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In a remarkably short period of time - about 10 years, by my
estimation - the developmental neuroscience of adolescence has
matured from a field in its infancy to one that is now approaching
its own adolescence. The papers gathered in this special issue, from
some of the world’s leading scholars of adolescent brain develop-
ment, showcase the richness, depth, and breadth of understanding
that now characterizes this area of developmental science. As in
any field that is barely a decade old, there remain many mysteries,
contradictions, and unknowns. But given the short period of time
during which systematic study has been ongoing, there is also a
surprising degree of consistency, consensus, and replication.

In this brief commentary, I focus on several broad themes that
cut across the articles in this collection, both with respect to what
we know (or at least have a reasonably good understanding of) and
with respect to what we do not know. As a non-neuroscientist with
no formal training in the study of brain development, it is beyond
my expertise to delve deeply into the technical details of the re-
search described by the contributors to this anthology. Nor is such
an analysis necessary; the papers are uniformly clear and written
at a level that will both interest other neuroscientists and edify
behavioral scientists like myself, who increasingly find themselves
needing to know about the neural underpinnings of the psycholog-
ical and social phenomena they study. My focus in this commen-
tary will be mainly on what these new studies reveal that will be
of special interest to those who study adolescent behavioral
development.

Let me begin with what will surely strike many readers as obvi-
ous, but which needs to be said strenuously and incontrovertibly.
Taken together, the contributions to this issue demonstrate conclu-
sively that the adolescent’s brain is different from both the child’s
brain and the adult’s brain. It is different with respect to both mor-
phology and function, and at the levels of brain structures, regions,
circuits, and systems. It is different with respect to grey matter
(Gogtay & Thompson, this issue), white matter (Paus, this issue),
structural connectivity (Schmithorst & Yuan, this issue; White
et al, this issue), and neurotransmission (Doremus-Fitzwater
et al., this issue; Wahlstrom et al., this issue). It is different in ways
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that are revealed in studies of sleep (Feinberg & Campbell, this is-
sue), electrophysiology (Segalowitz et al., this issue), functional
imaging (Luna et al., this issue; Somerville et al., this issue), phar-
macological challenge (Wahlstrom et al., this issue), and stress
reactivity (McCormick et al., this issue). It is different in ways that
are consistent with studies of juvenile rodents (Doremus-Fitzwater
et al., this issue) and non-human primates (Dahl & Forbes, this is-
sue), and among males as well as females (Lenroot & Giedd, this is-
sue). And it is different in ways that are consistent with the
observations of behavioral scientists who study both normative
development (Sebastian et al., this issue; Dahl & Forbes, this issue)
and developmental psychopathology (Gogtay & Thompson, this
issue).

[ state the obvious here to preemptively respond the claims of
some non-neuroscientists that the notion of “the adolescent brain”
is some sort of myth (Epstein, 2007; Males, 2009). As this collection
of papers makes eminently clear, the fact that there are significant
changes in the brain during adolescence is no longer debatable - if
indeed it ever was. Indeed, it appears that the brain changes char-
acteristic of adolescence are among the most dramatic and impor-
tant to occur during the human lifespan. Whether neurobiological
differences between adolescents and adults should inform how
society treats young people is open for debate, but whether such
differences are real is not (Steinberg, 2009).

That said, it is important to note, as several of the contributors
to this issue have stated, that “different” does not necessarily mean
“deficient”; that while there are some universals in adolescent
brain development, there are also important individual differ-
ences; and that the process of brain maturation in adolescence
(or during any period, for that matter) unfolds within an environ-
mental context that influences the course of neural development
and moderates its expression in emotion, behavior, and cognition.
It is also important to acknowledge that we currently have a better
understanding of the ways in which adolescent brain development
may contribute to psychopathology and problem behavior than we
do of the ways in which it may contribute to normative develop-
ment and positive functioning, and that researchers have paid
more attention to the study of universals and processes of biolog-
ical maturation than to individual differences and environmental
influences. As the field matures, and as collaborations between
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neuroscientists and non-neuroscientists become more common,
attention to these issues will most likely increase.

Many of the papers in this collection reaffirm some established
principles about adolescent brain development, but with impor-
tant added caveats and nuances. For example, evidence continues
to accumulate that brain maturation continues throughout adoles-
cence, with some of the most significant changes taking place in
prefrontal areas. It is now well established that there is a decline
in grey matter and an increase in white matter in these regions
during adolescence, but as several authors note, there is some evi-
dence that these changes are not due solely to synaptic pruning
and myelination, as had been widely assumed. With regard to
the first, it now appears that some of the change in the grey matter
density that had been attributed to synaptic pruning may instead
be due to other cellular processes as well as increases in white
matter, which would affect estimates of grey matter density (Gog-
tay & Thompson, this issue). Moreover, as Paus (this issue) points
out, the extent to which increases in white matter are due to
changes in myelin versus changes in axonal diameter is not yet
known; although both would improve the flow of information
across neural pathways, changes in axonal caliber may have impli-
cations for particular neurotransmission processes. However,
regardless of whether the absolute extent of synaptic pruning to
take place in the prefrontal cortex during adolescence is somewhat
smaller than had been believed, the basic notion that the density of
prefrontal grey matter follows a N-shaped trajectory over develop-
ment, with a peak somewhere around age 11 (earlier for girls, later
for boys) still finds considerable empirical support and therefore
continues to direct our attention to the study of behavioral phe-
nomena in adolescence that are linked in one way or another to
prefrontal functioning. That said, there is also growing evidence
that important changes occur during adolescence in other brain re-
gions, including the parietal and temporal cortices, as well as the
cerebellum. The implications of these structural changes for ado-
lescent behavioral development are far less understood than are
those involving the prefrontal cortex.

As Gogtay and Thompson (this issue) note, the evidence also
points to early adolescence as a time of considerable brain plastic-
ity, which has several important implications. To the extent that
patterns of synaptic proliferation and elimination are contextu-
ally-dependent (something that is not yet known but crucial to
examine), we should expect to see considerable individual differ-
ences in brain structure and function that can be linked to differ-
ences in experience. In this sense, brain plasticity in adolescence
makes this period a time of considerable opportunity for interven-
tion. At the same time, however, heightened brain plasticity in
adolescence may contribute to increased vulnerability to certain
forms of psychopathology, many of which begin or intensify during
adolescence. This suggestion is further bolstered by studies dem-
onstrating differential responsivity to stress during adolescence
as compared to adulthood, as discussed by McCormick and col-
leagues in this issue (see also Walker, Sabuwalla, & Huot, 2004).

Although researchers continue to study patterns of grey matter
development in adolescence, increased attention is now being gi-
ven to changes in white matter during this period, in part stimu-
lated by the growing use of DTI to study changes in structural
connectivity. Indeed, whereas synaptic pruning in the frontal lobe
was the main focus of attention in previous research on structural
aspects of brain development in adolescence, white matter devel-
opment has clearly stolen some of the scientific limelight. It is
now clear that adolescence is a time of dramatic changes in fiber
tracts that link different brain regions and structures (Schmithorst
& Yuan, this issue). This increase in structural connectivity is, not
surprisingly, paralleled by increases in functional connectivity,
which has significant implications for our understanding of
changes in adolescent behavior, especially with regard to cognitive

control (Luna et al., this issue). An important lesson for behavioral
scientists about brain development in adolescence therefore is that
it is not, as the popular media would suggest, all about synaptic
pruning in the frontal lobe.

As research begins to link changes in white matter (within pre-
frontal regions but, perhaps more important, in pathways linking
prefrontal areas to other brain regions) to changes in adolescent
behavior (a topic of study that has just now started receiving inter-
est), we will gain further insight into the neural underpinnings of
behavioral development in adolescence. For instance, work by Paus
and his colleagues (Grosbras et al., 2007; Paus, Toro, et al., 2008) has
demonstrated that individual differences in individuals’ vulnerabil-
ity to peer pressure are correlated with differences in structural and
functional connectivity in ways that link the development of resis-
tance to peer influence to improvements in the coordination of emo-
tion and cognition. This finding is also consistent with research
showing that individual differences in structural connectivity dur-
ing early adolescence are correlated with delay discounting perfor-
mance, such that individuals with more highly organized white
matter are less likely to be drawn to immediate rewards (Olson
et al., 2008). It is worth nothing, however, that these findings are
hard to reconcile with a recent report from Berns, Moore, and Capra
(2009) indicating that structural maturity of white matter is corre-
lated with more, not less, risk-taking. It is too early in the develop-
ment of this area of work to render an explanation for this
apparent inconsistency, but my guess is that research on the behav-
ioral correlates of inter-regional connectivity ultimately may prove
more informative than that on the correlates of grey or white matter
density, especially in the study of self-regulation.

Evidence also grows concerning important changes in subcorti-
cal processes during adolescence. Especially important are in-
creases in dopaminergic activity during early adolescence in
pathways linking limbic, striatal, and prefrontal areas (Wahlstrom
et al., this issue). These changes, documented in both human and
animal studies, have been linked to changes in reward-directed
activity, as described by Doremus-Fitzwater et al. (this issue), but
as Dahl and Forbes (this issue) point out, the pubertal period is a
time of changes in appetitive behavior more generally, and not
simply in reward-driven behavior. Dopamine, of course, plays a
role in reward anticipation and reward-seeking, but it also has
been implicated in motivated action more broadly (Angier, 2009).
It makes perfect evolutionary sense that individuals are more
motivated by appetitive inclinations, more oriented toward sensa-
tion-seeking, and more willing to take risks during adolescence,
when they must leave the natal environment and seek out mates
(Casey, Jones, & Hare, 2008; Spear, 2009; Steinberg, 2008). From
an evolutionary perspective, adolescent risk-taking is a good thing,
not a bad one.

These three changes - the change in the ratio of grey to white
matter in prefrontal areas, the increase in connectivity between
prefrontal and other regions, and the increase in dopaminergic
activity in prefrontal-striatal-limbic pathways - provide the basis
for a theory that links brain maturation in adolescence to increased
vulnerability to risky behavior. The basic framework, articulated in
slightly different versions by many writers, including Casey et al.
(2008), Dahl (2004), Ernst, Pine, and Hardin (2006), Spear (2009),
and Steinberg (in press), posits that middle adolescence is a time
of heightened vulnerability to risky and reckless behavior because
of the temporal disjunction between the rapid rise in dopaminergic
activity around the time of puberty, which leads to an increase in
reward-seeking, and the slower and more gradual maturation of
the prefrontal cortex and its connections to other brain regions,
which leads to improvements in cognitive control and in the coor-
dination of affect and cognition. As dopaminergic activity declines
from its early adolescent peak, and as self-regulatory systems be-
come increasingly mature, risk-taking begins to decline.
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From this perspective, middle adolescence (roughly 14-17)
should be a period of especially heightened vulnerability to risky
behavior, because sensation-seeking is high and self-regulation is
still immature. And in fact, many risk behaviors follow this pattern,
including unprotected sex, criminal behavior, attempted suicide,
and reckless driving (Steinberg, 2008; see also Burnett, Bault, Cori-
celli, & Blakemore, in press). How do we explain risky behavior that
follows a different developmental trajectory? I would argue that
the reason that certain other risky behaviors, such as binge drink-
ing, peak a little later in development is because there are more
constraints on opportunities to engage in them during middle ado-
lescence (e.g., the prohibition of alcohol sales to individuals under
21 in the United States), and not because the underlying psycho-
logical processes are different.

This general model of adolescent brain development has been
extended beyond the study of risk-taking in several ways. First,
as Sebastian and colleagues (this issue) discuss, adolescence is also
a time of important changes in the processing of social and emo-
tional information, much of which is subserved by the same re-
gions and systems that undergird the motivational and self-
regulatory changes described by writers who have focused on
risk-taking. Whether and how these various sets of changes may
be linked is an important question (Albert & Steinberg, in press).
For instance, there is evidence that adolescents are highly respon-
sive to the social rewards afforded by positive peer evaluation and
that such rewards activate the same brain regions as non-social re-
wards (Guyer, McClure-Tone, Shiffrin, Pine, & Nelson, 2009).

We are currently engaged in a program of research in our lab
designed to examine the impact of peers on the neural underpin-
nings of risk-taking. Building on experimental work showing age
differences in the degree to which peer presence evokes risky
behavior (Gardner & Steinberg, 2005), with peers affecting risk-
taking among adolescents but not adults, we have attempted to
bring peer context into the scanner (Chein et al., 2009). Using an
event-related fMRI design, we are examining age differences in
neural activation at the moment of decision-making in different
risk-taking tasks. To manipulate peer context, we measure task-re-
lated neural activation for each participant during two separate
sessions. In one session, the participant completes the tasks while
their peers are observing their performance from the scanner con-
trol room; in the other session, the participant completes the task
with no observation. In each case, the participant is made aware of
the condition. Consistent with our predictions, preliminary data
indicates that adolescents activate socio-emotional reward regions
(e.g., medial PFC, ventral striatum) more strongly when making ris-
ky decisions while being observed by their peers than when they
do so alone. In contrast, our early data suggest that adults show
few differences in activation of socio-emotional reward centers
in the peer condition as compared to when they are alone. In this
program of work, we have also replicated the earlier finding, but
with completely different tasks, showing that the presence of peers
increases adolescents’ risk-taking but has no such effect on adults.
We also have evidence that the presence of peers leads adolescents
to more steeply discount delayed rewards, leading to increased
preference for immediate, although smaller, ones (O'Brien & Stein-
berg, 2010). This is a potentially important finding, since it pro-
vides further evidence that the impact of peers on risky decision-
making may be mediated specifically by their effects on reward
processing.

A second extension is the application of this model beyond the
study of risk-taking and into the realm of psychopathology more
generally (Paus, Keshavan, & Giedd, 2008; Steinberg et al., 2006).
As I noted earlier, and as several contributors to this issue describe,
many forms of psychopathology onset or intensify during adoles-
cence. Some, but not all, of these forms of psychopathology in one
way or another involve appetitive or affective dysregulation (e.g.,

depression, substance abuse, eating disorders). This leads to the
very reasonable hypothesis that at least some forms of adolescent
psychopathology are related to abnormalities in the remodeling of
the dopaminergic system at puberty (which would affect appetitive
and affective functioning) or in the morphological changes of the
prefrontal cortex or its connections to other brain regions over the
course of adolescence (which would affect self-regulation).

A couple of points about this “dual systems” framework are
noteworthy. First, from where I sit as a generalist in adolescent
development, this neuroscientific model of adolescence is the first
new “grand theory” of adolescence to be proposed in the last
50 years. I noted about a decade ago (Steinberg & Morris, 2001)
that the field has more or less abandoned the major grand theories
of adolescence that previously had dominated research (psychoan-
alytic theory, Erikson’s theory of identity development, and Pia-
get’s theory of cognitive development), but nothing as ambitious
or sweeping has replaced these viewpoints. The emergent neuro-
scientific perspective described in this commentary and in several
of the contributions to this issue (I use the term “emergent”
because the framework is still developing) has the potential to
structure a new, overarching model of normative and atypical ado-
lescent development. Notably, the basic notion that early adoles-
cence is characterized by a dramatic increase in appetitive drive
that remains relatively unchecked until self-regulatory systems
mature is eerily similar to the basic Freudian model of adolescence
(change “appetitive drive” to “libido” and “self-regulatory sys-
tems” to “ego development” and see for yourself) that modern-
day empiricists have derided. As they say, “plus ¢a change.”

Second, it is ironic that the remarkable increase in research on
adolescent brain development during the past decade has outp-
aced research on the very psychological phenomena that this per-
iod of brain maturation presumably causes. One limitation of much
extant psychological research is that few studies typically include
an age range spanning preadolescence, adolescence, and early
adulthood, likely because psychologists have been more interested
in development during early and middle adolescence than during
late adolescence or young adulthood. Consequently, there are
many behavioral and self-report studies that compare children
and adolescents, fewer that compare adolescents and adults, and
almost none that compare children, adolescent, and adults all at
once and allow for the detection of trends that may not be linear.
This is especially problematic where reward-seeking and risk-tak-
ing are concerned, because, in light of research indicating the cur-
vilinear nature of the developmental trajectory of dopaminergic
receptor remodeling, there is reason to think that these behaviors
increase until middle adolescence and then decline. In contrast, gi-
ven what we know about maturation of the prefrontal cortex and
its connections with other brain regions, the developmental course
of cognitive control would be expected to increase linearly and into
the decade of the 20s.

Ironically, some of the best behavioral data on these matters
now come from functional brain imaging studies of reward pro-
cessing (e.g., Adelman et al., 2002; Bjork et al., 2004; Ernst et al.,
2005; Fareri, Martin, & Delgado, 2008; Galvan et al., 2006; May
et al,, 2004; Van Leijenhorst et al., 2009) and self-regulation (e.g.,
Durston et al., 2002; Luna et al., 2001; Rubia et al., 2006; Stevens,
Kiehl, Pearlson, & Calhoun, 2007; Tamm, Menon, & Reiss, 2002;
Velanova, Wheeler, & Luna, 2008). It is true that there are limits
on how closely one can mimic real world situations in laboratory
paradigms, but these seem no more troublesome to me than the
constraints on any experimental research. Indeed, one reason these
studies are so important is that in the lab it is possible to construct
tasks that have equivalent meaning to people of different ages and,
if necessary, to manipulate performance so that brain functioning
can be compared both with and without equivalent performance
(see Luna et al., this issue; Sebastian et al., this issue).
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To the extent that a goal of research on brain development is to
better understand adolescent behavior, it is important to comple-
ment the neurobiological studies with both experimental and field
research designed to examine whether the basic principles of devel-
opment identified in the lab have parallels in the real world. In order
to do this, my colleagues and I conducted a large cross-sectional
study of 935 individuals between the ages of 10 and 30 that tests
these very hypotheses. Our findings indicate that reward sensitiv-
ity, as indexed on the Iowa Gambling Task (Cauffman et al., in
press); preference for immediate rewards, as indexed by perfor-
mance on a delay discounting task (Steinberg et al., 2009); and
sensation-seeking, as indexed by self report and performance in a
video driving game (Steinberg et al., 2008), follow a Nn-shaped func-
tion, increasing between preadolescence and mid-adolescence,
peaking between 14 and 16, and then declining. In contrast, impulse
control, as indexed by self report and unhurried decision-making
during the Tower of London task (Steinberg et al., 2008); anticipa-
tion of future consequences, as indicated by self report (Steinberg
etal., 2009); strategic planning, as indexed by self report (Steinberg
et al., 2009) and Tower of London performance (Albert, Steinberg, &
Banich, submitted for publication); and resistance to peer influence
as indexed by self-report (Steinberg & Monahan, 2007) and experi-
mentally manipulated exposure to peers (Gardner & Steinberg,
2005), all increase linearly from preadolescence through late ado-
lescence and, in some respects, early adulthood. Moreover, and as
predicted within this model, individuals’ preference for risky
activity - the extent to which they believe that the benefits of
risk-taking outweigh the costs - is higher during mid-adolescence
than before or after and predicted independently and jointly by
measures of reward-seeking and self-regulation (Steinberg, 2009).

Third, despite the basic heuristic utility of this emergent frame-
work, one element that has been missing from most discussions
linking adolescent brain development and behavior is the context
in which adolescents live. Here I am not referring so much to the
impact of context on brain development (although, as noted ear-
lier, the likely plasticity of the adolescent brain makes this a crucial
issue for future study), but the role of context in moderating the
way that neural influences are expressed. The heightened vulnera-
bility of middle adolescence will have different consequences in
different settings, both as a function of available opportunities to
engage in reward-seeking, and as a function of the degree to which
external agents regulate adolescents whose self-regulation is still
maturing. With respect to reward-seeking, as Dahl (2004) has
noted, there are many ways for adolescents to satisfy their inclina-
tions toward sensation-seeking that are not harmful or antisocial.
And with respect to self-regulation, the degree to which adoles-
cents engage in risky behavior is in part a function of opportunities
to access substances and circumstances that place them at risk. The
reason that the incidence of alcohol-related driving fatalities de-
clined when the legal drinking age was raised from 18 to 21 has
nothing to do with changes in the brain development of young
people that somehow magically transformed high school students
en masse into mature decision-makers. By the same token, increas-
ing parental monitoring, placing restrictions on teen driving, or
providing adult supervision during after-school hours would likely
reduce teen pregnancies, car crashes, and juvenile crime, but for
reasons that have nothing to do with neurobiological development.
Brain development undoubtedly influences adolescents’ behavior,
but it does so within a context.

The papers collected in this issue also make it abundantly clear
that many important questions about adolescent brain develop-
ment remain to be asked and answered. One fundamental issue
that desperately needs research attention concerns the role of pub-
erty in adolescent brain development. It has been hypothesized
that changes in reward-seeking are linked to the impact of gonadal
hormones on brain function (see Dahl & Forbes, this issue), but the

extent to which this is the case is uncertain, as is the extent to
which these puberty-dependent processes differ between males
and females, whose endocrinological environments are obviously
very different. (My reading of the literature on sex differences in
brain development, reinforced by the contribution to this issue
by Lenroot and Giedd, is that the area is littered with inconsisten-
cies and that a coherent story has yet to be told, perhaps because
there is not much of one to tell.) Animal studies suggest that some
of the changes in dopaminergic activity are directly attributable to
the hormonal changes of puberty, that some are indirectly attribut-
able to them (in that the presence of gonadal hormones may cata-
lyze other processes), and that some are merely coincident with
them, perhaps programmed to unfold along a developmental sche-
dule established long before adolescence (Sisk & Foster, 2004).
Conversely, it has also been hypothesized that the maturation of
brain systems implicated in self-regulation is independent of pub-
erty and perhaps more contextually-dependent, but, again, there is
little research that has examined this systematically. If the devel-
opment of cognitive control is in fact experience-dependent, it is
important to study which experiences matter most. Parents and
educators understandably want to know whether it is possible to
facilitate the development of self-regulation.

There are also new areas of research, some represented in this
collection, that are only just beginning to draw attention. Exciting
work is underway on the neural underpinnings of adolescent psy-
chopathology, social cognition, and stress responsivity, and we can
look forward to a dramatic increase in our understanding of these
phenomena over the next decade. Studies of genetic influences on
brain development and on brain-behavior relations in adolescence
are still in their infancy, as is research on individual differences in
brain development that may have genetic underpinnings. And re-
search on neurotransmission, which has heretofore focused mainly
on the role of dopamine, is beginning to expand into other sub-
stances that may also have special significance in adolescence.
For example, puberty-related increases in gonadal hormones have
been linked to a proliferation of receptors for oxytocin within the
limbic system, including such structures as the amygdala and nu-
cleus accumbens (Spear, 2009). Oxytocin neurotransmission has
been implicated in a variety of social behaviors, including facilita-
tion of social bonding and recognition and memory for positive so-
cial stimuli (Insel & Fernald, 2004). Whether oxytocin-related
changes undergird some of the changes in social cognition de-
scribed by Sebastian et al., (this issue), or the impact of peers on re-
ward seeking that my colleagues and [ have been studying, is a
question that warrants more attention.

As a scientist who has been working in the field of adolescent
development long enough to remember when such a field did
not exist, I can say with great certainty that there has never been
a more exciting time to be studying this phase of life. Much of this
excitement comes from discoveries made within the laboratories
of brain scientists, but the real excitement will come when this
work is more fully integrated with psychological and contextual
studies of this period of the life cycle. It is my hope that the next
decade will be a time of great progress in the pursuit of this goal.
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