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The neurobiology of the emotional adolescent: From the inside
out
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Abstract

Adolescents are commonly portrayed as highly emotional, with their behaviors often hijacked by
their emotions. Research on the neural substrates of adolescent affective behavior is beginning to
paint a more nuanced picture of how neurodevelopmental changes in brain function influence
affective behavior, and how these influences are modulated by external factors in the environment.
Recent neurodevelopmental models suggest that the brain is designed to promote emotion
regulation, learning, and affiliation across development, and that affective behavior reciprocally
interacts with age-specific social demands and different social contexts. In this review, we discuss
current findings on neurobiological mechanisms of adolescents’ affective behavior and highlight
individual differences in and social-contextual influences on adolescents’ emotionality.
Neurobiological mechanisms of affective processes related to anxiety and depression are also
discussed as examples. As the field progresses, it will be critical to test new hypotheses generated
from the foundational empirical and conceptual work and to focus on identifying more precisely
how and when neural networks change in ways that promote or thwart adaptive affective behavior
during adolescence.
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1. Introduction

The emotional life of an adolescent is complex both inside and out. From the “inside”,
adolescents experience vast hormonal changes and fine tuning of the neural networks that
both produce and manage emotions. From the “outside”, they experience dramatic and
dynamic shifts in the structure and significance of key social relationships, such as those
with parents, peers, and romantic partners as well as a variety of novel experiences and
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increasing societal demands. The convergence of these internal and external changes can
result in affective experiences and behaviors that are sometimes overwhelming, confusing,
and difficult to manage.

Although adolescence has long been hailed as a period of emotional challenge (for both
adolescents and their parents) (Hall, 1931), it is only in the past 15 years that we have really
begun to understand the “inside” of the adolescent from the perspective of the brain. Tapping
into the emotional lives of adolescents is not a straightforward endeavor because adolescents
can be reluctant to share their emotions, and, particularly during adolescence, emotional
reactions vary tremendously by context. Fortunately, recent methodological advances in
neuroscience with particular applications for developmental and clinical populations has led
to considerable improvement in our understanding of neurobiological mechanisms of
adolescents’ emotional lives. Moreover, recent conceptual models of neurodevelopment in
adolescence (Crone and Dahl, 2012) suggest that we can use what has been learned about
brain growth and plasticity in adolescence to leverage adolescents’ heightened emotionality
in productive ways (e.g., civic engagement) and to discover new strategies to ameliorate
forms of emotional dysregulation (e.g., anxiety and depression) that often emerge during
adolescence.

In this review, we discuss evidence of three primary connections between neurobiological
and affective development in adolescence. First, adolescence is marked by a high level of
emotionality and a substantial increase in psychopathological levels of dysfunctional affect.
Although individual differences exist in levels of adolescent emotionality, they also
correspond broadly with the ordering of changes instantiated by pubertal and brain
development. Second, learning to manage one’s emotional reactions is a principal task of
adolescence that relates to social-cognitive development. These social-cognitive processes
are supported by changes in the connections among brain structures implicated in functions
such as such as mentalizing, self-appraisal, social learning, and emotion regulation. Third, in
addition to the influence of brain maturation, adolescents’ affective behavior is intertwined
with a number of other psychological factors that modify emotional experience. The valence
and novelty of certain contexts (particularly in the social domain) and the latent effects of
past social experiences interact with neural bases of cognition and emotion to further modify
the salience of current experiences. We conclude our review by describing implications of
the findings reviewed and recommending future directions for research on the brain’s role in
affective behavior during adolescence.

Of note, we orient this review on research that emphasizes social context and social affect;
uses neuroimaging; and focuses on a set of specific brain regions for three main reasons.
First, we have argued that social interactions and relationships are among the most critical
contexts to interact with neurobiological development in adolescence (Nelson and Guyer,
2011; Nelson et al., 2016, 2014, 2005). Given the importance of social relationships to well-
being and optimal functioning, the human brain must be designed to promote social learning
and affiliation with others across development. However, adolescence is a particularly
dynamic, context-dependent phase of development for social-affiliative behavior. While
most individuals experience an increase in the intensity and frequency of emotions during
adolescence, heightened emotionality is mostly and most strongly experienced in social
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settings. Affective behavior and social demands interact and, with experience and time,
typically facilitate adaptive behavior. Nonetheless, although we focus on social affect and
social context, we do recognize that several constructs including emotional intensity,
emotion regulation, and context dependence may have broader application than just the
social domain.

Second, we concentrate on functional magnetic resonance imaging (fMRI) because it is a
widely used, powerful tool with which to link specific neural substrates with cognitive and
behavioral responses to representations of emational information. FMRI can reveal brain-
based responses underlying emotion processing that may lack a behavioral corollary or may
be undetectable through other methods of analysis (e.g., observation) or informants (e.g.,
parents). Furthermore, fMRI can help index inter-individual variance in the neural inputs
that are recruited to achieve common behavioral outputs and delineate neural circuits that
contribute to different affective phenotypes (e.g., irritability, euphoria). Although fMRI has
low temporal resolution relative to electroencephalography, another commonly used
assessment of the neural bases of emation, it offers high spatial resolution for measuring
neural processing within both the subcortical structures believed to be at the core of
emotional responses, as well as the cortical structures implicated in behavioral integration.
Finally, fMRI research has expanded recently to include tasks with high ecological validity
designed to show cues or situations that represent more realistic aspects of adolescents’
experiences. This shift has been significant because it has revealed nuances about the
neurobiology of affective behavior that relate to social context.

Lastly, both conceptual frameworks of adolescent neurodevelopment and empirical work
conducted in adult, clinical, and animal samples (Blakemore and Mills, 2014; Bruhl et al.,
2014; Casey et al., 2005; Ernst and Fudge, 2009; Jarcho et al., 2013; Nelson et al., 2005;
Scherf et al., 2013; Smith et al., 2014; Somerville et al., 2010; Steinberg, 2005) have guided
a large number of neuroimaging studies of adolescent affective behavior to focus on the role
of a relatively small number of brain regions in mediating social-affective behavior.
Specifically, much attention has been given to the amygdala, striatum, insula, and anterior
cingulate cortex (ACC), and a number of regions within the prefrontal cortex (PFC). These
regions work together to assign salience, promote learning, monitor conflict, compute
relative valence of social stimuli, and integrate this information to generate and guide
affective behaviors toward wider goals and within the contexts in which they occur.
Although early fMRI studies emphasized localized patterns of regional activation, a recent
trend is to delineate patterns of functional interconnection both among these regions, and
between these regions and brain areas that sub-serve different functional processes (Ernst et
al., 2015; Spear, 2013).

2. Heightened emotionality in adolescence: form and function

Behaviorally, adolescents show high levels of emotionality, with emotions that are more
frequent, intense, and volatile, particularly compared with adults and in ways that differ
from emotionality in early childhood (Arnett, 1999; Casey et al., 2010; Larson et al., 2002;
Steinberg, 2008). For example, systematic sampling of adolescents’ and adults’ moods over
the course of a week has shown that adolescents are more euphoric and more depressed in
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response to events (e.g., talking to friends, being in class), their positive feelings do not last
as long as adults’, and they are generally more emotionally responsive to events than are
adults (Larson et al., 1980; Weinstein and Mermelstein, 2007). Adolescence is also a time of
thrill-seeking where emotional experiences - even if they are potentially threatening - are
actively sought out. This push-pull of affective stimuli bears out in reactivity of both threat-
avoidance and reward-pursuit brain regions in relation to pubertal maturation (Baker et al.,
this issue; Spielberg et al., 2014).

From a functional perspective, human emotions have been preserved throughout our
evolutionary history to promote adaptive responses to salient events (Davidson, 2003;
Lazarus, 1991). Across the myriad classes of information that we encounter at any given
moment, stimuli with emotional salience have a high probability of attracting our attention,
despite, at times, even our best intentions to block them out (Luo et al., 2010; Pessoa, 2005;
Vuilleumier et al., 2001). The affective characteristics of stimuli then serve to direct our
attention to critical information, generate a behavioral response, facilitate learning, and help
generate adaptive response patterns. Adolescent hyper-emotionality is well-documented
particularly in association with behaviors that involve social interaction such as with peers
and parents (Steinberg and Morris, 2001). Other behaviors in which hyper-emotionality is
clearly displayed during adolescence include risk taking and reward seeking, although these
behaviors are strongly moderated by the social context in which they occur (Lougheed et al.,
2015; Somerville et al., 2010; Steinberg, 2008).

Another important and often overlooked aspect of adolescence is that many of the affective
experiences occur in a completely novel context — particularly those related to social
interaction. For example, emotional experiences related to intimacy, romantic love, jealousy,
targeted rejection and acceptance by both partners and peers are often experienced for the
first time during adolescence, and the novelty of these experiences may well enhance the
impact of the associated emotions (Siegel and Shaughnessy, 1995; Suleiman and Harden,
2016). The important moderating role of the social group in adolescents’ emotional
experience is likely to result in behaviors more conducive to norms of a novel peer group
than of the natal family unit from which they are preparing to exit (Hostinar et al., 2015;
Nelson et al., 2016; Spear, 2000; Steinberg, 2008). Heightened impulsivity, sensation-
seeking, and reward sensitivity may help to push adolescents toward seeking novel
experiences and social interactions at a time when they are leaving the natal group,
establishing their identity, and developing routines in a new setting.

2.1. Long-term impact of heightened emotionality

A prominent feature of affective behavior in adolescence relative to childhood or adulthood
is the striking change that occurs in terms of increased psychopathology that involves
dysregulated affect (Monahan et al., 2016). Emotional reactions can become maladaptive
when the type, strength, or coordination across neurophysiological systems is not optimal
for a particular context. Indeed, the onset of psychiatric disorders during the adolescent
years is high, particularly for mood, anxiety, and substance use disorders (Kessler et al.,
2012; Paus et al., 2008). This feature has led to a historical view of adolescence as a time of
“storm and stress” and of extreme volatility, discussed at great length in the popular press

Neurosci Biobehav Rev. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Guyer et al.

Page 5

and scientific community (Arnett, 1999; Casey et al., 2010; Hall, 1931; Spear, 2000;
Steinberg, 2005).

Although many now consider the “storm and stress” concept misleading because it is not
universally experienced (Hollenstein and Lougheed, 2013; Steinberg and Silk, 2002),
evidence generally supports adolescence as a time of hypersensitivity to both appetitive and
aversive emotional experiences, particularly when salient events occur in a social context.
Epidemiological data indicates that adolescence is when individuals are the most susceptible
to mortality and morbidity due to behaviors that directly relate to emotional experiences
(Casey, 2015). These include accidents, excessive drug and alcohol use, suicide, and sexual
promiscuity. However, this dynamic of emotionality and risk taking may also lead to
beneficial outcomes as adolescents may be prone to emotional forces facilitating prosocial
behaviors, such as academic, artistic, and family-oriented activities (Crone and Dahl, 2012;
Telzer et al., 2013). Thus, adolescence has been construed more recently as a period of both
vulnerability and opportunity (Dahl, 2004; Haller et al., 2015), hinged on the power of
affective systems to influence behavior.

The function of adolescent hyper-emotionality may also relate in part to the outsized
influence emotions have on shaping short- and long-term behavior. A particularly important
function of emotions is that they serve to orient, engage, and teach. An increased desire to
try new things, a need to ramp up one’s emotional state, and/or heightened worry over fitting
in socially may tip adolescents into long-term maladaptive patterns. As an example,
substance experimentation for some adolescents may alter neural circuitry underlying
affective and cognitive processing and create reinforcing habits over time that lead to long
term substance use disorders (Goodman and Packard, 2016). These mechanisms may be
further enhanced by stressful experiences that are commonly encountered in adolescence
(Goodman and Packard, 2016; Romeo, 2010; Spear, 2009).

Likewise, increased interaction with peers and the emergence of sexual behaviors brought on
by changes in social emotions establishes behavioral patterns and perspectives of the self
that may continue well into adulthood. For example, patterns of peer interaction and sexual
behavior during early adolescence tend to persist into adulthood (Dishion et al., 2012; Sisk,
2016) and adoption of group social norms and group culture tends to be much more
profound during childhood and adolescence than during adulthood (Cheung et al., 2011).
Furthermore, at a mechanistic level, many of the processes that underlie brain maturation
can also mediate learning across the lifespan. These include synaptic pruning, myelination,
and use-dependent synaptic stabilization (Fields, 2015; Petanjek et al., 2011; Takesian and
Hensch, 2013; Werker and Hensch, 2015). Thus, the brain may be in a state of localized
hyper-plasticity as circuits mature during adolescence. Because many of the brain circuits
involved in social information processing continue to develop throughout the teenage years,
adolescence may represent a sensitive period for the long-term organization of social
behavior (Blakemore and Mills, 2014; Sisk, 2016; see reviews by Gur and Gur, this issue;
Schulz and Sisk, this issue).
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2.2. Mechanisms of heightened emotionality

Large-scale neuroimaging studies conducted over the last decade have shown that brain
structures continue to develop into the third decade of life (Giedd et al., 2012; Gogtay et al.,
2004), reinforcing the idea that there is a prolonged post-childhood period of brain and
behavior change. In addition to brain development, adolescent-specific changes in pubertal
maturation and social relationships also influence neural mechanisms of affective behavior.
These fundamental changes typically follow a predictable ordering, yet the variability seen
in their onset, rate of change, and/or interaction with each other may help us understand why
heightened emotionality characterizes adolescence. As examples of this variability, earlier
work showed that harsh and controlling parenting relates to early pubertal timing
specifically among girls (Belsky et al., 2007b) and new evidence shows that extreme
environmental factors (e.g., early life separation from biological parents) may shift the
timing of neurodevelopment (Gee et al., 2013).

With regard to puberty itself, the so-called ‘organizational effects’ of gonadal hormones on
brain function had previously been thought to occur primarily during perinatal and late
gestation periods of development, which was then followed by behavioral activation of
previously-organized behaviors with the re-emergence of gonadal hormones at puberty.
However, more recent conceptualizations point to a second organizational wave that occurs
during puberty (see Gur and Gur, this issue and Schulz and Sisk, this issue; Sisk, 2016).
Animal models have demonstrated that both specific reproductive behaviors and non-sexual
social behaviors such as dominance and play with conspecifics and parental behavior in
adulthood are critically dependent on presence of gonadal hormones during the
developmental period that comprises adolescence. Replacing steroids in adulthood that were
absent during the typical pubertal window does not restore normative patterns of these
behaviors (see Schulz and Sisk, this issue; Sisk, 2016). These animal models have further
revealed organizational effects in brain regions such as the lateral septum and medial
amygdala that depend critically on presence of gonadal steroids during puberty (see Schulz
and Sisk, this issue; Sisk, 2016). In addition to the organizational effects of pubertal
hormones, a number of acute or excitatory effects of hormones on brain function have been
observed, many of which relate to an increase in emotionality (Patton and Viner, 2007; Sisk
and Zehr, 2005).

In humans, the surge in gonadal hormones during adolescence has also been linked to
changes in behavior although in a highly context-specific manner. For boys, increased
testosterone levels have been associated with deviant behaviors and social dominance in
those who are enmeshed with other deviant peers, whereas increased leadership and social
status have been found in those without a deviant peer group (Rowe et al., 2004). Among
girls, increased estradiol levels have been linked to heightened emotionality and
internalizing psychopathology in many studies (Balzer et al., 2015), as well as with
increased risk-taking and substance use behaviors during adolescence (Balzer et al., 2015).

The changes seen in emotionality, social interactions, and risk-taking during adolescence are
at least partly mediated by changes in neural reactivity in regions including the striatum,
amygdala, and PFC that is generated by the surge in gonadal hormones (Peper and Dahl,
2013; Scherf et al., 2013; Tyborowska et al., 2016). Pubertal maturation alters not only focal
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areas of activation, but also network dynamics, as the patterns of functional connectivity
between subcortical regions and regions within the PFC are found to change significantly in
adolescence (Scherf et al., 2013; Spielberg et al., 2015a). Some of these network changes
have been directly linked to changes in circulating hormone levels at puberty (Tyborowska et
al., 2016). For example, testosterone levels have been positively associated with an
adolescent-limited peak in ventral striatum activity during reward processing tasks that then
declines in adulthood (Braams et al., 2015; Op de Macks et al., 2011). Interestingly, low
striatal reactivity when anticipating and receiving rewards has been associated with
decreased sleep, a factor that, when combined with gonadal hormonal surges, may jointly
contribute to risky behavior and emotional problems (Holm et al., 2009). Overall, individual
differences in pubertal development relate to neural responses to reward cues, which in turn
may contribute to affective behavior in adolescents.

Variation in neural responsivity to socially-oriented tasks has also been found in relation to
markers of pubertal maturation. Adolescents in middle or late versus early stages of puberty
show reduced amygdala reactivity to faces versus non-social stimuli and reduced
ventrolateral PFC reactivity to fearful faces in particular, patterns that were also linked with
negative affect and depression (Forbes et al., 2011). Consistent with this developmental
trend, longitudinal work has shown that pubertal stage and reactivity of the amygdala,
hippocampus, and temporal pole to emotional faces were more strongly associated in early
adolescence than in late childhood (Moore et al., 2012). When faced with more complex
social-emotional information (i.e., processing social (e.g., embarrassment) versus basic (e.g.,
fear) emotional vignettes), increased hormone levels in adolescent girls were related to
greater activity in the anterior temporal cortex (ATC) but more advanced age was related to
reduced dorsomedial PFC activity (Goddings et al., 2012). An extension of Goddings et
al.,’s (2012) study reported that, independent of age, girls with more advanced puberty
(based on self-report and hormonal levels) have greater connectivity between the
dorsomedial PFC and the ATC and temporal parietal junction (TPJ), two regions involved in
mentalizing (Klapwijk et al., 2013). The findings from these latter two studies highlight a
divergent effect of age and pubertal maturation on the brain’s processing of another’s mental
state in the context of social emotions, consistent with Gur and Gur, this issue.

3. Control and regulation of affective behavior: Form and function

One of the primary tasks of adolescence is to refine one’s cognitive control over behavior
and emotional reactions. Virtually all contemporary models of emotional changes during
adolescence contain some aspect of a gradually emerging modulatory control neural system.
A peak of emotionality in early adolescence is followed by a slowly emerging ability to
exert greater self-directed control over behaviors and emotions. This is most evident in the
dual systems and imbalance conceptual models of adolescent neurodevelopment, which both
characterize neocortical systems as developing increasing inhibitory control over striatal and
limbic regions as adolescence progresses (Casey et al., 2016; Shulman et al., 2016). Even
within models that argue for a more complex relationship between top-down and bottom-up
neural input across development (Nelson et al., 2016, 2005; Pfeifer and Allen, 2012), the
influence of high emotionality on guiding behavior is thought to diminish in part due to
maturation of neocortical modulatory inputs. There are many examples where cortically-
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mediated cognitive processes modulate emotionality in the social domain. Below, we discuss
behavioral and neural evidence related to mentalizing, self-appraisal, social learning, and
emotion regulation as processes that underscore the interface of cognitive and affective
maturation in adolescence.

3.1. Mentalizing and perspective-taking

A particularly important form of social cognitive development relates to mentalizing and
perspective-taking — the ability to understand the mental and emotional state and the
perspective of other individuals, respectively. Understanding others’ mental states allows us
to figure out their goals and behaviors, and to adjust our own behavior accordingly.
Although some basic aspects of mentalizing are functional from a relatively early age, more
nuanced capabilities linked to changes in the PFC continue to develop through the
adolescent years (Blakemore, 2008). For example, the ability to alter behavior as a
consequence of the emotional experience of others, such as viewing others in the distressing
situation of being socially excluded, is an aspect of mentalizing that continues to mature
through late adolescence (Will et al., 2013). Evidence of this type of social-affective
perspective taking has been indexed by increased involvement of the TPJ and dorsolateral
PFC in older adolescents in contrast to recruitment of self-processing regions such as the
anterior medial PFC (mPFC) in younger adolescents (van den Bos et al., 2011).
Additionally, relative to children, adolescents are better at incorporating social context into
making decisions that impact others. Specifically, older adolescents show more prosocial
behavior towards friends than anonymous peers, neutral peers, and antagonists (categorized
as such based on classroom sociometrics), an effect also mediated by greater perspective-
taking ability (Guroglu et al., 2014). Consistent with social information processing models,
these results suggest that taking another’s perspective is a mechanism in the development of
prosocial behavior (Nelson and Crick, 1999). Even further, these results underscore the
impact of who one interacts with has on eliciting different emotions, which in turn can
differentially direct behavior.

3.2. Self-appraisal

Another social-cognitive mechanism that becomes greatly enhanced and influential for
affective behavior in adolescence is self-appraisal. Self-appraisal ties into one of the more
important developmental tasks of adolescence — exploring and establishing one’s sense of
individual identity (Meeus, 2011; Meeus et al., 1999). Adolescence is a time when
individuals deepen and expand the values, interests, and capabilities that uniquely define
themselves as an individual and consider how their self-definition compares to others around
them. There is a marked increase in the degree to which individuals engage in these kinds of
self-cognitions at the beginning of adolescence, precisely when integrating with other peer
groups and individuating the self from parents becomes more frequent and salient (Meeus et
al., 1999). Greater engagement in self-appraisal relates in part to cognitive and brain
development and in part to affective and motivational changes (Casey et al., 2011; Crone and
Dahl, 2012; Nelson et al., 2016; Pfeifer and Peake, 2012; Steinberg, 2008). The capacity to
cognitively represent a more nuanced understanding of the perspectives of others (e.g.,
mentalizing) goes hand in hand with the tendency to engage in self-appraisals or to view the
self from the perspective of other individuals. Interestingly, adolescents exhibit greater
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activity than adults in brain regions that sub-serve social-cognition during self-reflection,
suggesting that adolescents rely heavily on how they believe others in the social context
perceive them as they construct their own self-perceptions (Pfeifer et al., 2009). Thus, self-
referential processing appears to be modulated by social-contextual and affective factors
during adolescence.

3.3. Social-emotional learning

Neural networks underlying adolescents’ emotions play a key role in social and appetitive
learning, which are critical for shaping subsequent behavior during adolescence. Learning
occurs when an outcome differs from what was expected. With repeated experience, we
learn to improve predictions about outcomes. Understanding the neural mechanisms related
to learning may help us better understand how adolescents’ affective behavior is swayed by
rewarding social experiences. The striatum has been implicated in appetitive learning —
particularly in the prediction error learning framework (Schultz, 2006), and in adolescent
social reinforcement learning (Jones et al., 2011). In the prediction error framework, a novel
and unexpected reward elicits strong activity within the striatum and PFC, and this activity
then transfers from the reward itself to cues which reliably predict the onset of the reward.

Functional connections between the striatum and mPFC during an appetitive prediction error
task have been shown to strengthen across development (van den Bos et al., 2012) and relate
to the ability to integrate positive feedback into expectations. Recent data suggest that
reward-based prediction error signals in the striatum peak during adolescence, perhaps
contributing to hypersensitivity to reward in adolescence (Cohen et al., 2010). Investigators
have developed tasks to examine prediction error in response to social rather than monetary
rewards (Poore et al., 2012). In one social prediction error task, we found dysfunctional
connectivity between striatum and mPFC in socially anxious adolescents, a pattern related to
a specific memory deficit for social reward (Jarcho et al., 2015). Specially, social prediction
errors were related to heightened striatal activity and negative fronto-striatal functional
connectivity when socially anxious adolescents received unexpected positive feedback from
peers that they had judged positively (i.e., the peers participants most wanted to chat with).
These findings suggest that forming functional connections between the striatum and PFC
may be an important aspect of social learning in adolescence.

3.4. Regulating emotions

Another process expected to strengthen in adolescence in association with the maturation of
cognitive-control brain regions is the regulation of one’s emotions, and particularly within
social contexts. Emotion regulation is the ability to engage in processes that alter how one
experiences or expresses emaotions (Gross, 2014; Thompson, 1994). This is a process that
begins in infancy but becomes increasingly independent and sophisticated throughout
middle childhood and adolescence as meta-cognitive skills are refined and strategies shift
with age from involving behavioral (e.g., looking away) to cognitive (e.g., thinking about the
situation from another perspective) regulation (Kopp, 1982; Zeman et al., 2006). Emotion
regulation is critical in navigating and managing one’s interactions with other individuals,
and thus reflects an important task for adolescents in their newly expanded social landscapes
and roles.
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One emotion regulation strategy that becomes more refined during adolescence is cognitive
reappraisal. Reappraisal involves altering emotions by changing one’s thoughts and requires
cognitive effort to reframe the stimulus or experience (McRae et al., 2012; Ochsner and
Gross, 2005). Reappraisal has been examined in several ways such as reappraising aversive
stimuli with the goal of diminishing negative responses to them. This regulatory strategy
occurs early in the emotion generation process and, as a whole, findings from questionnaire,
behavioral task, and neuroimaging data indicate that reappraisal is effective at reducing
negative affect (Gross, 2014). Behavioral work has demonstrated that, from early
adolescence to young adulthood, increased age relates to greater success with emotion
regulation attempts but not to emotional reactivity (Silvers et al., 2012). In addition, younger
adolescents who were very sensitive to social rejection were less successful at emotion
regulation when responding to social vs. nonsocial contexts (Silvers et al., 2012).

Neuroimaging work has shown that structural development of the PFC is implicated in the
use of emotion regulation strategies (Vijayakumar et al., 2014). Specifically, greater cortical
thinning of dorsolateral and ventrolateral PFC in early adolescence was associated with
greater use of cognitive reappraisal strategies in late adolescence. While the fMRI literature
on the development of emotion regulation and its relation to neurodevelopment in
adolescence is relatively nascent, some initial studies have examined brain activity in
adolescents and young adults during directed cognitive reappraisal while viewing emotional
images (McRae et al., 2012; Stephanou et al., 2016). McRae et al., (2012) found linear age-
related increases in activation in the left ventrolateral prefrontal cortex during cognitive
reappraisal, a region previously implicated in appraisal among adults, across 10-22 year
olds. These results suggest an increase in the recruitment of cognitive control structures to
accomplish cognitive reappraisal from early adolescence into early adulthood. Another study
compared adolescents and adults to examine the neural correlates of emotional reactivity and
reappraisal in response to aversive social imagery (Stephanou et al., 2016). Younger
participants showed greater activation of temporal-occipital brain regions during reappraisal
and weaker suppression of amygdala reactivity, with the latter considered to be a general
correlate of successful reappraisal. Overall, neuroimaging-based evidence suggests that
emotional regulatory efficiency increases with age and in sync with PFC maturation.
However, little is known about how social contexts influence successful engagement of
cognitive strategies used to regulate emotions as experienced in naturalistic settings. This is
an important area for future focus given its potential for translation into interventions to help
those vulnerable to emotional dysregulation (Ahmed et al., 2015).

4. The emotional adolescent brain in context

Affective behavior during adolescence does not occur in a vacuum. In fact, evidence
suggests that the neural circuits that support affective responding are highly sensitive to
contextual influences, especially during adolescence. Crone and Dahl (2012), for example,
argue that the adolescent brain is highly attuned to social inputs, which facilitates flexible
responding among a highly salient and changing social context. This is consistent with
Nelson et al.,’s (2005) conceptualization of adolescence as a period of neurodevelopment
that corresponds with social reorientation, in which peer social interactions take on
increasing salience, and Nelson and Guyer’s (2011) hypothesis that protracted ventral PFC
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development is in place to accommodate the need for children and adolescents to develop
social flexibility. In this section, we describe work showing various short- and long-term
social-contextual influences on brain function, affective processing, and behavior in
adolescence.

4.1. Short-term social-contextual influences on social-affective neural circuitry

Social influences on the brain’s processing of affective stimuli and situations can operate
within relatively short time frames or within discrete situations or exchanges with others.
For adolescents, this might include hanging out with friends at a party where there are drugs,
learning that a peer likes you or not, being excluding from a game at school, or having a
conflict with a parent. Although adolescents spend more time with their peers than do adults
(Brown and Larson, 2009), it has been hypothesized that shorter-term peer influences are not
related to more peer exposure per se but to processes specific to where adolescents are
developmentally such as limited self-reliance, reduced ability to act independently, or
decision-making that is easily swayed by emotional and social factors (Albert and Steinberg,
2011; Blakemore and Robbins, 2012; Cauffman and Steinberg, 2000; Steinberg and
Cauffman, 1996). Additionally, it has been proposed that adolescents assign elevated reward
value to peers, which sensitizes incentive-processing brain regions to respond to the
potential rewards of risk taking (Blakemore and Robbins, 2012; Spear, 2009) as well as
social brain processing regions to react strongly to valenced social events such as peer
evaluation or exclusion (Nelson and Guyer, 2011; Somerville, 2013). Although greater
attention has been paid to peer influences, some recent work has also considered the
influence of discrete parent-child interactions on these processes.

4.1.1. Peer presence—Some of the strongest support for the idea that the adolescent
brain’s response to affective stimuli is modulated by the social context comes from work
demonstrating that the presence of peers increases risk-taking behavior and heightens the
responsivity of the brain’s reward circuit in adolescents but not adults (Chein et al., 2011;
Gardner and Steinberg, 2005). Gardner and Steinberg (2005) demonstrated that adolescents
took more risks on a simulated driving task when they were observed by two peers,
compared to when they performed the task alone. These adolescents were more likely to risk
crashing the car in order to earn a potential reward when they were observed by peers, while
they made safer driving decisions when they were alone. The influence of peers on risky
driving was stronger in adolescents than adults, suggesting that the influence of peers on
affective behavior is uniquely heightened during adolescence. A subsequent neuroimaging
study showed that increased risky driving in the peer observation condition (relative to
alone) was associated with increased activity in the ventral striatum and orbitofrontal cortex
(OFC) among adolescents but not adults (Chein et al., 2011).

In contrast to focusing on peers’ influence on the neural correlates of risk-taking and reward
processing, recent work has examined peer effects on prosocial behavior and associated
neural activity (Van Hoorn et al., 2016). In the presence of peers, adolescents engaged in
greater prosocial behavior, indexed as ostensibly donating more money to others, especially
when peers provided prosocial feedback. Adolescents also demonstrated greater activity in
the mPFC, TPJ, precuneus, and superior temporal sulcus when choosing to donate in the
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presence of their peers. These regions fall within the social detection and cognitive
regulatory circuits outlined in the social brain network (Blakemore and Mills, 2014) and
social-reorientation neurodevelopmental framework (Nelson et al., 2005), with mPFC
activated during mentalizing and in response to social influence (Welborn et al., 2015) and
increased TPJ involvement associated with more advanced types of perspective-taking (van
den Bos et al., 2011) in adolescence.

4.1.2. Peer feedback—Being evaluated by one’s peers is a common experience for
adolescents, and one that has a high level of emotional investment. Adolescents derive a
sense of belonging and identity from their peers’ judgments and acceptance or rejection of
them. Using a ball toss game to deliver social exclusion, a type of peer rejection, adolescents
showed increased activity in the subgenual ACC (sgACC), in reaction to being excluded
versus included from the game (Masten et al., 2009; Sebastian et al., 2010). Results from
this study highlighted the relation of sgACC activity during social exclusion to feeling
distress in response and the potential role of the striatum and ventrolateral PFC in
moderating this response.

To tap into another type of salient aspect of adolescents’ daily emotional lives, several
ecologically-valid tasks (e.g., Chatroom Task, Social Judgment Task, Chatroom Interact
Task) have been used to assess neural and behavioral responses to socially evaluative
feedback experiences (Gunther Moor et al., 2010; Guyer et al., 2008; Silk et al., 2013). In
line with expectations from ecological momentary assessment (EMA) work (Larson et al.,
1980; Weinstein and Mermelstein, 2007), typically developing adolescents report more
positive affect after being accepted versus rejected by peers they like when engaged in the
Chatroom Task (Guyer et al., 2014b, 2012). Of interest, being accepted vs. rejected by peers
generated greater activity in the caudate and putamen, striatal regions that support approach
behaviors and social-reward processing (Guyer et al., 2014a, 2012). Additional work
suggests that adolescents, especially girls, exhibit age-related increases in neural response to
peer evaluation in several affective and self-evaluative networks including striatum, insula,
and ventromedial prefrontal cortex (Gunther Moor et al., 2010; Guyer et al., 2009) and that
increased neural response to peer rejection may be a function of pubertal development (Silk
etal., 2013).

In a study that used a version of the Social Judgment Task, Gunther Moor et al., (2010)
reported age-variant effects of social expectations and the context-dependency of social
feedback on the brain among 8-25 year olds. An age-related increase was found in striatal
and ventral mPFC response when participants expected to be liked by peers. Striatal and
ventral mPFC activation also occurred in response to being accepted when positive social
feedback was expected, but this pattern was similar across all ages. Finally, adults, but not
younger participants, showed increased activity in a regulatory network (including the
striatum, ventral mPFC, OFC, and lateral PFC) when their expectations for social rejection
matched the experience of social rejection. This latter finding suggests that adults are better
at regulating their emotional responses to salient experiences when they are expected versus
unexpected. Overall, these results provide further support that the brain regions involved in
reward-processing, mentalizing, and self-processing respond to social evaluation differently
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as a function of development and are modulated by expectations about social feedback and
its valence.

4.1.3. Parent-child interaction—Researchers have begun to investigate the effects of the
parent-child relationship on neural response to social-affective information in adolescence.
Despite the amplified focus on peer relationships during adolescence, adolescents continue
to care what their parents think about them (Steinberg and Morris, 2001; Steinberg and Silk,
2002). This was demonstrated in a recent neuroimaging study that probed the neural
response to negative feedback from mothers (Lee et al., 2015). In this study, adolescents
listened to audio clips of their mothers criticizing them as well as discussing neutral topics
such as the weather. When listening to critical comments, adolescents showed increased
brain activity (relative to neutral comments) in subcortical-limbic regions, such as the
lentiform nucleus and posterior insula, but decreased activity in regions of the brain that
subserve cognitive control of emotion, such as the dorsolateral PFC and the caudal ACC.
These findings suggest that maternal criticism is processed as emotionally salient during
adolescence, and that typically developing adolescents fail to recruit cognitive control
networks to help them regulate emotion when passively listening to critical comments from
their mothers.

4.2. Long-term social-contextual influences on social-affective neural circuitry

Neural circuits that support affective behavior are not only influenced by the current social
context, but are also shaped by earlier social experience. As discussed in this issue, there is
evidence that extreme stress and adverse experiences early in life influence the functioning
of the adolescent brain within circuits that support affective behavior. However, emerging
research suggests that variations in social context within the more typical range of
experience and in the years more proximal to adolescence can also influence adolescent
brain function.

4.2.1. Exposure to peer victimization—Casement et al., (2014) found that peer
victimization in early adolescence was associated with decreased mPFC response to
potential rewards at age 16. Other evidence suggests that the experience of peer
victimization during middle childhood sensitizes the adolescent brain to social exclusion
later in adolescence (Will et al., 2016). Specifically, adolescents who were repeatedly
victimized from the 6 to 12 years of age showed greater dorsal anterior cingulate cortex
activation to social exclusion on the Cyberball task in mid-adolescence. These results
indicate that earlier experiences with peers have long-standing effects on subsequent neural
correlates of affective behavior.

4.2.2. Quality of peer relationships—The quality of peer relationships has been found
to influence neural response to appetitive stimuli. Evidence shows that risk-taking in mid-
adolescence is modulated by the quality of peer relationships in the preceding two years
(Telzer et al., 2015). Specifically, adolescents who reported greater conflict with peers in
their daily life took more risks on a computerized risk-taking task, and showed greater
activation in reward processing regions, such as the striatum and insula, when completing
the task. Furthermore, the association between peer conflict and increased risk-taking, as
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well as insula and striatal responsivity while engaging in risk-taking, were both attenuated
for adolescents who also reported high levels of peer support. Collectively, these findings
provide some of the first evidence demonstrating that the quality of peer relationships has
the potential to modulate the sensitivity of reward and threat circuits to future affective cues.
These results may also lend support to the concept of a functional role for adolescent hyper-
emotionality. Risk taking may serve to integrate individuals within new social networks in
adolescence; for those with already-established, stable peer networks, the rewards associated
with risk taking may be diminished.

4.2.3. Quality of parental relationships—The adolescent brain is also responsive to
social inputs from the family environment. For example, Morgan et al., (2014) found that
higher levels of observed maternal warmth during early adolescence were associated with
greater striatal activation during reward anticipation during late adolescence for a subset of
boys at familial risk for depression. Whittle et al., (2014) have further shown that warm
parenting in early adolescence (age 12) is associated with a pattern of presumably adaptive
structural changes in limbic-striatal brain regions over the next four years. In addition,
parental warmth has been associated with reduced self-referential processing of maternal
criticism in healthy adolescents (Lee et al., 2015). These findings suggest that warm and
supportive parenting earlier in adolescence may have neuroprotective effects on adolescent
brain development. Furthermore, two recent studies showed that the quality of parenting can
influence how adolescents respond to peer feedback, with negative parenting attenuating
striatal responsiveness to peer acceptance (Tan et al., 2014) and positive parenting
attenuating striatal reactivity to peer rejection (Guyer et al., 2015). These findings
demonstrate that, given continued plasticity in the neural circuitry that supports affective
behavior during adolescence, relationships with parents remain influential on how
adolescents process and manage both positive and negative emotional experiences.

4.3. Individual differences in brain function and affective behavior

Individuals vary in their ability to modulate or canalize their emotional experiences, and for
some, compromised emotion regulation abilities can lead to increased dysfunction (Gross
and Jazaieri, 2014). Emotions such as fear, anxiety, or sadness, for example, can become
dysfunctional or psychopathological when they bubble up in inappropriate social contexts,
or when their valence or arousal is unpredictable or extreme and are incongruent within the
situational demands. The outsized role that social-emotional experiences play in shaping
behavior is evident in the high onset of psychiatric disorders during the adolescent years,
such as anxiety and depressive disorders (Kessler et al., 2012; Paus et al., 2008). Researchers
have suggested that increased rates of both anxiety (especially social anxiety) and depression
during adolescence may be at least partially driven by these increases in neural sensitivity to
socially threatening stimuli (see Baker et al., this issue; Caouette and Guyer, 2014; Davey et
al., 2008; Haller et al., 2015; Silk et al., 2012a). Thus, although increased sensitivity to peer
feedback is normative during adolescence, this process appears to be particularly enhanced
among youth with anxiety and depression.

Paradigms that probe neural response to simulated peer evaluation have generated new
findings that are consistent with these models. For example, two studies have demonstrated

Neurosci Biobehav Rev. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Guyer et al.

Page 15

heightened activation in the amygdala in socially anxious versus healthy adolescents when
reflecting on how interested they expected virtual peers to be in chatting with them during
the Chatroom task (Guyer et al., 2008; Spielberg et al., 2015b). This pattern was specific to
peers whom the participants had previously judged negatively, potentially reflecting a fear of
impending negative outcomes such as social retaliation. Socially anxious adolescents also
demonstrated a stronger pattern of co-activation between the amygdala and vIPFC during
anticipation of peer evaluation compared to healthy adolescents (Guyer et al., 2008). The
amygdala facilitates attention toward salient emotion stimuli, signaling the need to avoid a
potentially threatening stimulus. In contrast, the vIPFC inhibits such responses by shifting
attention or overriding basic emotional response, presumably via its strong anatomical
connections with the amygdala (Etkin et al., 2015). The role of vIPFC in modulating
amygdala response to a potential social threat suggests that socially anxious adolescents are
attempting to redirect their attention away from and/or regulate their emotional reaction
during the anticipation of rejection. Spielberg et al., (2015b) similarly found that socially
anxious compared to healthy youth exhibited a stronger pattern of co-activation between the
amygdala and the rostral ACC when anticipating feedback from negatively judged peers,
especially for older adolescents. While most studies of anxious youth have focused on the
anticipation of peer feedback, Lau et al., (2012) showed that, after the receipt of peer
rejection, amygdala-hippocampal activation decreased for healthy adolescents but remained
heightened for socially anxious adolescents, which may again relate to a compromised
ability to downregulate emotional responses.

Silk et al., (2013) reported a similar pattern of increased neural response to simulated peer
rejection in adolescents with depression compared to healthy adolescents in regions of the
brain involved in processing affective salience. Depression was associated with increased
reactivity to receipt of peer rejection in the amygdala, as well as the sgACC, anterior insula,
and striatum. The finding of heightened sgACC activity to social rejection in adolescents
with depression converges with other work demonstrating that sgACC activity to social
exclusion predicted increases in depressive symptoms over one year (Masten et al., 2011).
These studies suggest that sgACC response to social evaluation could be a unique biomarker
of risk for adolescent depression. In contrast, potentiated amygdala response to social threat
could be a shared risk factor for both anxiety and depression. Silk et al., (2013) also found
that participants further along in pubertal maturation showed enhanced activation to peer
rejection in the bilateral amygdala/parahippocampal gyrus, caudate, and sgACC. Thus,
increased neural sensitivity to peer rejection naturally increases across pubertal
development, but is exacerbated among adolescents with depression.

Collectively, this new cadre of peer interaction studies demonstrates that individual
differences in neural responses to socially-relevant affective stimuli are increasingly thought
to play a role in the emergence of anxiety and depression in adolescence. Although we
focused on anxiety and depressive disorders, which have been the focus of most of the
research using peer evaluation paradigms, it is likely that individual differences in neural
responses to socially-relevant stimuli play a key role in altered affective behaviors
implicated in other forms of psychopathology that often emerge in adolescence, such as
substance use disorders, bipolar spectrum disorders, and eating disorders. Understanding
how individual differences in the development and function of neural circuits underlying
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affective behavior interact with other biological factors (i.e., epigenetic changes, hormones)
and social experiences to amplify or attenuate risk for psychopathology remains a critical
target for future adolescent research.

5. Future directions and conclusions

In our review of the literature, we have highlighted recent work illustrative of the substantial
progress that has been made in our understanding of the neurobiology of adolescent affective
behavior, particularly with regard to the role of social context and social experiences. As the
field moves forward, we suggest extending the existing knowledge-base on the emotional
adolescent brain by applying new methodological advances, integrating multiple units of
analysis sampled in multiple contexts, and testing hypotheses from theoretical
conceptualizations of neurobiological development.

With regard to methodology, researchers will need to continue pairing neuroimaging
methods with new task paradigms that have a high level of ecological validity and capability
of capturing real-time cognitions and behaviors. This approach will allow us to probe
adolescent emotional behavior more deeply and in novel ways by simulating social
experiences encountered in daily life. One of the limitations of using neuroimaging is that
the scanning environment is constrained in its ability to capture how the brain represents
information in a contextually-sensitive way, demonstrating the need to add real-world
experience as much as possible. For example, new fMRI paradigms could be designed to
assess adolescent affective behavior in response to peer interactions delivered in a simulated
social media context or, as done in recent work, a virtual classroom environment (Jarcho et
al., 2016, 2013). For the study of adolescent emotional and brain development, this is
particularly important given that daily fluctuations in affective behavior relate to the types of
activities in which adolescents are engaged (Larson and Richards, 1998; Larson and
Asmussen, 1991).

Because the relation between neural function and sources of daily changes in adolescents’
mood are not well understood, it will also be important to increasingly link fMRI and EMA
measures to real-world affective behavior (Forbes et al., 2009; Price et al., 2016). For
example, Price et al., (2016) recently showed that PFC-amygdalar connectivity during threat
processing was associated with the use of emotion regulation strategies in the real-world as
assessed via EMA in anxious adolescents. The use of wearable, mobile technologies to
assess ambulatory psychophysiology may be another way to capture nuances in adolescents’
daily emotional experiences that can be integrated with measures of brain function to
provide a more complete picture of adolescent affective behavior. In addition to EMA,
methods such as eye-tracking and fNIRS are promising new techniques that may integrate
well with neuroimaging data, but also offer more flexible usage (Perlman et al., 2015; Silk et
al., 2012b). A challenge here is to account for differing time scales across these
measurements. Modeling of their unique time courses will need to be addressed through
analytical advancements and careful experimental design with respect to onset and duration
of task stimuli or emotional challenges used to elicit responses across systems. Nonetheless,
affective behavior is generated from multiple systems at different levels, and capturing these
facets should elucidate target points for intervention.
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Recent advances in the ability to conduct real-time fMRI may also help to reveal the neural
substrates of dynamic changes in affect as they unfold. For example, fMRI-based
neurofeedback has been used to teach adolescents to up-regulate activity in the insula, a key
region in emotion regulation neural circuitry (Cohen Kadosh et al., 2016). Based on a
Granger causality analysis, Cohen Kadosh et al., (2016) found that the flow of information
increased from the amygdala to the insula and from the insula to the mid-cingulate cortex,
supplementary motor area and inferior parietal lobe specifically when youth engaged in up-
regulation. This work highlights the potential for future interventions with adolescents that
target the use of emotional regulation to change brain response and vice versa.

The application of advanced statistical modeling and patterning techniques will be important
for characterizing adolescent development from an individual differences perspective.
Incorporating methods such as pattern-classification algorithms to multi-voxel pattern
analysis of fMRI data will help elucidate how social-emotional information is represented in
the adolescent brain for different cognitive states and at different stages of processing
(Norman et al., 2006). For example, time course changes in how peer feedback or
emotionally-laden stimuli are represented and processed in the brain during adolescence
may increase the precision of our interpretations of brain activity. Graph theory is a another
statistical method for classifying patterns of interconnectivity between brain regions that has
generated important insights into neurodevelopmental processes and could increase our
understanding of the interface between cognitive-control and affective neural circuits during
social-emotional information processing (Fair et al., 2009, 2008).

Deeper characterization of the neural coding and processing of social-emotional information
will also inform both typical neurobiological profiles of adolescent emotional development
and dimensions of dysregulation that characterize adolescents with affect system difficulties
such as depression and anxiety. For example, a recent study reported the development of a
brain maturation index using structural MRI images (Cao et al., 2015). This index was
derived from a regression-based algorithm “trained’ to integrate changes in brain anatomy
across age to enhance prediction accuracy and differentiation of individual brain maturity.
Results of this study provided a validated, accurate metric of brain maturation, which is
significant in its potential application to reliably identify those who may deviate from a
normative trajectory of brain development. Functional changes (e.g., peak or extent of
activation) in regions with documented reactivity to social-affective cues could be similarly
integrated across chronological age or pubertal stage to predict an adolescent’s affective
brain maturation index, which could be useful in a diagnostic or clinical intervention setting.

From a conceptualization standpoint, neuroimaging research has been limited in its
integration of developmental theory into either design or interpretation of experimental
results. A number of biologically-based developmental theories such as developmental
systems theory (Smith and Thelen, 2003), differential susceptibility (Belsky et al., 2007a),
interactive specialization (Johnson, 2011), and critical periods of development (Takesian and
Hensch, 2013) have been articulated in the developmental literature, but not necessarily used
to guide neuroimaging research as suggested in a recent paper using differential
susceptibility as an example (Schriber and Guyer, 2015). Relevant hypotheses from these
theories could be tested in a neuroimaging environment and, in turn, these theories could be
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further refined. We believe the field of adolescent developmental neuroscience would benefit
from a greater integration of the theoretical and methodological approaches discussed in this
section.

Finally, conceptual understanding of affective neurobiology would be deepened by capturing
other aspects of adolescents’ emotional lives. This might include further consideration of
more complex emotions like contempt, pride, and disgust, as done in the study by Goddings
et al., (2012). Similarly, more focus on the neural underpinnings of experiences related to
intimacy and sexual relationships is needed (Suleiman and Harden, 2016). Indeed, recent
work has examined the neural correlates of sexual decision-making in adolescent girls and
found greater ACC activity during high-risk sexual decisions, along with sexual decision
ratings that aligned with sexual emotions and behaviors (Hensel et al., 2015).

A common theme of the work reviewed in this paper is the importance of both representing
what happens externally in adolescents’ emotional lives and upholding methodological
control to test how those experiences are represented internally by the brain. By using
techniques such as fMRI, we are beginning to identify more precisely in the brain how
adolescents’ affective behavior differs from adults or with age, varies with individual
differences such as pubertal maturation and affective forms of psychopathology, and differs
in response to specific social experiences. We expect future neuroscientific investigations
that integrate multiple methods will advance knowledge of the brain-based opportunities and
vulnerabilities of adolescent affective behavior.
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