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ABSTRACT—Adolescence

is a time of increasing engagement in a variety of problem behaviors, including
substance use and delinquency. Genetic risk for problem
behavior increases over adolescence, is mediated partially
by individual differences in sensation seeking, and is
exacerbated by involvement with deviant peers. In this
article, we describe how findings from behavioral genetic
research on problem behavior intersect with research from
developmental neuroscience. In particular, the incentiveprocessing system, including the ventral striatum, responds
increasingly to rewards in adolescence, particularly in
peer contexts. This developmental shift may be influenced
by hormonal changes at puberty. Individual differences in
the structure and function of reward-responsive brain
regions may be intermediary phenotypes that mediate
adolescents’ genetic risk for problem behavior. The study
of problem behavior can be enriched by interdisciplinary
research that integrates measures of brain structure and
function into genetically informed studies.
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Adolescents engage disproportionately in problem behaviors,
such as delinquency and substance use, that violate social
norms and endanger their own and others’ well-being (1–3).1 In
this article, we describe research from behavioral genetics and
developmental neuroscience that advances understanding of
biological risk for problem behavior. We scaffold our review
around three findings from behavioral genetic research: Genetic
influences on problem behavior increase with age and puberty,
are mediated partially by genetic influences on sensation
seeking, and are moderated by peer contexts. We integrate these
findings with research on how neurobiological changes during
adolescence contribute to teenagers’ propensity for problem
behaviors. We focus on developmental changes in the incentiveprocessing system, including the ventral striatum (VS), the
amygdala, and other subcortical areas that respond to rewards
and threats. Like genetic risk for problem behavior, the
incentive-processing system changes with age and puberty, is
linked with sensation seeking, and is activated by peer contexts.
These parallels suggest that findings from behavioral genetics
and developmental neuroscience can be integrated to formulate
1

Following Jessor and Jessor’s (4) formulation, we use the term problem behavior
here, but other research traditions use different nomenclatures. Clinical psychologists have typically emphasized behaviors that are symptoms of Diagnostic and
Statistical Manual of Mental Disorders-defined externalizing disorders, including
oppositional defiant disorder, conduct disorder, and substance use disorder. Epidemiologists and neuroscientists are often more interested in risk-taking behavior,
such as cigarette smoking, sex without condoms, and reckless driving, which may
be dangerous without necessarily indicating clinical pathology. The tradition of
developmental psychopathology frequently operationalizes externalizing to include
normal-range behaviors, such as lying to parents, which are neither clinical-level
symptoms nor necessarily risky. Finally, criminologists have focused on delinquent
or criminal behaviors that violate laws. The term problem behavior is intended to
imply a broad conceptualization of the focal construct, including health-risk
behaviors (e.g., sex without condoms), delinquent behaviors (e.g., shoplifting,
drinking alcohol), and clinical symptoms. Certainly, each individual problem
behavior has unique causes; for example, adolescent cigarette smoking has
decreased in recent historical periods (5), whereas marijuana use has increased
(6). Yet these behaviors are united by the fact that they are, in fact, problems (for
the adolescent or for society); they show similar developmental trends, increasing
in prevalence in adolescence and early adulthood; they are highly intercorrelated;
and they share common underlying causes (7).
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Figure 1. Overview of pathways from genes to problem behavior. Solid arrows represent empirically supported pathways. Dashed arrows represent
hypothesized pathways.
Note. Numbers in parentheses refer to studies cited in the references.

hypotheses that can be addressed with interdisciplinary research
(see Figure 1).
THREE FINDINGS FROM BEHAVIOR GENETIC
RESEARCH ON PROBLEM BEHAVIOR

Genetic Influences on Problem Behavior Increase With Age
and Puberty
Average levels of problem behavior increase from childhood to
adolescence (1, 3) and genetic influences on problem behavior
also increase during this time. Genetic influences on rule-breaking behavior (e.g., property crime) increase from approximately
20% at age 10 to 80% at age 15 (8), a finding that has been
replicated in four independent studies (9, 10). In late
adolescence, many forms of problem behavior are highly heritable, with genes accounting for more than 80% of the variance in
a common latent factor linking antisocial behaviors, drug and
alcohol use, and personality disinhibition (11).
The age span during which genetic influences on problem
behavior increase most rapidly (10–15 years) coincides with
puberty, suggesting that genetic influences on problem behavior may be activated by pubertal development rather than (or
in addition to) chronological age. Supporting this hypothesis,
we recently found that genetic influences on rule-breaking
forms of delinquency were moderated by pubertal status, even
after controlling for age (12). In contrast, age did not moderate
genetic influence on delinquency after controlling for pubertal
status.
How might genetic risk for problem behavior be influenced by
puberty? One possibility is that the relevant genes influence the
timing or tempo of pubertal development itself. In a nationally
representative study of adolescent twin girls (13), genetic
predispositions toward earlier pubertal development contributed
to higher risk for delinquency. Moreover, hormonal changes
associated with puberty may activate genes that were not
expressed in childhood. During puberty, average levels of
gonadal (testosterone, progesterone, estradiol) and adrenal dehy-

droepiandrosterone and dehydroepiandrosterone-sulfate. (DHEA
and DHEA-S) hormones increase in males and females. These
hormones bind to DNA-transcription factors that are distributed
throughout the central nervous system and can thus affect gene
expression directly (14). Finally, genetic influences on problem
behavior may be amplified via transactions with environmental
contexts (15). For example, regardless of age, adolescents who
are more physically developed affiliate with older and more
deviant peers (16). These peer influences, in turn, might influence problem behavior reciprocally, setting up a positive feedback loop that amplifies initial genetically influenced
differences.
Genetic Influences on Problem Behavior Are Mediated by
Sensation Seeking
Genetic influences on problem behavior increase during
adolescence, but it is unclear which genes are involved or how
these genetic differences translate into differences in problem
behavior. One way to parse the causal chain between genotype
and a complex phenotype, such as problem behavior, is to
conduct a behavior genetic study that tests whether genetic
influences on the complex phenotype are accounted for by
genetic influences on a more basic, biologically proximate
phenotype that is hypothesized to be intermediary. This study
design can delineate complex pathways between genes and
behavior by testing intermediary phenotypes at varying levels of
analysis, from brain structure (e.g., white matter density) to
brain function (e.g., VS activity) to component psychological
process (e.g., selective attention) to personality trait (e.g., novelty
seeking) and, finally, to behavior.
In studies using this type of behavioral genetic design, the personality trait of sensation seeking is a key psychological mediator
of genetic influences on problem behavior. Sensation seeking—
the tendency to prefer and seek novel and thrilling sensations
and experiences—correlates phenotypically with many forms of
problem behavior (17). At the population level, average levels of
sensation seeking increase from childhood to middle adolescence
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(i.e., around 16 years old), a developmental trend that mirrors
increases in problem behavior at this time (18). In some studies,
average levels of sensation seeking are associated more closely
with pubertal development than with chronological age (19).
Moreover, twin and family studies suggest that the same genes
that influence sensation seeking also influence problem behavior.
In a nationally representative study of adolescent twins and siblings ages 10 to 16, individual differences in the rate of increase
in sensation seeking were due overwhelmingly to genetic
differences (h2 ~ 80%). These genetic influences on sensation
seeking accounted for nearly half (43%) of the genetic variance
in change in adolescents’ delinquent behavior (20). Finally,
research using measured DNA (21) provides convergent
evidence that genes influencing problem behavior are also
relevant for sensation seeking. In this study (21), a polygenic risk
score that was constructed from a genome-wide association study
of externalizing disorders in adults predicted a small but significant percentage of variance in self-reported impulse control and
sensation seeking in adolescents.
Genetic Influences on Problem Behavior Are Moderated by
Peer Relationships
Genes account for approximately 80% of the variation in
problem behavior by late adolescence. However, this heritability
estimate is a population average that masks potential variability
in the strength of genetic influences on problem behavior in different environmental contexts—a Gene 9 Environment interaction. One of the most consistently replicated Gene 9
Environment interaction effects is the moderating effect of peer
contexts: Genetic influences on problem behavior are amplified
among teenagers who have more deviant peers. This pattern is
evident whether examining best friends or peer groups; whether
using adolescents’ perceptions of their peers or peers’ own
self-report behavior; and whether the key outcome is nonsubstance-related delinquent behavior, alcohol use, or other forms of
substance use (22–24). Convergent evidence for the importance
of Gene 9 Peer interactions has been found using diverse
methods, including twin/family studies (e.g., 23), candidate
genes (e.g., 24, 25), and polygene methods that aggregate measured genetic risk across the entire genome (e.g., 21). Consistent
with the hypothesis that part of the genetic risk for problem
behavior is mediated through sensation seeking, the correlation
between peer deviance and one’s own delinquent behavior is
amplified among adolescents who report high levels of sensation
seeking (26).
ADOLESCENT NEURODEVELOPMENT AND THE
EMERGENCE OF PROBLEM BEHAVIOR

As we have described, genetic influences on problem behavior increase with age and puberty, are partially mediated by
sensation seeking, and are moderated by peer relationships.
At the same time, neuroscience research has begun to eluci-

3

date how adolescent-typical patterns of neurodevelopment
may heighten teenagers’ propensity for problem behavior.
Behavioral genetic research and neuroscience research intersect at several points, particularly on the roles of puberty
and peers.
The Dual Systems Model
According to the dual systems model of adolescent neurodevelopment (27), the escalation of risk-taking behavior in
adolescence results from asynchronous development in two
brain systems. First, the incentive-processing system, including
the VS, amygdala, and orbitofrontal cortex, undergirds
processing of motivational and affective information, including
information about potential rewards. Second, the cognitive
control system, including the prefrontal cortex and anterior
cingulate cortex, is involved in self-regulation, planning, and
impulse control. The cognitive control system undergoes
protracted development through adolescence and young adulthood, whereas the incentive-processing system becomes more
responsive in early and middle adolescence. For example,
white matter volume—which reflects increasing myelination, a
process that allows signals to be conducted through the brain
more rapidly and reliably—continues to increase throughout
adolescence and young adulthood, particularly in tracts relevant for high-level cognitive control (28). At the same time,
adolescents show stronger VS activation in a variety of reward
paradigms than children or adults, and VS activation correlates
positively with risk-taking and preference for immediate
rewards in laboratory tasks, as well as with self-reported problem behavior (reviewed in 28, 29). This neurobiological maturity gap may underlie age group differences in risky and
socially deviant behavior, with adolescents more prone to problem behavior than either children (for whom the incentive-processing system is less active, so they are less sensitive to the
potential rewards of problem behavior) or adults (for whom the
cognitive control system is more mature, so they can more
effectively anticipate the potential adverse consequences of
problem behavior).
Puberty and the Incentive-Processing System
The hormonal changes of puberty may be particularly important
for the development of the incentive-processing system. Among
young adults, both naturally occurring individual differences in
testosterone and experimental administrations of testosterone
correlate with reward seeking on the Iowa Gambling Task (IGT;
30, 31); performance on the IGT, in turn, is associated with
sensation seeking (32, 33). Higher testosterone levels are also
associated with greater reward-related VS activation in both
adolescent boys and girls (34), and testosterone administration
causes higher VS activation in response to rewards among adults
(35). Longitudinal increases in testosterone in early adolescence
are also associated with increased activation in response to
threat cues in both the amygdala and the striatum, which may
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contribute to adolescents finding ostensibly dangerous situations
thrilling and rewarding (36).
Peers and the Incentive-Processing System
The incentive-processing system in adolescents is sensitive to
peer environments. Adolescents prefer smaller, more immediate
monetary rewards to larger, delayed rewards when they are with
peers of the same age (37). The same brain regions (including
the VS) that respond to monetary rewards also respond to social
stimuli, such as attaining higher social status, receiving positive
social feedback, or viewing attractive faces (38, 39). Among
adolescents, the presence of peers increases responsiveness of
the VS to reward (40, 41). This effect of peer presence is not
observed among adults, consistent with the idea that adolescence is a distinct developmental period of elevated sensitivity
to social stimuli (40). Moreover, this neural peer effect correlates
with risk-taking on a simulated driving task and with selfreported resistance to peer influence (40). Neural responses to
peers vary by age and gender, with older female adolescents
showing pronounced activity in the VS when they think about
being evaluated by socially desirable peers (42). Thus, peer
contexts both exacerbate genetic risk for problem behavior and
activate neurobiological systems implicated in the rise of problem behavior typical for this age group.
Intersections Between Behavioral Genetic and
Neuroscience Research
In summary, based on the behavior genetic and neuroscience
findings we have reviewed thus far, average levels of problem
behavior, sensation seeking, and reactivity of the incentive-processing system increase during adolescence and are linked with
pubertal development. In addition, genetic influences on
problem behavior increase with adolescents’ age and pubertal
development, and are mediated by sensation seeking. Finally,
peer relationships moderate the influence of genes and of
sensation seeking on problem behavior, and activate the
incentive-processing system. Considering these findings
together, we propose a model (see Figure 1) in which genetically
influenced individual differences in the structure and function
of the incentive-processing system emerge at puberty and widen
over adolescence. According to our model, these individual
differences in neurodevelopment are also predicted to mediate
genetic influences on sensation seeking and ultimately on problem behavior.
Although the studies we have described are consistent with
our model, testing these hypotheses directly requires studies that
simultaneously examine the links among genes, individual
differences in brain structure and function, psychological functioning, and actual behavior. At least one candidate gene study
has attempted to link measured genetic polymorphisms, imaging
measures of brain activity, and problem behavior (43). In that
study, adolescents who used illicit substances had significantly
greater activity in the right insula and right anterior cingulate

when successfully inhibiting responses on a stop-signal task;
this right frontal network, in turn, was significantly associated
with a polymorphism in SLC6A2, which codes for the norepinephrine transporter. However, the effect size for this single
polymorphism was small (R2 ~ 1%) and has not yet been
replicated. Additional interdisciplinary research that integrates
measures of neurobiology into genetic studies (including both
quantitative and molecular genetic designs) is needed.
LOOKING AHEAD AT INTERDISCIPLINARY RESEARCH

Researchers are increasingly interested in interdisciplinary
studies that combine genetic and neuroimaging data (e.g., 44).
Although quite demanding in terms of sample size, twin and
family designs that incorporate measures of brain structure and
function (e.g., 45) may be particularly valuable. In initial results
from twin studies, some individual differences in brain structure
and function are highly heritable. For example, gray matter
density in the amygdala (which is involved in the incentive-processing system) is substantially heritable (h2 = .80) at the onset
of puberty (46), and by adulthood, the heritability of frontal lobe
volumes (which are involved in cognitive control) exceeds 90%
(47). However, these studies have examined the heritability of
phenotypes at a single level of analysis (e.g., brain structure);
multivariate twin designs that measure phenotypes that traverse
many levels of analysis (e.g., VS activity, sensation seeking,
and problem behavior) are needed to test whether these
phenotypes are influenced by the same underlying genetic
polymorphisms.
Additionally, longitudinal genetically informative designs can
answer critical questions about the direction of causation
between neurobiological correlates and problem behaviors. Such
questions are salient given that problem behavior often involves
substance use, and cross-sectional designs provide little
information about whether a structural or functional correlate
represents an endogenous risk or is a consequence of exposure
to substances. More generally, although ostensibly focused on
understanding the development of problem behaviors in adolescence, much of the research we have described has been
cross-sectional rather than longitudinal. As Loth and colleagues
(48) commented, “adolescence-specific maturational growth
curves, rather than adult norms, need to be considered when
assessing individual differences” (p. 437).
Researchers should take a multivariate approach that considers both unity and diversity in the neurobiological and genetic
underpinnings of problem behaviors. Illustrating the utility of a
multivariate approach, a recent imaging study of 14- to 16-yearolds examined correlates of a general factor representing
common variance across attention deficit hyperactivity disorder,
conduct disorder, and symptoms of substance use, as well as
unique correlates of behavioral subtypes. Sensation seeking and
neural activity while anticipating a reward were associated
uniquely with substance use, whereas the general factor was
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associated with impulsivity and neural activity during response
inhibition (49). However, no study has yet investigated this topic
using a longitudinal design that can test whether individual
differences in neurobiological change are associated uniquely
with some forms of problem behavior but not others.
Finally, even rats show heritable individual differences in
risk-taking behavior (50). This cross-species consistency
suggests that the biological changes characteristic of adolescence have evolved to serve an adaptive purpose—to motivate
exploration and separation from caregivers. Adolescents with
genetic or neurobiological characteristics associated with
problem behavior could engage in forms of risk-taking that are
socially sanctioned or even prosocial. Yet the positive
trajectories of biologically “at risk” teenagers, as well as the
environmental opportunities and individual characteristics that
foster prosocial risk-taking, are poorly understood. Addressing
this question will stimulate a broader consideration of how the
unique characteristics of teenagers can be leveraged to
maximize healthy outcomes for themselves and for society as a
whole.
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