing patterns. Future research to replicate and extend these findings may focus
on elucidating how gene x exposure interactions may shape behavior via associated changes in
brain function.
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Considerable evidence links prenatal exposure to cigarettes (“exposure ) to antisocial
behavior 1, 2. Recent work has focused on mechanisms 3, 4 through precise phenotypic
specification 5 and, the intersection of exposure with other risks 6, 7. In particular, these
investigations have focused on examining the gene-exposure interface in an effort to
disentangle the extent to which exposure serves as a risk marker versus exerting a direct
teratologic effect 8, 9.

Advances in molecular biology and systems neuroscience provide particularly useful
strategies in developmental contexts 9-12. This work has begun to show that genetic
variation modifies the effects of prenatal exposure to cigarettes on both perinatal and clinical
outcomes 13-17. As a rule, however, examinations of gene x prenatal exposure to cigarettes
(G x Epec) interactions have not focused specifically on antisocial behavior, the clinical
phenotype where exposure-behavior associations appear strongest.

MAOA degrades monoamines and thus critically regulates behavior 18, 19. The monoamine
oxidase A untranslated variable number of tandem repeat markers (UVWNTR; heretofore
“MAOA genotype™) is the most well-established susceptibility variant for human aggression
and related phenotypes in other species 18, 19. MAOA genotype appears to influence the
development of antisocial behavior by altering vulnerability to the effects of early adverse
environments 18, 20, 21. In particular, there is robust evidence of the interaction of MAOA
and early maltreatment (Gpaoa X Emait ) in predicting antisocial behavior 21. Maltreatment
is associated with increased risk of antisocial behavior for males with the low-expression
MAOA (MAOA-L) allele but not for males with the high-expression MAOA allele (MAOA-H)
22. Recent evidence also links MAOA-L and low brain MAOA with trait aggression and
neural hypersensitivity to social cues 23-25. While the relation of the interaction between
MAOA and adverse environments to intermediate phenotypes has been hypothesized 18, it
has not yet been tested.

Within the context of examining MAOA’s potential modulating effects on the impact of
early environmental experience, prenatal exposure to cigarettes is a particularly intriguing
adverse environment to study because it directly impacts fetal brain development. Nicotine
is the primary teratogenic compound in tobacco, with specific nicotinic acetylcholine
receptors (NAChRs) mediating its effects27. Fetal nAChRs sit on dopaminergic neurons
lying in pathways critical for regulation of attention and emotion. Serotonergic systems are
similarly affected27. Studies with rodents indicate that exposure results in improper
reactivity to neuronal stimuli during key developmental periods, with long-term effects on
neural systems27.

Most Gpaoa X Emalt interaction studies and, many studies of exposure and antisocial
behavior, have been in males 2, 21. However, MAOA is an X-linked gene (with men
carrying only one allele and women carrying two), suggesting the possibility of sex
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differences in epigenetic regulation 27. Recent work examining sex differences in the effects
of MAOA has reported conflicting findings. Some studies find sex differences in effects on
brain structure and information-processing 18, 28 whereas others do not 24. Of particular
relevance, the few studies of female patterns in relation to Gpjaoa X Emart interactions are
inconsistent: two studies identified MAOA-L as the risk allele for females 29, 30, one study
identified MAOA-H as the risk allele for females 27 and one study failed to find a significant
interaction Gyaoa * Emalr interaction in females 31. Thus, sex differences in patterns of
interaction of MAOA and adverse early environmental exposures are a critical area of
inquiry. The importance of this line of investigation is bolstered by evidence of sex
differences in exposure-related patterns from both basic 32-34 and clinical 2, 35 studies.

We tested for sex-specific Gmaoa X Epec interactions in predicting antisocial behavior and
an information-processing intermediate phenotype i.e., a direct assessment of face-
processing errors related to hostile attribution bias. Hostile attribution bias is an information-
processing substrate linked to reactive aggression 36. Further, brain imaging work
demonstrates an association between MAOA genotype and neural circuits engaged by face-
emotion processing 25.

The present paper also discriminates between a true G x Epec and a passive G x Epec
correlation (rGE). rGE is a correlation between genotype and environment 3, 37. When rGE
is present, exposure to an adverse environment and clinical outcomes may appear to be
causally linked, when in fact, their association results from the correlation between the
environmental exposure and genotype. This is of particular concern in the case of prenatal
smoking, because women with a history of antisocial behavior are substantially more likely
to persist in smoking during pregnancy and to have antisocial partners 7, 38. Thus, in
addition to the prenatal exposure, pregnant smokers are also more likely to transmit genetic
susceptibility to antisocial behavior and to provide a harsh parenting environment. As a
result, controlling for parental antisocial behavior and parenting environment is important
for establishing independent effects of prenatal smoking. A more direct test of rGE is
examining whether women with a risk allele for antisocial behavior are more likely to
persist in pregnancy smoking than women without this risk allele. Here we controlled for
parental antisocial history and harsh parenting and also directly tested whether prenatal
smoking status varied by maternal MAOA genotype.

Most prior work in this area has used large population-based samples 3, 4, 39. While large
sample sizes enhance statistical power, power may not be fully realized in large studies
using retrospective, indirect measures of exposure. We use a modest sample in which
exposure has been directly measured. Prospective, repeated, assay-based measurement
provides greater sensitivity 11, 40-42. Increasing sensitivity in characterization of
phenotypes and potential modulators may also increase the likelihood of discovering gene
effects, even in relatively small samples such as ours 43. Our data derive from the East
Boston Family Study (EBFS), an adolescent follow-up of a pregnancy cohort with high rates
of heavy prenatal smoking 44. To our knowledge, this is the first investigation of G x Epec
interaction which uses prospective, multi-method assessment of prenatal exposure to
cigarettes as it interacts with MAOA in relation to both clinical and information-processing
phenotypes.
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METHODS
PARTICIPANTS

Participants were from a prospective pregnancy cohort of hon-Hispanic white women
recruited from a neighborhood health clinic in East Boston, enrolled in the Maternal Infant
Smoking Study of East Boston (MISSEB) between 1986-1992 44, 45. Women were eligible
for MISSEB if they attended the East Boston neighborhood health clinic, were less than 20
weeks pregnant, and were 19 or older. The present study reports on data from the East
Boston Family Study (EBFS), an adolescent follow-up of the MISSEB cohort. (Although
MISSEB also included Hispanic women, they were not eligible for EBFS because they
smoked at very low rates (6.5%), consistent with national trends 48). Figure 1 illustrates the
sequence of the study from MISSEB through EBFS and participation at various phases. 85%
of the offspring from MISSEB were eligible for EBFS (the remaining 15% had previously
withdrawn or had not participated in any postnatal visits). From this pool of eligible youth
from MISSEB, 73% were re-ascertained for EBFS (n=282 youth, representing 251 families
due to the inclusion of 30 sets of siblings). The EBFS was a longitudinal study with three
annual waves, with retention at Waves 2 and 3 of 91% and 92% respectively. CD symptoms
were assessed at each wave. Genotype and face-processing data were collected at Wave 2.

The EBFS cohort did not differ from eligible non-participants in terms of maternal smoking
status. However, EBFS mothers had higher education levels (75% vs. 62% high school
completion, X2=6.0, df=1, p<.01) and were slightly older (mean age at pregnancy= 27 vs. 26
years, t=2.5, df=346, p<.01) than mothers who did not participate. Because of the focus of
the present paper on Gyaoa X Epec interactions, only youth on whom saliva was obtained
for genotyping were included (82%). An additional 2% were excluded because their
biological mothers were not participating and 16% with non-White fathers were excluded to
minimize problems from population substructure. Two additional youth were excluded
because they lacked data on CD symptoms. Thus, the primary analytic sample for this G x E
sub-study is comprised of 176 non-Hispanic white youth (mean age=15 (SD=1.8), 56%
girls, 23 sibling pairs) and their biologic mothers. Mothers were predominantly working
class (median income $40-50,000/year) and high school educated (72%). The G x E sub-
sample did not differ from the full EBFS sample in terms of exposure status, demographic
factors, parental antisocial behavior or harsh parenting. Seventy-nine percent of this G x E
sub-sample (n=139) also completed the information-processing task via laptop computer at
Wave 2. Missing information-processing data were due to Wave 2 attrition and lack of
availability for in-person assessments. Youth with information-processing data did not differ
from those without it in terms of exposure status, family demographics or parental
antisociality. However, youth with information-processing data were slightly younger than
those in the larger G x E sub-sample (mean of 14.9 vs. 15.6 years at baseline, p<.05).

MEASURES

Exposure—At each prenatal visit, women reported current smoking. Blood and urine were
also obtained for cotinine assays, which were conducted via radioimmunoassay 46. For the
present study, serum cotinine level was used in combination with self-reported smoking to
develop a “best-estimate” measure of exposure 47. This “best-estimate” measure was
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generated using all available data on each woman, employing statistical methods developed
for this study 47. Hierarchical (subject-specific) modeling of cotinine metabolism was used
to generate a cotinine-based correction factor that accounted for inaccuracy due to
nondisclosure or underreporting. This correction factor was based on the woman-specific
exponential-decay of cotinine in blood, as a function of time since last cigarette and self-
reported smoking pattern. The deviations from the exponential-decay model according to the
“average” cotinine concentration per cigarette in a pregnant population were then used to
indicate accuracy and adjust maternal report accordingly. Small adjustments to exposure
level (<1 cigarette/day) likely reflect differences in smoking topography and metabolism,
whereas larger adjustments likely reflect underreporting or nondisclosure.

This best-estimate method led to a mean adjustment of 1.04+2.46 cigarette/day for the
sample as a whole. Within the sub-group of self-reported non-smokers, 10% required an
adjustment (mean adjustment=.37+1.59 cigarettes): 50% of these were apparent non-
disclosers (range of adjustment for this group=3.96-9.24 cigarettes). In contrast, exposure
values for 89% of the self-reported smokers required adjustment (mean adjustment=1.85
+3.03cigarettes). Of this group, 43% appeared to significantly underreport amount smoked
with adjustments of >1 cigarette per day (range 1.24-9.24). Based on these serum-cotinine
corrected values, 51% of the EBFS youth were classified as exposed. The mean number of
cigarettes per day in the smoking group was 12.8+8.2, with 61% of these exposed to %2
pk/day or more. For the present analyses, we used the continuous serum-cotinine corrected
measure of average cigarettes per day across the pregnancy.

MAOA 5’ UTR Genotyping—Saliva samples were collected from the youth and their
mothers using DNA Genotek Oragene self-collection kits. After extraction, DNA was
quantitated with a fluorescent Quant-iT™ PicoGreen® dsDNA Assay (Invitrogen, Carlsbad,
California) and normalized to a concentration of 10ng/uL. DNA was amplified with PET™
forward primer 5'-PET-ACAGCCTGACCGTGGAGAAG-3' (Applied Biosystems, Foster
City, CA) and reverse primer (with pigtail sequence within parentheses 5'-
(GTTTCTT)GAACGGACGCTCCATTCGGA-3' using HotStarTag DNA Polymerase
(Qiagen Inc. USA, Valencia, California) with an initial denaturation step at 95 ° C for 15
min followed by 40 cycles of Imin at 94 ° C, 1min at 58.2 ° C and 2 min. at 72 ° C. Products
were separated on a 3730 Genetic Analyzer (Applied Biosystems, Foster City, CA) in the
UIC Research Resources Center DNA Services Facility. Alleles were called blind to
phenotype data using Genemapper v 3.7.

Genotype frequencies for boys and girls are reported in Table 1. Because MAOA is X-
linked, boys have only one allele and thus can either be MAOA-L or MAOA-H. However,
because girls have two alleles, they may be either homozygous or heterozygous. In order to
test Hardy Weinberg equilibrium (HWE), MAOA was considered multi-allelic with four
possible alleles of 3, 3.5, 4, 5 repeats and only tested in unrelated females (p= 0.918). There
is agreement across studies that 3 repeats should be classified as MAOA-L and 4 repeats as
MAOA-H, but there is some discrepancy in regard to classification of 5 repeats 19, 49.
Consistent with the approach of Sabol and Kim-Cohen 19, 21, we classified the 5 repeats as
MAOA-L. Because females have two copies of MAOA, studies have taken varying
approaches to classifying heterozygous females. Based on prior findings that patterns for
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heterozygous females are similar to females homozygous for the low activity allele 27, for
primary analyses we classified female subjects homozygous for 4 repeats, homozygous for
3.5 repeats, or heterozygous with both high activity genotypes (3.5 and 4 repeats) as high
activity and female subjects with all other genotypes as lower activity. We also examined
this assumption in supplementary analyses using a 3-level classification for females.

Youth Antisocial Behavior—At each of the three annual waves, lifetime Conduct
Disorder (CD) symptoms were assessed based on parent and youth report using the
Diagnostic Interview for Children (C-DISC-1V)50. We used continuous symptoms scores as
relatively few youth in this community sample met criteria for CD across the three waves of
the study (7% of girls and 22% of boys). Because youth and parent reports are only
moderately correlated and youth often underreport conduct symptoms 51, and, consistent
with previous investigations of G x E pe¢ 16, 52, we used parent report as the primary
indicator of symptoms, with secondary analyses conducted based on youth report.

Youth Hostile Attribution Bias—The Diagnostic Analysis of Nonverbal Accuracy-2
(DANVA-2) 53 was used to assess receptive knowledge of adult happy, sad, angry and
fearful facial emotions at Wave 2. Accuracy of emotion identification was scored
automatically by DANVAZ2 software. A DANVA hostile attribution bias score was
generated by calculating the number of happy, sad and fearful faces misidentified as angry.
We also tested whether impaired sensitivity in emotion identification problems was unique
to anger by creating discrimination indices for each of the emotions 54.

Covariates—Covariates considered for inclusion in the models were family income, teen
age, prenatal alcohol use, maternal and paternal antisocial behavior and harsh parenting.
Mean imputation was used for missing data (ranging from 1-15%).

Prenatal alcohol exposure—To establish that the association of prenatal smoking to
youth outcomes was not confounded with other substance use during pregnancy, maternal
prenatal alcohol use was controlled. Alcohol use during pregnancy was assessed at each
prenatal interview and coded as two dichotomous indicators which were entered
simultaneously into the regression models: (1) drank at low levels (O=never drank during
pregnancy; 1=drank during pregnancy but never 2+ drinks at a sitting) and, (2) had
significant alcohol consumption on at least one occasion (O=never had 2+ drinks at a sitting;
1=had 2+ drinks at a sitting on one or more occasion).

Parental Antisocial Phenotype—To account for the possible spuriousness of exposure
to parental antisocial behavior, we controlled for both parental antisocial history and harsh
parenting environment. Mothers reported on their own antisocial behavior using the
Antisocial Behavior Checklist 55, a widely used 45-item measure that assesses a range of
delinguent behaviors that occurred during childhood/adolescence and as an adult. Because
mothers were reporting about the fathers’ antisocial behavior, we used a measure
specifically validated for use by maternal report, with strong cross-informant agreement
reported when comparing maternal reports of fathers’ antisocial behavior to fathers’ self
reports 56, 57. This 44- item measure uses the Achenbach family of adult report instruments
to assess lifetime history of aggressive and delinquent behavior. Parental harsh discipline
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was assessed via combined maternal and youth report on the Punitive Discipline sub-scale of
the Hetherington Discipline Scale58 . Using Mplus, factor scores representing harsh
parenting were created from three standardized measures: youth report of maternal and
paternal discipline and maternal report of own discipline. Higher factor scores represent
more punitive discipline.

Descriptive characteristics of the sample and for these covariates are provided in Table 2.

DATA ANALYSIS

Because MAOA is X-linked, primary analyses were conducted separately for girls and boys,
consistent with prior research 30. Linear mixed models were used to predict CD symptoms
from Waves 1-3, with wave as a time-dependent covariate, using unstructured covariance
matrices. Linear models were used to predict the hostile attribution score. Permutation
methods 59, 60 were used were to test for Gyaoa % Epec interactions. In order to account for
family structure, the dependent variable was permuted across the families with one teen and
separately permuted across the families with siblings. Reported standard errors of the effect
sizes and p-values were determined empirically. This approach was selected because
permutation tests allow relaxing of distributional assumptions and are more appropriate for
skewed distributions and situations with complex dependencies, such as those found in
family data 60. Because of their theoretical importance, paternal and maternal antisocial
behavior were included as covariates in all primary regression models. Backwards
elimination was conducted for selection of all other covariates in the full analytic sample.
Analyses were conducted with SAS version 9.1.

RESULTS

Parent-reported CD symptoms were regressed on MAOA genotype, a continuous measure of
exposure, and the Gyaoa X Epec interaction, with interview wave, youth age, family income,
harsh parenting, prenatal alcohol exposure, and maternal and paternal antisocial behavior as
covariates (see Table 3). The Gpmaoa X Epec interaction was significant for both girls and
boys (b=.25, p=0.002 and b=-.18, p=0.03, respectively). However, the direction of these
effects differed (Figure 2). Consistent with previous research, increased exposure was
associated with increased CD symptoms for boys with MAOA-L. In contrast, increased
exposure was associated with increased CD symptoms for girls with MAOA-H.
Supplementary analyses using a 3-level genotype classification for girls, demonstrated
similar patterns for homozygous low activity girls and heterozygous girls, supporting our
approach of classifying these together as a lower activity group (see supplementary Figure
3S). Inspection of the data in the girls’ primary regression model revealed that two sisters
might be considered multivariate outliers: both were exposed to more than 30 cigarettes per
day and had high CD symptoms. We conducted a sensitivity analysis, excluding these
siblings. In this conservative model, the 2-way Gpmaoa X Epec interaction remained
significant (p=0.02). The Gpaoa X Epec interaction was also significant for girls® self-
reported CD symptoms, but not boys (reported in supplementary materials, Table 3S).

We next tested whether the Gyaoa * Epec interaction predicted our information-processing
phenotype, i.e., the DANVA hostile attribution bias score. Backward elimination resulted in
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youth age, prenatal alcohol use and family income dropping from the model. As Table 4
shows, the Gpaoa % Epec interaction was a significant predictor of hostile attribution bias
for girls (b=.06, p=0.04) but not boys (b=-.05, p=0.22). Similar to the pattern for girls’ CD
symptoms, for girls with MAOA-H, increased levels of exposure were associated with a
greater tendency towards hostile attribution bias (see supplementary Figure 4S). In post-hoc
analyses, we tested whether this pattern was unique to angry faces. The MAOA-H group was
poorer at anger discrimination (p=.05) but there were no differences in discrimination of
other emotions.

In order to formally test for the 3-way interaction of Gyaoa % Epec X Youth sex, we also
conducted an additional set of regression analyses on the full sample. These analyses yielded
significant 3-way interactions for prediction of both CD symptoms (parent-report, p=0.001;
youth report, p=0.04), and the hostile attribution bias score (p=0.02). We also conducted a
sensitivity analysis using the uncorrected self-reported measure of exposure. The use of this
uncorrected measure of exposure did not substantially alter the relation of predictors to
outcome, with the 3-way interaction remaining significant for parent report (p=0.001),
trending towards significance for youth report (p=0.07) and remaining significant for hostile
attribution bias (p=0.04).

Finally, to examine whether these findings might result from a passive gene-environment
correlation (rGE), we used Mantel Haenszel chi-square tests to examine whether mothers’
prenatal smoking status varied as a function of their MAOA genotype. These analyses did
not support presence of an rGE. The distribution was as follows: 40% of mothers with the
MAOA-H genotype smoked during pregnancy compared to 33% of women who did not
smoke during pregnancy and, 48% of pregnancy smokers had the MAOA-L genotype
compared to 52% of women who did not smoke during pregnancy (X2=.77, p=0.38).

DISCUSSION

Prenatal exposure to cigarettes is a well-established risk factor for offspring antisocial
behavior. Using data from a pregnancy cohort with prospective, repeated measures of
exposure, we tested whether exposure interacts with MAOA genotype to predict both
antisocial behavior and hostile attribution bias in male and female adolescents. Central
strengths of the study include: (a) precision of exposure measurement; (b) combining
molecular G x E pec and rGE approaches to examine the interplay of exposure and a
monoamine-related genotype previously shown to modify environmental effects on
antisocial behavior; (c) testing associations with both clinical and information-processing
phenotypes; (d) robust control for parental antisocial history and environment and; (e)
examining sex-specific effects. While nearly half a dozen studies have demonstrated G x

E pec interactions, these studies focus primarily on dopaminergic genotypes as moderators of
ADHD. To our knowledge, the present study is the first to examine the interaction of MAOA
genotype and exposure in prediction of antisocial behavior. Findings are also novel in
demonstrating links between exposure and a theoretically-derived index of information-
processing, which is a well-established substrate of antisocial behavior.
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We also found sex-specific Gpmaoa X Epec patterns. Consistent with previously reported
patterns for males 21, we found that the MAOA-L genotype conferred increased risk of CD
symptoms in exposed boys. Consistent with findings of Sjoberg 27, we found a contrasting
pattern in girls, i.e., the MAOA-H genotype conferred increased risk in exposed girls. This
pattern for girls was also found in relation to directly-assessed hostile attribution bias. This
sex-specific pattern is especially intriguing given the failure of most prior studies to consider
females 2, 21. Recent studies in both model organisms and humans also show that females
exhibit unique exposure-related perturbations in brain structure and function 32-34.

The current findings are broadly consistent with previous work on the role of MAOA
genotype in moderating the effect of adverse early environmental exposures 21. This parallel
pattern of findings for the interaction of MAOA with two very different types of
“environments” in predicting antisocial pathways is particularly striking. Previous work has
examined MAOA’s interaction with social aspects of the environment. In contrast, prenatal
exposure involves delivery of a chemical directly to the fetal brain. Clearly, an exposure that
directly acts on the brain is different from one in which effects on the brain are transduced
through complex social events 61.

Variations in MAOA have been linked to the substrates of reactive, impulsive aggression
including hostile personality traits and deficits in face emotion processing 24, 25, 62.
Buckholtz and Meyer-Lindenberg have theorized that this is due to the effects of MAOA
genotype on the neural circuitry underlying social decision-making 18. Of relevance, work
by Blair and colleagues establishes that the orbital frontal cortex (OFC) plays a critical role
in the modulation of aggression 63, 64. Moreover, the association between OFC dysfunction
and human aggression is thought to be at least partly modulated by the OFC’s role in the
detection of, and response to, anger cues 65. This work shows that individuals with OFC
dysfunction manifest biased perceptions of hostility 64. Of special salience, a recent
structural MRI study by Toro et al., demonstrates that exposure predicts reduced thickness
of the OFC with concomitant decrements in social concern and connectedness in girls 34.
Thus our findings that exposed girls with the high activity MAOA genotype have an
increased tendency to misidentify emotions as angry are consistent with prior theoretical and
empirical work.

Sex differences in patterns of Gpaoa % Epec interaction may reflect differences in how
MAOA genotype interacts with sex-specific patterns of prenatal brain development 27. The
current findings, when integrated with findings from the laboratories of Blair, Toro and
Buchkholtz & Meyer-Lindenberg 18, 34, 64, suggest an important specific direction for
future research in which functional MRI studies can be used to detect similar signs of sex-
specific Gpmaoa X Epec interactions, manifest on measures of OFC function and face-
emotion identification.

To our knowledge, the present study is the first to combine examination of the interaction of
measured genotype and prenatal exposure with testing for passive gene-environment
correlations. Data from two large cohorts using kinship designs suggest the possibility that
the exposure: antisocial behavior association reflects an rGE 3, 37. In addition to controlling
for maternal and paternal antisocial behavior and an environmental correlate of parental

Mol Psychiatry. Author manuscript; available in PMC 2011 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wakschlag et al.

Page 10

antisociality, i.e., harsh parenting, we used molecular approaches to directly test whether
exposure status differed as a function of maternal MAOA genotype. Using these methods, we
do not find evidence of rGE in the present sample. However, we have measured only one
genotype and thus, cannot address the broader question of the contribution of rGE to these
pathways.

A primary limitation of the present study is its relatively small sample size. Nevertheless,
although small sample sizes reduce power, the current study had sufficient power to detect
most hypothesized differences. Still, while the Gyaoa % Epec interaction was consistently
found for girls regardless of informant (parent vs. youth) or the nature of the phenotype
(clinical vs. information-processing), it was only significant for boys’ parent-reported CD
symptoms. Replication and further examination of these issues in larger samples using
multi-level phenotypic assessments and sufficient numbers of girls and boys to test sex-
specific effects are warranted.

Another limitation of this study is the classification of MAOA alleles into high activity
genotypes on the basis of prior work 19 that used an in vitro transfection study rather than
direct study of genotype effects on expression. The only study examining relevant gene-
brain relationships showed no difference in [11C]-clorgyline-measured MAOA protein
expression related to genotype 66. The relevant relationship between the marker and gene
expression and ultimately neurotransmitter regulation would need to be studied in utero and
throughout development. Such an investigation has not yet been conducted. Other
limitations relate to the focus on one MAOA variant, as opposed to full interrogation of all
MAOA variants, and the failure to consider transmission of genotypes, leaving open the
possibility of population-stratification effects.

Previous studies have often minimized the importance of accurate exposure measurement
because brief, retrospective recall was the standard in initial investigations. In the present
study, sophisticated statistical modeling incorporating direct and indirect measures of
exposure led to adjustments in exposure level for most smokers. Although this adjusted
measure did not demonstrate substantially enhanced sensitivity in the present analyses, we
believe that the reductions in error and reporting bias that is likely to result from this mutli-
method approach will be crucial for more fine grained analyses of exposure effects such as
establishing dose-response and threshold effects. The importance of measurement accuracy
is particularly important in studies that go beyond presence or absence of exposure to
examine discordance in exposure intensity (exact amount smoked) as a “test” for genetically
mediated effects 3, 37. Thus, precision of exposure measurement is key.

Convergence of findings for clinical and information-processing patterns for girls in this
study suggests the importance of modeling “exposure effects” on both behaviors and brain-
based measures for elucidating mechanisms. Specifically, a neuroscientific perspective via
application of information-processing methods may provide a window on how the early
neurobiologic insult of prenatal exposure to cigarettes shapes individual differences in
behavior in a manner that increases risk of antisocial pathways 18, 67. The identification of
specific neurodevelopmental substrates also enables the examination of these patterns as
they unfold, prior to the onset of frank clinical patterns 5.
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There is increasing evidence that prenatal factors have long-term effects on health and
behavior 68. The present findings provide a first examination of the potential role of MAOA
in modulating effects of prenatal exposure to cigarettes. Together with the recent work of
others 3, 4, 69, they highlight the complex interplay of prenatal exposure to cigarettes and
genetic susceptibility in pathways to antisocial behavior. Resolution of whether prenatal
exposure to cigarettes plays a causal role in these pathways requires translational approaches
that move beyond a scientific perspective juxtaposing teratologic, genetic and contextual
processes as mutually exclusive explanations to one that examines them in concert to
explicate their relative contributions and mutual influences during the critical prenatal
period. This work may provide a unique window on the genesis of developmental
psychopathology. Future research that combines genetically- informed designs with
theoretically-derived, well-specified measurement of exposure, putative mechanisms and
component phenotypes is the critical next step for advancing this line of investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Participants excluded or withdrawn
at various study phases

MISSEB - EBFS Study Participants

1986 — 1992
MISSEB Birth Cohort
n=456 live births

Not eligible for EBFS
n=70 youth {15%)

2003
Eligible for EBFS
Follow-Up Study

388 youth (85%)

Not recruited into EBFS
n=106 youth {27%)

Non-participants in
G X E Sub-Study
n=106 youth (38%)

Information-processing
data not obtained
n=37 youth (21%)

Figure 1.
Study Flowchart
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n=139 youth (79%)




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Wakschlag et al.

Page 17

6 8 10
1 1 1

4
1

Average CD Symptoms (Parent Repart)
2
1

Girls

1

8
1

6
1

4
1

Boys

Average CD Symptoms (Parent Repart)
2
1

Mol Psychiatry. Author manuscript; available in PMC 2011 March 01.

=i o4
DI 1IEI ZIU BID 4ID DI 1 I[ZI 2I[| BIU
Smoking exposure (adjusted cigarettes per day) Smoking exposure (adjusted cigarettes per day)
[ High activity — ——=——Lower activity High activity ~———=—=—- Low activity
Figure2.
Interaction of MAOA X Exposure in Prediction of Youth Antisocial Behavior
2a. Girls
2b. Boys



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Wakschlag et al.

Table 1

Distribution of MAOA Genotypes for Girls and Boys

MAOA Genotype

3/3
3/4
3/5

3.5/3.5
3.5/4
4/4
4/5
5/5

Per cent (Frequency) Girls
12 (12)
42 (42)
2(2)
0(0)
1
41 (41)
1(1)
0(0)

Per cent (Frequency) Boys
39 (30)
0(0)
0(0)
4(3)
0(0)
53 (41)
0(0)
4(3)

Mol Psychiatry. Author manuscript; available in PMC 2011 March 01.




1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Wakschlag et al.

Table 2
Sample Characteristics and Descriptives (n=176)1
Variables Mean (standard Range
deviation) or
Per cent

Predictor
Maternal Smoking during Pregnancy (Mean cigs/day) 6.56 (8.70) 0-40.3
Outcomes
Average CD Symptoms (Parent-report 3 waves) 2.25(2.99) 0-15.7
Average CD Symptoms (Youth-report 3 waves) 3.88 (3.78) 0-17.7
Hostile Attribution Score 1.38(1.18) 0-6
Covariates
Harsh Parenting -0.01 (0.16) -0.25-0.58
Maternal Antisocial Behavior 12.87 (10.46) 0-66
Paternal Antisocial Behavior 18.32 (17.60) 0-66
Teen Age (years) 14.5 (1.77) 11-18
Prenatal Alcohol Exposure:

% drank but < than 2 drinks/ sitting 32%

% drank 2 or > drinks/ sitting 25%

Page 19

1Participants in EBFS G x E sub-study. 85% of the original MISSEB cohort were eligible for the EBFS follow-up study (based on participation in
at least one MISSEB postnatal visit and/or not having previously withdrawn from MISSEB). Of those eligible, 73% were re-ascertained for EBFS.
Of EBFS participants, 62% participated in the G x E sub-study based on availability of full genotype data on biologic mother and youth, CD

symptom data and, both parents being white (to minimize problems with population substructure).

Note: Hostile attribution score=number of non-angry faces misidentified as angry on the DANVA; Harsh parenting factor score based on maternal
self-report and youth report of maternal and paternal parenting; Prenatal alcohol exposure measured with two dichotomous indicators: (a) mother
drank during pregnancy but less than 2 or > drinks per sitting (0=no; 1=yes) and (b) mother drank 2 or > drinks per sitting during pregnancy (0=no;

1=yes); MAOA Genotype (0=MAOA-L; 1=MAOA-H).
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Table 3
Interaction of Exposure x MAOA Genotype in Predicting Parent-Reported CD Symptoms for Girls and Boys
(n=175)*
Predictors Beta (STE) Girls P value Beta (STE) Pvalue
Girls Boys Boys
Teen MAOA -1.876 (0.823) 0.005  1.221(0.906) 0.110
Prenatal Exposure to Cigarettes -0.066 (0.034) 0.048 0.213 (0.069) 0.004
Harsh Parenting 1.931 (1.641) 0.174 1.505 (2.424) 0.436
Maternal Antisocial Behavior 0.068 (0.034) 0.014 0.020 (0.043) 0.565
Paternal Antisocial Behavior 0.020 (0.018) 0.147  -0.004 (0.025) 0.838
Teen Age (years) 0.267 (0.189) 0.089 0.619 (0.199) 0.002
Prenatal Exposure to Alcohol 1.256 (0.753) 0.041 0.546 (0.923) 0.469
MAOA x Prenatal Exposure to 0.245 (0.076) 0.002 -0.178 (0.089) 0.032

Cigarettes

1 L
One youth was missing parent-report on the DISC.

Note: MAOA Genotype (0=MAOA-L; 1=MAOA-H); Prenatal alcohol exposure (0=did not consume 2 or > drinks/sitting, 1=consumed 2 or >
drinks/sitting); Other covariates were included as continuous predictors.
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Interaction of Exposure x MAOA Genotype in Predicting DANVA Hostile Attribution Bias Score for Girls

and Boys (n=139)

Predictors

Teen MAOA
Prenatal Exposure to
Cigarettes

Harsh Parenting
Maternal Antisocial
Behavior

Paternal Antisocial
Behavior

MAOA x Prenatal

Exposure to

Cigarettes

Beta (STE)
Girls

-0.453 (0.386)
-0.025 (0.019)

1.365 (0.903)
0.001 (0.017)

-0.010 (0.009)

0.062 (0.029)

P value
Girls
0.258
0.207

0.143
0.953

0.239

0.037

Beta (STE)
Boys

0.648 (0.396)
0.016 (0.031)

1.381 (1.115)
-0.002 (0.017)

0.003 (0.010)

-0.046 (0.038)

Pvalue
Boys
0.110
0.628

0.224
0.894

0.794

0.217

Note Hostile attribution score=number of non-angry faces misidentified as angry on the DANVA; MAOA Genotype (0=MAOA-L; 1=MAOA-H)
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