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Evidence from longitudinal studies suggests that adolescence may represent a period of
vulnerability that, in the context of adverse events, could contribute to developmental
trajectories toward behavioral and emotional health problems, including affective
disorders. Adolescence is also a sensitive period for the development of neural
systems supporting cognitive-affective processes, which have been implicated in the
pathophysiology of affective disorders such as anxiety and mood disorders. In particular,
the onset of puberty brings about a cascade of physical, hormonal, psychological, and
social changes that contribute in complex ways to the development of these systems. This
article provides a brief overview of neuroimaging research pertaining to the development
of cognitive-affective processes in adolescence. It also includes a brief review of evidence
from animal and human neuroimaging studies suggesting that sex steroids influence
the connectivity between prefrontal cortical and subcortical limbic regions in ways that
contribute to increased reactivity to emotionally salient stimuli. We integrate these
findings in the context of a developmental affective neuroscience framework suggesting
that the impact of rising levels of sex steroids during puberty on fronto-limbic connectivity
may be even greater in the context of protracted development of prefrontal cortical regions
in adolescence. We conclude by discussing the implications of these findings for future
research aimed at identifying neurodevelopmental markers of risk for future onset of
affective disorders.
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INTRODUCTION
A plethora of clinical and epidemiological studies examining
developmental trajectories toward psychopathology have identi-
fied adolescence as a potential window of vulnerability (Costello
et al., 1996, 2011; Pine et al., 1998; Merikangas et al., 2007). Early
adolescence, with the onset of puberty, represents a particularly
vulnerable developmental period for the onset of behavioral and
emotional health problems. Indeed, although adolescence repre-
sents one of the healthiest periods of the life span with respect
to physical health, paradoxically, there is mounting evidence
suggesting that overall morbidity and mortality rates increase
200–300% (Ozer et al., 2002). For instance, in addition to the
increase in the prevalence for mood disorders and substance use
disorders, the rate of accidents, suicide, alcohol and substance use,
eating disorders, HIV, unwanted pregnancies all increase drasti-
cally during this developmental period (Force, 1996; Ozer et al.,
2002). The sources of this drastic increase in the rates of ado-
lescent death and disability appear to be primarily related to
problems with emotion regulation.

Research in the fields of developmental cognitive and affec-
tive neuroscience has blossomed over the past decade allowing
researchers to generate neural models that could help eluci-
date some of the potential neurodevelopmental mechanisms

underlying vulnerability for emotion dysregulation in adoles-
cence and risk for psychopathology such as affective disorders
and substance abuse disorders (Nelson et al., 2005; Ernst et al.,
2006; Steinberg, 2007; Blakemore, 2008; Casey et al., 2010). Some
of these models have emphasized adolescent social reorienta-
tion toward peers (e.g., Nelson et al., 2005), changes in social
cognition (Blakemore, 2008), reward processing (Bjork et al.,
2004), and the balance and/or integration of emotional reactiv-
ity (i.e., threat, reward) and cognitive control (Steinberg, 2005,
2007; Casey et al., 2010). Despite some points of divergence
across these various models, there is agreement that the onset
of puberty is associated with increased reactivity in subcortical
regions to emotionally salient information (e.g., amygdala, ven-
tral striatum) in ways that create new challenges for cognitive
control processes supported by prefrontal systems that mature
later in adolescence. Such a maturational gap is therefore thought
to contribute to increased vulnerability for emotion dysregula-
tion and possibly the onset of psychopathology such as affective
disorders in at-risk youth. Indeed, there is mounting evidence
demonstrating the influence of sex hormones on the regula-
tion of emotional responses and affective states in adults (Van
Wingen et al., 2010, 2011; Volman et al., 2011) along with recent
findings suggesting that sex hormones impact adolescent brain
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development (for a review, see Blakemore et al., 2010; Peper et al.,
2011; Ladouceur et al., 2012). Furthermore, there is growing evi-
dence that puberty is more associated to the onset of depression
than age (Angold et al., 1999; Joinson et al., 2012). For instance,
a recent population-based study investigating a wide range of
influences on the health and development of children reported
an association between depression symptoms and pubertal mat-
uration in girls (i.e., breast development, which is linked with a
rise in estrogen (Joinson et al., 2012). It is therefore reasonable
to conceive that increased risk for affective disorders in ado-
lescence may be mediated by altered puberty-specific changes
in the functioning of fronto-limbic systems that support cogni-
tive control-emotion interactions underlying emotion regulatory
processes.

The current review will focus particularly on adolescent devel-
opment of fronto-limbic systems that support processes at the
interface of cognitive control and emotion as a way to elucidate
potential neurodevelopmental mechanisms underlying vulnera-
bility for emotion dysregulation and onset of affective disorders
in at-risk youth. In particular, the focus will be on cognitive
control-emotion interactions implicated in the modulation of
cognitive resources in the context of emotionally salient informa-
tion in view of generating an appropriate response as this would
appear to be of particular relevance for emotion dysregulation
and its consequences in adolescence. As such, the review will fea-
ture particular studies that document developmental changes in
the influences of emotionally salient cues (e.g., threat-related or
appetitive) on cognitive control processes such as attention, work-
ing memory, and response inhibition, given that dysfunction in
these areas have been implicated in affective disorders (Phillips
et al., 2003, 2008). The review will not include findings related
to cognitive control processes having emotional stimuli as the
object of cognition (e.g., maintaining emotional stimuli in work-
ing memory) or processes that involve emotional decision making
(i.e., risk taking). Though these are important areas of study,
particularly with regard to adolescent behavioral and emotional
health, they involve various networks beyond those involved in
the cognitive modulation of emotional distracters. Furthermore,
it is important to note that there have been recent reviews on
the neural substrates of cognition-emotion interactions in nor-
mative samples (Elliott et al., 2010; Dolcos et al., 2011), adult
mood disorders (Elliott et al., 2010), and development (Mueller,
2011). Consequently, the current review will focus primarily on
evidence from animal studies and human neuroimaging studies
documenting puberty-specific influences on fronto-limbic sys-
tems and how such evidence may enhance our understanding
of the development of cognitive-affective processes in adoles-
cence. Finally, I will discuss these findings with regard to their
implications for contributing to the vulnerability of emotion
dysregulation and potentially the onset of affective disorders in
at-risk youth.

STUDIES OF COGNITIVE-AFFECTIVE PROCESSES IN
ADOLESCENCE
Using a paradigm that more or less constrains attention to
the emotional features of facial expressions, Monk et al. (2003)
reported that adolescents relative to adults showed greater

activation in the anterior cingulate, bilateral orbitofrontal cortex,
and right amygdala in response to the fearful relative to neu-
tral faces (Monk et al., 2003). This was one of the first fMRI
studies to examine selective attention to emotional and nonemo-
tional features of stimuli in adolescence. These findings suggest
that developmental changes in attentional capacities may play
an important role in the modulation of attention to emotionally
salient information. Using the same task in adolescents diagnosed
with generalized anxiety disorder, Mcclure et al. (2007) reported
that while attending to their own subjective fear, anxious youth,
but not healthy controls, exhibited greater amygdala, ventral pre-
frontal cortex, and anterior cingulate cortex to fearful vs. happy
faces (Mcclure et al., 2007). Such findings suggest that anxious
adolescents may exhibit altered functioning of threat systems in
the context of subjective fearful experiences.

In a developmental study, Tottenham et al. (2011) examined
the performance of children (5–12 years old), adolescents (13–18
years old), and adults (19–28 years old) using a block design emo-
tional go/no-go task. In this study, participants were instructed
to press a button (go) to particular emotional faces and to not
press the button (no-go) to other emotional faces (Tottenham
et al., 2011). Findings indicated that performance on the task
improved with age. Nevertheless, across the age groups, false
alarms occurred more frequently to emotional face no-go stim-
uli relative to neutral face no-go stimuli, which were interpreted
as indexing reduced inhibitory control in the context of emo-
tionally salient emotional information. Using a similar version
of the task in the fMRI scanner, Hare et al. (2008) documented
elevated amygdala activation in adolescents relative to children
and adults on this task (Hare et al., 2008). Furthermore, ele-
vated amygdala and reduced ventral prefrontal cortical activation
positively correlated with slower reaction times to the fearful
(vs. happy) face target stimuli. Functional connectivity analyzes
revealed that strength of VLPFC-amygdala coupling was corre-
lated with greater habituation of amygdala activity to fearful face
targets in adolescence (Hare et al., 2008).

Using a visual n-back working memory task with emotional
face distracters (i.e., Emotional Face n-back (EFNBACK) task),
we examined performance on trials with emotional (i.e., happy
and fearful face) distracters and varying in working memory
load (i.e., 2-back versus 0-back condition) in a normative sam-
ple of children (8–10 years old), young adolescents (mean age
= 11–13 years), older adolescents (14–17 years), and adults
(18–27 years). Results indicated that youth high in trait anx-
iety exhibited slower reaction times to fearful face distracters
in the 2-back condition and that such an effect was greater in
children than adolescents (Ladouceur et al., 2009). Such find-
ings are consistent with previous behavioral data on a similar
emotional working memory task in a clinical sample of chil-
dren and adolescents diagnosed with anxiety, depression, and
comorbid anxiety and depression (Ladouceur et al., 2005). In
that study, we showed that relative to healthy controls, youth
with depression and comorbid anxiety and depression had signif-
icantly slower reaction times on negative emotional backgrounds
compared to neutral backgrounds. In contrast, youth in the
healthy low-risk group showed slower reaction times to the pos-
itive emotional background, suggesting an attentional bias to
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positively valenced stimuli; such an effect was not present in the
groups with affective disorders (Ladouceur et al., 2005). Recent
neuroimaging studies using cognitive-affective tasks with fMRI
in youth with anxiety and mood disorders have reported alter-
ations in the functioning of VLPFC and amygdala, suggesting
that VLPFC modulation of amygdala may contribute to affective
biases reported in these clinical populations (Monk et al., 2008;
Pavuluri et al., 2008). Together, these findings suggest that using
cognitive-affective tasks such as the emotional working mem-
ory paradigm enables researchers to investigate the development
of attentional control processes (implicated in resisting interfer-
ence from emotionally salient distracters) and examine to what
extent the development of the neural systems that support these
processes may be altered in youth at risk for or diagnosed with
affective disorders.

Some researchers have also examined the influence of incen-
tives on cognitive processes. For instance, using an emotional
antisaccade task, Geier and colleagues reported differences in
performance and associated neural activation in fronto-striatal
regions in adolescents relative to adults (Geier et al., 2010). An
antisaccade is an eye movement to the opposite direction of a
suddenly appearing target. This movement requires inhibiting a
prepotent response to the target, and the initiation of an alter-
nate goal-relevant response in the opposite direction signaled by
the sudden onset of the stimulus. Geier and colleagues examined
the effects of reward on antisaccades, during the cue stage, sac-
cade preparation stage, and saccade execution stage. In order to
assess neural responses across these three stages, a time-course
analysis over 18 s post-trial onset was employed. They reported
greater ventral striatum activity to the saccade preparation in ado-
lescents than adults but during the incentive cue, it was recruited
more strongly in adults than adolescents; there were no group
differences in the saccade execution stage. Neural regions com-
monly recruited during antisaccade were generally less activated
in adolescents than adults in response to neutral trials and showed
no age-group differences to reward trials. Interestingly, how-
ever, this study demonstrated that adolescents tended to exhibit
greater recruitment of reward circuitry during saccade prepara-
tion to incentive trials. These findings are consistent with those
of another recent study in which adolescents exhibited greater
activation in reward circuitry and prefrontal regions than adults
on a continuous performance task (CPT) (Smith et al., 2011). In
this study, Smith and colleagues compared, in adolescents relative
to adults, behavioral performance and neural activity on three
types of trials (non-targets, rewarded targets, and on-rewarded
targets) of CPT. Findings from behavioral data analyzes revealed
that adolescents responded significantly faster to rewarded vs.
non-rewarded targets whereas no such differences were observed
in adults. These behavioral findings suggest that being rewarded
had significant impact on sustained attention in adolescents than
adults. Moreover, findings from fMRI analyses revealed a sig-
nificant positive correlation between age and neural activity to
rewarded (vs. non-rewarded) targets in neural regions implicated
in sustained attention (e.g., dorsolateral prefrontal cortex, ven-
tromedial orbital frontal cortex), suggesting that age modulated
the effects of reward on activity in neural regions implicated in
sustained attention.

In sum, these findings suggest that cognitive control may be
more challenged in the face of emotionally salient or incentive-
laden distracters in adolescents relative to adults. We acknowledge
that our review of cognitive-affective findings in adolescence was
not exhaustive. The purpose was not to provide an exhaustive lit-
erature review since this has been accomplished elsewhere (e.g.,
Mueller, 2011). Rather the aim was to provide some examples of
research findings demonstrating that the influence of emotionally
salient information on the functioning of neural systems sup-
porting cognitive processes including cognitive control undergo
important neuro-maturational changes in adolescence. In this
review, I will demonstrate that the onset of puberty is associ-
ated with increased reactivity to emotionally salient information
in ways that create challenges for cognitive control systems.
Furthermore, these pubertal influences on fronto-limbic systems
may be associated with reduced modulation of attention in the
context of emotional distracters and increased vulnerability to
emotion dysregulation. Such a framework complements existing
neurobiological models of adolescent brain development (Casey
et al., 2010; Ernst et al., 2011) but attempts to move beyond age-
related effects to focus more specifically on neurodevelopmental
changes occurring at puberty and how such changes may help
explain increases in the escalating rates of adolescent death and
disability related to problems of emotion regulation (e.g., mood
disorders, suicide, accidents, etc.).

WHAT DEVELOPMENTAL FACTORS MIGHT INFLUENCE
COGNITIVE-AFFECTIVE PROCESSES?
RISE IN SEX HORMONES DURING PUBERTY
Puberty refers to a specific set of processes implicating changes in
physical and reproductive maturation. Although the majority of
these changes occur early to mid-adolescence, as described below,
some (e.g., adrenarche and luteinizing hormone secretion), how-
ever, can start in childhood. As such, puberty is often considered
as the beginning of adolescence, a developmental period between
childhood and adulthood that encompasses changes at multiple
levels. This transitional developmental period not only implicates
changes associated with pubertal maturation but also changes
in physical growth, psychological functioning, and social expe-
riences (Dahl and Spear, 2004; Dorn et al., 2006).

Puberty includes important changes in the functioning of
the neuroendocrine system (for a review, see Dorn et al., 2006;
Natsuaki et al., 2009; Blakemore et al., 2010). The earliest phase
of puberty or “prepuberty,” which begins between 6–9 years
old in girls and about 1 year later in boys (Cutler et al., 1990;
Parker, 1991), involves the rising of androgens that are secreted
by the adrenal glands. These include dehydroepiandrosterone
(DHEA), its sulfate (DHEAS), and androstendione (Grumbach
and Styne, 2003). The rising of these hormones refers to what is
known as the beginning of adrenarche. The maturation of pri-
mary sexual characteristics (i.e., ovaries and testes) and the full
development of secondary sexual characteristics (i.e., pubic hair,
breast, and genital development) is associated with the activa-
tion of the hypo-thalamic-pituitary gonadal (HPG) axis (Demir
et al., 1996; Delemarre-Van De Waal, 2002). The rising of these
sexual hormones represents a second phase of puberty known
as gonadarche, which begins at about 9–10 years old in girls and
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approximately 1–2 years later in boys (Marshall and Tanner, 1969,
1970). This pubertal period includes the onset of menses, or
menarche, in girls, and the onset of nocturnal emission, or sper-
marche, in boys. Menarche in girls tends to be an event that occurs
rather late in the pubertal process. Spermarche in boys repre-
sents the transition from prepubertal to pubertal, and occurs on
average at approximately 13–14 years old (Marshall and Tanner,
1969, 1970). The development of secondary sexual characteristics
occurs gradually and as such, has been organized into stages (e.g.,
Tanner stages), which has allowed clinicians and researchers to
assess variations in pubertal maturation.

Individual variations in pubertal maturation processes
Most adolescents will exhibit the above-described endocrinolog-
ical changes associated with pubertal maturation but not in a
uniform manner as there is considerable individual variation in
both the “timing” and “tempo” of puberty (Styne and Grumbach,
2002; Dorn et al., 2006). Variation in the timing refers to the level
of pubertal maturation relative to same-age peers and variation in
the tempo refers to the adolescent’s rate of intra-individual change
in pubertal status (i.e., the amount of time brains are exposed to
sex hormones). Because pubertal maturation is a dynamic bio-
logical process, variations in this process may be influenced by
multiple developmental factors some of which can precede the
onset of puberty per se (e.g., nutritional history, stressful life
events, and family conflict). Discussion about research findings
documenting how each of these factors contributes to varia-
tions in pubertal timing and tempo is beyond the scope of this
review (for addition information, see Ellis, 2004; Ellis et al.,
2011a,b). Nevertheless, there is a general trend toward younger
age of puberty onset in the United States—particularly age of
breast development and menarche among girls (Biro et al., 2012).
Variations in both pubertal timing and pubertal tempo have
been related to emotional functioning, particularly in girls (Ellis
et al., 2011b). For instance, there is growing evidence that girls
who mature earlier than their on-time or later-developing peers
are at increased risk for psychopathology, including depression,
early initiation of substance use, early sexual initiation and preg-
nancy and other emotional, and behavioral problems (Dick et al.,
2000; Deardorff et al., 2005; Mendle et al., 2010; Joinson et al.,
2012). In particular, Joinson et al. (2012) recently reported that
more advanced breast development was associated with increased
depressive symptoms in adolescence. This was a large multi-
wave longitudinal study, which included measures of the different
hormonal axes of puberty (i.e., secondary sexual characteristics
associated with adrenarche and gonarche) (Joinson et al., 2012).
Because breast development is due to a rise in estrogen, these
findings support previous data demonstrating that estradiol lev-
els in girls is linked with increased depression in girls (Angold
et al., 1999). Fewer studies have reported similar influences in
boys. Some have reported, however, that the influence of puber-
tal timing and tempo on emotional functioning may be mediated
by the quality of peer relationships (Mendle et al., 2012). In
light of evidence from animal studies showing high densities of
gonadal hormone receptors in medial temporal regions impli-
cated in emotion processing (e.g., amygdala, striatum) (Simerly
et al., 1990; Sarkey et al., 2008), it is thus reasonable to predict that

adolescents who exhibit onset of puberty earlier than their on-
time or later developing peers would also exhibit greater reactivity
to emotionally salient information.

HEIGHTENED EMOTIONAL REACTIVITY IN THE CONTEXT OF
PROTRACTED DEVELOPMENT OF REGULATORY CONTROL
Prominent models of adolescent brain development highlight
a temporal “mismatch” in the development of neural systems
supporting emotional reactivity and regulation (Steinberg, 2005;
Ernst et al., 2006; Casey et al., 2011). These models propose that
adolescence represents a period of increased emotional reactivity
during early adolescence along with a more gradual and pro-
tracted development of regulatory control. Neural regions that
subserve cognitive control functions show age-related functional
changes that continue well into late adolescence and early adult-
hood (Lewis, 1997; Sowell et al., 2003; Luna et al., 2004) and
are thought to mature irrespective of pubertal timing (Steinberg,
2005). With the onset of puberty occurring earlier over the past
century (Worthman, 1999) and prefrontal systems supporting
regulatory control not reaching full maturity until early adult-
hood, this creates a potential maturational gap creating a possible
“imbalance” in fronto-limbic circuitry that may lead to dysregu-
lated behavior and affect, particularly in vulnerable youth. This
has led to a metaphor for the historical advancement of puberty
as “starting the engines with an unskilled driver” (Dahl and
Spear, 2004). This dilemma has been proposed to explain, in part,
the fact that adolescents often make poor decisions that lead to
negative consequences (e.g., accidents, drug use) despite cogni-
tively understanding the risks involved (Cauffman and Steinberg,
1995; Reyna and Farley, 2006). Although such models could serve
to help explain developmental effects observed in adolescence
during the performance of cognitive-affective tasks, most of the
research thus far has focused on age-related changes in the devel-
opment of cognitive control processes and we know very little
about the influence of pubertal maturation on the development
of these systems—particularly as it relates to effects on neural
activity in subcortical limbic regions and their modulation by
prefrontal cortical circuitry.

SOCIAL REORIENTATION: CHANGES IN MOTIVATIONAL TENDENCIES
Early adolescence is also characterized by concurrent changes
in motivational tendencies geared toward social peer interac-
tions. As discussed in (Forbes and Dahl, 2010) the increase of
sex hormones with the onset of puberty plays a crucial role
on the re-orientation of social behavior in adolescence (Forbes
and Dahl, 2010). Specifically, social affiliation with peers and
romantic interests becomes increasingly important thereby elic-
iting strong emotional reactions (Larson and Asmussen, 1991).
Testosterone, for instance, plays an important role in sensation-
seeking (Martin et al., 2002), risk taking (Vermeersch et al., 2008),
and social dominance (Eisenegger et al., 2011). Consequently,
the saliency of social cues becomes reconfigured according to
expectations of potential gain or loss in social status or affilia-
tion. Some have argued that neural regions involved in processing
motivationally relevant information undergo remodeling during
adolescence (Spear, 2000). Such remodeling has been observed
in non-human species and is believed to have adaptive value in
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preparing the individual to survive away from parental caretakers
by encouraging the adolescent to develop new bonds and explore
novel areas (Spear, 2000). These changes in motivational tenden-
cies would therefore promote a natural tendency to explore new
things and take more risks—particularly when these have social
salience (e.g., gain attention and/or admiration from peers).
Such social reorientation in adolescence would therefore mag-
nify the emotional saliency of social cues in ways that would
impact the functioning of fronto-limbic circuitry that support
cognitive-affective processes.

SEX STEROIDS MODULATE ACTIVITY IN AND CONNECTIVITY
BETWEEN NEURAL REGIONS SUPPORTING
COGNITIVE-AFFECTIVE PROCESSES
As discussed previously, puberty is associated with significant
endocrinological changes, such as a vast increase in the sex
steroids testosterone and estradiol released from the gonads.
Findings from animal studies indicate that sex steroids such as
testosterone, estradiol, and their antecedents (DHEA) impact the
organization of neural circuits that support social, sexual and
emotional behavior (Sisk and Zehr, 2005; Ahmed et al., 2008;
Schulz et al., 2009). These effects may be mediated by the influ-
ence of sex hormones on fronto-striatal-limbic systems given the
high densities of steroid hormone receptors in medial temporal
regions (Simerly et al., 1990; Sarkey et al., 2008), such as stria-
tum, amygdala, and hippocampus, as well as the prefrontal cortex
(Pfaff and Keiner, 1973; Simerly et al., 1990). As reviewed in
Eisenegger et al. (2011) and Bos et al. (2011), testosterone is pro-
duced in both boys and girls and is viewed as a “social hormone”
because of its role in promoting the search for, and maintenance
of, social status and alterations in the appraisal of threats and
rewards—particularly when these are relevant to social status
(Bos et al., 2011; Eisenegger et al., 2011). Estradiol, a metabolite
of testosterone that is critical for female reproductive function,
has been linked to emotional behavior (Walf and Frye, 2006) and
to various cognitive functions (Berman et al., 1997; Jacobs and
D’esposito, 2011).

Recent neuroimaging studies examining the influence of sex
steroids on fronto-limbic systems in adults provide important
clues about potential mechanisms regarding the influence of
puberty-related neuroendocrine changes on fronto-limbic func-
tion. The majority of the studies have focused on individual
differences in testosterone levels and few studies have examined
the effects of estradiol (for a review see, Walf and Frye, 2006), with
the exception of work in post-menopausal women (Naftolin and
Malaspina, 2007). For instance, a number of studies have demon-
strated that testosterone influences neural activity in amygdala
and regions of the prefrontal cortex (Stanton et al., 2009; Manuck
et al., 2010; Mehta and Beer, 2010; Van Wingen et al., 2010).
Specifically, amygdala response to emotional faces (i.e., fear-
ful/angry) was associated with higher levels of serum testosterone
concentrations in young men (Derntl et al., 2009; Manuck et al.,
2010) and women (Hermans et al., 2008; Derntl et al., 2009;
Van Wingen et al., 2010). A potential mechanism underlying
these changes in amygdala responses might be that testosterone
influences fronto-limbic connectivity implicated in emotion reg-
ulation. Indeed, Van Wingen et al. (2010) demonstrated that

testosterone induces a “functional decoupling” between amygdala
and ventral prefrontal cortex (i.e., BA47) activity, which they
interpreted in terms of reduced (automatic) regulatory influence
of the prefrontal regions over the amygdala (Van Wingen et al.,
2010). A more recent study employed a cognitive-affective task,
the Approach-Avoid Task, which was designed to assess implicit
approach-avoidance action tendencies by manipulating the con-
gruency of the stimuli to which participants respond (Volman
et al., 2011). In that study, young male participants were asked
to use a joystick to respond to visually presented emotional facial
expressions (happy, anger, neutral), which are known to produce
automatic approach (happy) and avoidance (angry) tendencies.
The neutral face served as the control condition. They were asked
to either pull the joystick toward themselves (approach) or push
it away from themselves (avoid) based on the valence of the
emotional facial expressions. Volman et al. (2011) examined the
influence of endogenous hormones on the functional connectiv-
ity between VLPFC and amygdala, based on evidence that such
regions are implicated in the (voluntary) regulation of prepo-
tent emotional action tendencies. As depicted in Figure 1, results
demonstrated that endogenous testosterone modulated effective
connectivity between VLPFC and frontal pole (FP) and the amyg-
dala in the affect-incongruent condition reflecting regulation of
emotional action tendencies (Volman et al., 2011). These find-
ings suggest that high levels of endogenous testosterone in healthy
males are associated with less recruitment of VLPFC/FP to modu-
late amygdala activity. Although these findings are intriguing, the
specific neurochemical mechanism by which testosterone could
influence fronto-limbic systems remains uncertain (e.g., perhaps
mediated in part through its conversion to other streroids) (Bodo
and Rissman, 2006). Nevertheless, these findings suggest that sex
hormones (i.e., testosterone) appear to influence not only activ-
ity in but also connectivity between neural regions implicated in
emotion regulation.

PUBERTY-RELATED CHANGES IN ADOLESCENT BRAIN
DEVELOPMENT
The above findings provide compelling evidence for the direct
influence of sex hormones on brain function. As such, given
the increase of sex hormones that occurs with the onset of
puberty (and during prepuberty), it is reasonable to expect that
pubertal maturation may exert direct and indirect influences on
neurodevelopment. We next briefly review recent findings that
demonstrate how changes in pubertal maturation may influ-
ence changes in the functioning of neural systems implicated in
emotion processing and regulation.

STRUCTURAL NEUROIMAGING STUDIES
A number of studies have demonstrated the influence of pubertal
maturation on gray matter development (Giedd et al., 2006; Peper
et al., 2009; Bramen et al., 2010, 2012) and more recently white
matter development (Asato et al., 2010; Herting et al., 2011; Peper
et al., 2011; Ladouceur et al., 2012). Gray matter is composed
of cell bodies, dendrites, and nonmyelinated axons of neurons,
including glial cells and capillaries. Cross-sectional and longitu-
dinal studies have documented non-linear age-related changes in
gray matter volume, density, and thickness (mostly cortical areas),
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FIGURE 1 | Example of the effects of testosterone on the functional

connectivity between prefrontal cortical regions (i.e., VLPFC/FP) and

subcortical regions (i.e., amygdala) during a task that recruits

cognitive-affective processes. (A) Coupling between left VLPFC/FP and
right amygdala, which was significantly (FWE, p < 0.05) modulated by

testosterone during the affect-incongruent compared to the affect congruent
condition of the Approach-Avoid task. (B) Scatter plot visualizing the positive
correlation between testosterone and the VLPFC/FP-amygdala connectivity
for the affect-incongruent versus the affect congruent trials. (Reprinted with
permission from Cerebral Cortex, Oxford Publishers).

which would appear to follow an inverted-U shape reaching a
peak in adolescence (Giedd et al., 1999; Sowell et al., 2003). White
matter provides the structural architectural organization of the
brain. It is made up primarily of myelinated axons that serve to
facilitate communication between neural regions creating neural
networks, which subserve complex cognitive and affective func-
tions (Paus, 2010). Several MRI studies have documented linear
age-related increases in white matter volume between childhood
and adolescence, reaching a plateau in adulthood (Giedd et al.,
1999).

Numerous studies have reported sex differences in the devel-
opment of gray and white matter during adolescence (for a
review, see Lenroot and Giedd, 2010). Given that puberty typ-
ically onsets later in males than females, such findings provide
some initial clues with regard to the potential influences of
pubertal maturation on brain development (i.e., sexual dimor-
phism). That is, even though certain MRI studies do not include
direct measures of pubertal maturation (e.g., hormone levels, self-
report), findings indicating significant sex differences and sex
by age interactions could be interpreted in terms of hormonal
influences on gray and white matter development or onset of
puberty. Although these findings are compelling, they are beyond
the scope of the current review and have been described in previ-
ous reviews (e.g., Giedd et al., 2006; Lenroot et al., 2007; Lenroot
and Giedd, 2010; Ladouceur et al., 2012). Indeed, a more direct
approach is to include measures of pubertal maturation such as
self-report, physical exams, or saliva or blood essays of reproduc-
tive hormones. Another important methodological consideration
that few studies have incorporated is the recruitment of males
and females according to the approximate age of puberty onset
(i.e., gonarche), which is begins at about 9–10 years old in girls
(Marshall and Tanner, 1969) and approximately 1 year later in
boys (Marshall and Tanner, 1970).

Recent research studies have begun to document the role of
pubertal maturation on the developing brain (Perrin et al., 2008;
Blakemore et al., 2010; Bramen et al., 2010, 2012; Peper et al.,
2011). Such studies reveal that sex hormones exert unique influ-
ences on gray matter volume (Neufang et al., 2009; Bramen
et al., 2010), density (Peper et al., 2009), and thickness (Raznahan
et al., 2010; Bramen et al., 2012). A few recent studies have
reported associations between pubertal maturation, changes in
sex hormones, and white matter development (Peper et al., 2011;
Ladouceur et al., 2012). Such changes included, for instance, asso-
ciations between testosterone levels in boys and increases in white
matter volume (Perrin et al., 2008) and increased integrity of
white matter tracts connecting frontal and temporal regions as
well as frontal and subcortical regions with more advanced puber-
tal status (based on Tanner stage assessment) (Asato et al., 2010).
Interestingly, there is also evidence for associations between
increasing level of relationship between levels of luteinizing hor-
mone (LH) in 9-year old twins, which is considered as one of the
first endocrinological markers of puberty in both boys and girls,
and larger white matter density (Peper et al., 2008). Furthermore,
there is evidence that the androgen receptor gene, whose length
modulates the action of the androgen receptor, would appear
to play an important role in regulating gray matter (Raznahan
et al., 2010) and white matter development (Perrin et al., 2008;
Paus, 2010). Given the relatively small number of studies that
have examined specifically associations between pubertal matura-
tion and brain structure development, findings thus far indicate
a significant contribution of puberty, in particular testosterone in
boys and its precursor LH (in both sexes), on the development of
frontal and temporal regions (and their structural connections),
which may have implications for the development of cognitive-
affective processes supporting emotion processing and regulation
in adolescence.
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FUNCTIONAL NEUROIMAGING STUDIES
To date, only a handful of studies have investigated effects
of puberty and sex hormones using functional neuroimaging.
Before describing these findings, it is important to first note that
the use of appropriate methodological designs is critical in order
to examine specific pubertal influences on the functioning of
fronto-limbic systems. To what extent are studies able to disen-
tangle age effects from pubertal maturation is key to addressing
puberty-specific developmental questions since age and puberty
are closely correlated with each other (and chronological age
is measured with a much greater precision than categories for
pubertal stage) (Shirtcliff et al., 2009; Spear, 2010). Given that
boys typically reach puberty later than girls, it is important, for
instance, to recruit participants within a narrow age-range to
account for potential age-related effects but also to take into
account sex differences in pubertal maturation (Dorn et al., 2006;
Shirtcliff et al., 2009). Such methodological designs have inher-
ent constraints with regard to subject recruitment, which might
explain the paucity of research in this area. Nevertheless, there is
an emerging literature that demonstrates the feasibility of using
such designs in order to address these important developmental
questions. Many other factors are important to consider and these
have been reviewed elsewhere (Dorn et al., 2006; Shirtcliff et al.,
2009).

Using such methodological approaches our group and others
have examined the influences of puberty on psychophysiological
and neural indices of emotional reactivity during emotion pro-
cessing and regulation tasks. For instance, Silk et al. (2009) exam-
ined associations between pubertal maturation and physiological
and subjective reactivity to emotional words (Silk et al., 2009).
In this study, pupil dilation was assessed among 32 pre-/early
pubertal and 34 mid-/late pubertal typically developing children
and adolescents while they an emotional word valence identi-
fication paradigm with positive, negative, and neutral words.
Pupil dilation, which is a peripheral index of brain activation,
is generally greater in response to stimuli that require greater
cognitive load or that have greater emotional intensity (Siegle
et al., 2004). Our findings showed that mid-/late pubertal youth
had greater peak pupil dilation to affective words than pre-/early
pubertal youth, even controling for participants’ age. This peak
pupil dilation was correlated with heightened memory for emo-
tional but not neutral words on an unexpected free recall task,

suggesting that such peak pupil dilation measure may be linked
to emotionally-relevant processing. These findings are consis-
tent recent associations between pubertal maturation and neural
activity to emotional facial expressions (Moore et al., 2012). There
is also evidence that adolescent-levels of testosterone correlates
with maturational changes in neural systems supporting reward
processing in adolescents (Forbes and Dahl, 2010; Op De Macks
et al., 2011). Furthermore, threat-related reactivity to social cues
has been associated with levels of depression symptoms in peri-
pubertal adolescents (Forbes et al., 2011). Taken together, these
findings of pubertal changes in the functioning of fronto-limbic
circuitry implicated in emotion processing and regulation has
tremendous implications for understanding potential develop-
mental mechanisms implicated in risk for affective disorders in
adolescence.

CONCLUSION AND FUTURE DIRECTIONS
The goal of this review was to briefly synthesize research find-
ings demonstrating developmental changes in cognitive-affective
processes and underlying fronto-limbic circuitry. The second
and perhaps more important goal was to highlight evidence
that speaks to the potential influence of puberty on the devel-
opment of this circuitry in ways that could have implications
for understanding risk for affective disorders. Notwithstanding
the importance of age-related neuromaturational changes to the
functioning of this circuitry (Mueller, 2011; Tottenham et al.,
2011), very little attention has been dedicated to the potential
impact of pubertal maturation on the reactivity of subcortical
regions (e.g., amygdala, ventral striatum) and how such height-
ened emotional reactivity early in adolescence may create new
challenges for later developing cognitive control and underlying
neural systems. As illustrated in Figure 2, I propose that with the
increase in sex hormones during puberty, adolescents may exhibit
reduced modulation of attention to emotionally salient distracters
because of the potential influence of sex hormones on the func-
tional connectivity between prefrontal cortical regions implicated
in the modulation of subcortical regions. The extent to which
puberty-related changes in circulating levels of sex hormones
impacts cognitive-affective interactions remains largely unex-
plored. To date, the emerging literature has focused on emotion
information processing (e.g., Moore et al., 2012) or reward pro-
cessing (e.g., Forbes et al., 2011) and few studies have used tasks

FIGURE 2 | Simplified illustration of heuristic model describing the

potential influence of the increase in sex hormones during pubertal

maturation on the functioning of fronto-limbic circuitry implicated in the

modulation of attention to emotionally salient distracters. For simplicity,

involvement of other neural regions and their interactions with these and
other regions were omitted. (+): positive modulation, (−) negative
modulation, thickness of arrows reflects relative weight of impact. VLPFC:
ventrolateral prefrontal cortex; DLPFC: dorsolateral prefrontal cortex.
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that recruit higher-order cognitive control processes. However,
findings from Hare et al. (2008) showing that the strength of
VLPFC-amygdala coupling was correlated with greater habitu-
ation of amygdala activity to fearful face targets in adolescence
during an emotional go-nogo task provide some interesting clues
about the potential effects of pubertal maturation on these sys-
tems (Hare et al., 2008). Future research employing appropriate
methodological designs are needed to determine whether these
findings are indeed age- versus puberty-related effects.

In addition to pubertal changes in the functioning of these
fronto-limbic systems, there are also notable puberty-related
changes in motivational tendencies that become increasingly ori-
ented toward peer social contexts (Nelson et al., 2005). This
new set of motivational tendencies brings about a reconfigu-
ration in the saliency of emotional and social cues because of
their prediction of potential changes in social status/evaluation
(e.g., heightened reactivity of threat system to emotional facial
expressions that could be linked to worries of being rejected by
unfamiliar peers) (Forbes and Dahl, 2010; Silk et al., 2012a).
Some have demonstrated that these social information processing
systems become more sensitive or reactive during puberty, par-
ticularly to cues of social threat or reward (Dahl, 2001; Nelson
et al., 2005; Steinberg, 2007; Spear, 2010). For example, Silk
et al. (2012a,b) recently reported increased sensitivity to social
evaluation across adolescence in a virtual peer interaction chat-
room task. Specifically, pupillary reactivity to peer rejection and
visual biases toward acceptance stimuli increased linearly with
age among 9- to 17-year-olds (Silk et al., 2012b). Therefore, it
is possible that the social nature of emotional distracters may
require greater modulation of attention and recruitment of mod-
ulatory prefrontal cortical systems because of the heightened
motivational saliency of such stimuli.

Another factor to consider is the individual variation in puber-
tal maturation processes and how these might contribute to
increased vulnerability to emotion dysregulation and possibly
the onset of psychopathology such as affective disorders in at-
risk youth. The general trend toward earlier onset of puberty,
particularly in girls, may be associated with greater reactivity
in subcortical regions. Such reactivity may be enhanced in the
context of threat to social status (i.e., being rejected by a peer),
stressful life events, and in youth having a family history of affec-
tive disorders. Such heightened reactivity in young at-risk youth
in the context of protracted development of prefrontal cortical
systems supporting regulatory processes and potentially reduced
fronto-limbic connectivity associated with changes in the level of
hormones could contribute to developmental trajectories toward

affective disorders. Of note, there is evidence showing that stress-
ful family environment (i.e., family conflict) influences pubertal
timing and tempo (Ellis, 2004) and that this effect might be
greater in a subset of youth who are particularly biologically sen-
sitive to social context (Ellis et al., 2011b). Future research is
therefore needed to investigate the specific influence of puber-
tal maturation on fronto-limbic function supporting cognitive
control-emotion interaction in normally developing adolescents
and at-risk youth in order to test the above hypotheses and elu-
cidate potential mechanisms for the increased risk of affective
disorders in adolescence, particularly in girls.

In sum, there is an emerging literature suggesting that puber-
tal maturation may exert specific influences on adolescent brain
development (e.g., Silk et al., 2009; Blakemore et al., 2010; Forbes
et al., 2011; Op De Macks et al., 2011; Peper et al., 2011;
Ladouceur et al., 2012; Moore et al., 2012). Such influences may
have greatest impact on cognitive-affective processes and as such,
potentially alterations in emotion regulation in vulnerable youth.
Animal studies indicate that sex hormones impact dopamine
function (e.g., Aubele and Kritzer, 2011). It is therefore possible
that the impact of sex hormones on fronto-limbic function may
be mediated by their impact on neurotransmitter systems such
as dopamine—which undergoes important maturational changes
in adolescence (Wahlstrom et al., 2010; Ernst et al., 2011). Given
the role of dopamine in modulating cognitive control processes
(Jacobs and D’esposito, 2011), one avenue of research might be
to examine the role of dopamine and associations with func-
tioning of neural systems supporting processes at the interface
of cognition and emotion. Furthermore, evidence from struc-
tural as well as functional neuroimaging studies demonstrate
that fronto-limbic systems are implicated in the pathogenesis of
affective disorders, especially ventromedial-amygdala and frontal-
thalamic-striatal systems (Mayberg, 2001; Phillips et al., 2008;
Savitz and Drevets, 2009; Price and Drevets, 2010). Because rates
of depression (Angold et al., 1998, 1999) are more strongly asso-
ciated with puberty than age, it is possible that puberty-specific
influences on the development of these neural systems may render
particularly vulnerable youth (i.e., genetic predisposition, early-
life stressors) at increased risk for affective disorders. Thus, future
longitudinal research studies investigating the neuroendocrine,
social, and age-related influences on the maturation of neural
systems supporting cognitive-affective processes and associations
with emotion regulation processes would contribute to advancing
the field of developmental cognitive and affective neuroscience
as well as our knowledge about potential neurodevelopmental
markers of risk for affective disorders in adolescence.
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