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ABSTRACT: The characterization of adolescence as a time
of “storm and stress” remains an open debate. Intense and frequent
negative affect during this period has been hypothesized to explain
the increased rates of affective disorders, suicide, and accidental
death during this time of life. Yet some teens emerge from
adolescence with minimal turmoil. We provide a neurobiological
model of adolescence that proposes an imbalance in the development of subcortical limbic (e.g.,
amygdala) relative to prefrontal cortical regions as a potential mechanism for heightened emotionality
during this period. Empirical support for this model is provided from recent behavioral and human
imaging studies on the development of emotion regulation. We then provide examples of environmental
factors that may exacerbate imbalances in amygdala-ventrofrontal function increasing risk for anxiety
related behaviors. Finally we present data from human and mouse studies to illustrate how genetic factors
may enhance or diminish this risk. Together, these studies provide a converging methods approach for
understanding the highly variable stress and turmoil experienced in adolescence.
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Adolescence has been considered, almost by definition, a period of heightened stress (Spear,
2000) due to the many changes experienced concomitantly, including physical maturation, drive for
independence, increased salience of social and peer interactions, and brain development (Blakemore,
2008; Casey, Getz, & Galvan, 2008a; Casey, Jones, & Hare, 2008b). Although new-found independence
can be stimulating it may also lead to feelings of being overwhelmed by change, which has historically
led some researchers to characterize adolescence as ridden with ‘storm and stress’ (Hall, 1904). The
controversial ‘storm and stress’ viewpoint is bolstered by reports that the onset of many psychiatric
illnesses increases sharply from childhood to adolescence (Compas, Orosan, & Grant, 1993; Kessler, et
al., 2005) and by the alarming US health statistics on mortality associated with this time of life. In this
paper we highlight recent empirical behavioral, imaging and genetic findings to help explain why some
teens are at greater risk for storm and stress during this developmental period. This perspective considers
both risk and resilience during adolescence.
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Adolescence is characterized by physical maturation of the brain and body, giving rise to intense
psychological and physical change. One primary class of psychological change typical of adolescents is
an intensification of emotional experiences. These heightened emotional experiences have been argued to
be the basis of psychopathology and suicidal behavior. Adolescence is the most common time of life for
psychiatric illness to emerge (Kessler et al., 2005), with reported anxiety reaching its lifetime peak (Abe &
Suzuki, 1986) and suicide being the fourth leading cause of death (Eaton et al., 2008). These findings, in
combination with adult data showing anxiety disorders to be the most common class of psychiatric illness
(Kessler et al., 2005), underscores the importance of understanding the developmental and
neurobiological substrates that give rise to anxious states and related pathologies (Paus et al., 2008; Pine
et al., 2001; Steinberg, 2008).
A number of cognitive and neurobiological hypotheses have been postulated for why adolescence
may be a period of heightened turmoil and stress. In a review of the literature on human adolescent brain
development, Yurgelun-Todd (2007) suggests that development through the adolescent years is associated
with progressively greater efficiency of cognitive control capacities. This efficiency is described as
dependent on maturation of the prefrontal cortex as evidenced by increased activity within focal
prefrontal regions (Rubia et al., 2000; Tamm, Menon, & Reiss, 2002) and diminished activity in irrelevant
brain regions (Brown et al., 2005; Durston et al., 2006).
The general pattern, of improved cognitive control with maturation of the prefrontal cortex (Crone
et al 2007), suggests a linear increase in development from childhood to adulthood. Yet the behaviors
observed during adolescence represent a nonlinear change that can be distinguished from childhood and
adulthood, as evidenced by the National Center for Health Statistics on adolescent behavior and mortality.
If immature prefrontal cortex were the basis for teen behavior then children should look remarkably
similar or even worse than adolescents, given their less developed prefrontal cortex and cognitive abilities.
Thus, immature prefrontal function alone, cannot account for adolescent behavior.

To understand this developmental period, transitions into and out of adolescence are necessary for
distinguishing distinct attributes of this period of development (Casey et al. 2008a; 2008b).

Any

theoretical model of adolescence must account for nonlinear changes–such as deflections or inflections
during adolescence relative to both childhood and adulthood. Our laboratory has proposed such a model
of brain development that accounts for the unique affective behavioral changes that arise during
adolescence (Casey, Getz & Galvan, 2008a; Casey, Jones, & Hare, 2008b; Somerville, Jones, & Casey,
2010).

Our characterization of adolescence goes beyond exclusive association of teen behavior with
immaturity of the prefrontal cortex. Instead we suggest that limbic subcortical and prefrontal top-down
control regions must be considered together. The cartoon illustrates different developmental trajectories
for these systems, with limbic systems developing earlier than prefrontal control regions (see Figure 1).
This ‘imbalance’ model proposes that during adolescence, differential timing of brain development
induces a disparity between the structural and functional maturity of brain systems critical to affective
processing (e.g., subcortical limbic regions including the amygdala), relative to cortical regions of the
brain important in control over emotional responses (e.g., the prefrontal cortex). Differential
developmental timing of these regions is consistent with nonhuman primate and human postmortem
studies showing that the prefrontal cortex is one of the last brain regions to mature (Bourgeois, GoldmanRakic & Rakic, 1994; Huttenlocher, 1979) while subcortical and sensorimotor regions develop sooner.
Our model is similar in part to other recent models of adolescent development (Ernst, Pine &
Hardin, 2006; Nelson, Leibenluft, McClure, & Pine, 2005; Steinberg, 2008) suggesting heightened
emotionality during adolescence due to less top-down regulation. However, the present model differs in
that it emphasizes the dynamic interplay between subcortical and cortical brain systems across
development that results in heightened sensitivity to both appetitive and aversive cues, and accounts for
the nonlinearity of adolescent behavior change by integrating findings from children, adolescents and
adult into the model.
Empirical support for our imbalance model is provided from recent behavioral and human imaging
studies on the development of emotion regulation. We then provide examples of environmental factors
that may exacerbate imbalances in amygdala-ventrofrontal function increasing risk for anxiety related
behaviors. Finally we present data from human and mouse studies to illustrate how genetic factors may
exacerbate or diminish this risk. Together, these studies provide a converging methods approach for
understanding the highly variable stress and turmoil experienced in adolescence.

Figure 1. Neurobiological
model depicting
later development of top down prefrontal
regions relative to subcortical limbic regions
involved in emotional processes.
This
imbalance in development of these systems is
suggested to be at the core of aberrant teen
behavior in contrast to the popular view of
adolescent behavior being due to the protracted
development of the prefrontal cortex alone
(Adapted from Somerville et al., 2010).
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Empirical Studies
Brain Development.
The development of the prefrontal cortex is believed to play an important role in the maturation of
higher cognitive abilities and goal oriented behavior (Casey, Tottenham, & Fossella 2002b; Casey et al.,
1997a). Many paradigms have been used, together with fMRI, to assess the neurobiological basis of these
abilities, including go/nogo, flanker, stop signal, and anti saccade tasks (Bunge et al 2002; Casey et al.,
1997b; Casey, Giedd, & Thomas, 2000a; Durston et al., 2003; Luna et al., 2001). Collectively, these
studies show that children recruit distinct but often larger, more diffuse prefrontal regions when
performing these tasks than do adults. The pattern of activity within brain regions central to task
performance (i.e., that correlate with cognitive performance) become more focal or fine-tuned with age,
while regions not correlated with task performance diminish in activity with age. This pattern has been
observed across both cross-sectional (Brown et al., 2005) and longitudinal studies (Durston et al., 2006)
and across a variety of paradigms.
Although neuroimaging studies cannot definitively characterize the mechanism of such
developmental changes (e.g. dendritic arborization, synaptic pruning) the findings reflect development
within, and refinement of, projections to and from, activated brain regions with maturation and suggest
that these changes occur over a protracted period of time (Brown et al., 2005; Bunge, Dudukovic,
Thomason, Vaidya, Gabrieli, 2002; Casey et al., 1997a; Casey, Thomas, et al., 2002a; Crone, Donohue,
Honomichl, Wendelken & Bunge, 2006; Luna, et al., 2001; Moses et al., 2002; Schlaggar et al., 2002;
Tamm et al., 2002; Thomas, Hunt, Vizueta, Sommer, Durston, Yang, 2004; Turkletaub, Gareau, Flowers,
Zeffiro & Eden, 2003).
Differential recruitment of prefrontal and subcortical regions has been reported across a number of
developmental fMRI studies (Casey et al., 2002b; Luna et al 2001; Monk et al., 2003; Thomas et al.,
2004). Outside of the functional neuroimaging literature, there is evidence to suggest a differential relative
maturity of subcortical limbic brain structures as compared to prefrontal regions, which may be most
pronounced during adolescence. Evidence for the continued pruning of prefrontal cortical synapses well
into development has been established in both nonhuman primates and humans (Huttenlocher, 1997;
Rakic, Bourgeois, Eckenhoff, Zecevic, & Goldman-Rakic, 1986), with greater regional differentiation
suggested in the human brain (Huttenlocher, 1997) such that cortical sensory and subcortical areas
undergo dynamic synaptic pruning earlier than higher-order association areas. This conceptualization of
cortical development is consistent with anatomical MRI work demonstrating protracted pruning of gray

matter in higher-order prefrontal areas that continue through adolescence (e.g., Giedd et al., 1999) relative
to subcortical regions. Volumetric analyses of the human amygdala shows a substantially reduced slope of
change magnitude relative to cortical areas in 4-18 year olds (Giedd et al., 1996). Taken together, these
findings suggest a protracted developmental time course of the prefrontal cortex relative to subcortical
regions.
Intense and frequent negative affect common during the early adolescent years, (Pine et al., 2001;
Silveri et al., 2004; Steinberg, 2005) has led to a number of imaging studies of affect in adolescents (Baird
et al., 1999; Killgore et al., 2005; Thomas et al., 2001; Yang et al., 2002). These show that the amygdala is
engaged by affective cues, with exaggerated response magnitudes in adolescents relative to children or
adults (Ernst et al., 2005; Guyer et al., 2008; 2009; Monk et al., 2003; Rich et al., 2006; Williams et al.,
2006). In concert with these findings is the established role of the prefrontal cortex in the regulation of
emotive behavior and its protracted maturation throughout adolescence (Galvan et al., 2006; Monk et al.,
2003).
These findings suggest that exaggerated emotional reactivity during adolescence might increase
the need for top-down control and put individuals with less control at greater risk for poor outcomes. To
test this hypothesis, we examined the association between emotion regulation and frontoamygdala
circuitry in 60 children, adolescents, and adults with an emotional go-nogo paradigm (Hare et al. 2005)
and functional magnetic resonance imaging (fMRI). We went beyond examining the magnitude of neural
activity and focused on neural adaptation within this circuitry across time with functional magnetic
resonance imaging (Hare et al., 2008). Because
individual differences in emotional reactivity might
put some teens at greater risk during this sensitive
transition in development, we also assessed everyday
anxiety using the Speilberger Trait Anxiety Inventory.
Our results showed that adolescents have an
initial, exaggerated amygdala response to cues that
signal threat (fearful faces) relative to children and
adults

(see

Figure
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above).

This

age-related

difference decreased with repeated exposures to the
stimuli.
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Figure 2. Exaggerated Amydala Response in
Adolescents. Amygdala response to empty
threat (fearful faces) as a function of age.
Adapted from Hare et al., 2008
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the amygdala to empty threat. Individuals with higher trait anxiety showed less habituation over repeated
exposures. This failure to habituate was associated with less functional connectivity between ventral
prefrontal cortex (vPFC) and amygdala.

This observed amygdala-vPFC network, showing imbalanced activity in adolescents, is consistent
with a wide variety of work in animal (Baxter et al., 2000; Milad & Quirk, 2002) and human samples
(Delgado et al., 2006; Etkin et al., 2006; Haas et al., 2007; Johnstone et al., 2007; Urry et al., 2006),
implicating an inverse relationship between these structures that govern affective output. In particular,
increased response in the vPFC is inversely correlated with responding in the amygdala, and predicts
behavioral outcomes such as fear extinction (Gottfried & Dolan, 2004; Phelps et al., 2004),
downregulation of autonomic responses (Phelps et al., 2004) and more positive interpretations of
emotionally ambiguous information (Kim, Somerville et al., 2003; 2004). Therefore, it is not surprising that
the particular circuitry observed to show an ‘imbalance’ in adolescents and giving rise to heightened
emotional behavior is that of the amygdala and vPFC.

Figure 3. Habituation of Amygdala Response is associated with Anxiety and Less vPFC activity. Trait
anxiety scores were negatively correlated with habituation (decrease from early to late trials) of amygdala
activity (r=.447; p .001). Amygdala habituation was calculated by subtracting activity in late trials from
activity in early trials. (A) Region of the left amygdala that correlated with trait anxiety. (B) Scatter plot of
the correlation between trait anxiety and amygdala habituation. The y-axis represents MR signal in the
left amygdala for early_late trials. The x-axis represents trait anxiety score. There was negative functional
coupling between the amygdala and the ventral prefrontal cortex (vPFC). The magnitude of activity in
vPFC and the strength of the connectivity between vPFC and the amygdala were negatively correlated
with amygdala habituation (r =.559 p .001). (Right) Scatterplot of vPFC-amygdala connectivity values
versus amygdala habituation. The y-axis represents MR signal in the left amygdala for early-late trials.
The x-axis represents Z-scored vPFC-amygdala connectivity values. Adapted from Hare et al. 2008.

Environmental Factors.

A number of studies have shown the significance of environmental factors such as stress and early
adversity on brain and behavior (Liston et al., 2006; 2009; Tottenham et al., in press) and risk for
psychopathology (Breslau et al., 1998; Kessler, Sonnega, Bromet, Hughes, & Nelson, 1995). Trauma
exposure is a particularly potent environmental risk factor for anxiety and depression (Brown, 1993;
Kendler, Hettema, Butera, Gardner, & Prescott, 2003; McCauley, Kern, Kolodner, Dill, & Schroeder,
1997). A recent study by our group examined the effects of a naturally occurring disaster on affective
processing of cues of threat. Specifically, we used functional magnetic resonance imaging to assess the
impact of proximity to the disaster of September 11, 2001, on amygdala function in 22 healthy young
adults.
Our findings suggest that more than three years after the terrorist attacks, bilateral amygdala
activity in response to viewing fearful faces compared to calm ones was higher in individuals who were
within 1.5 miles of the World Trade Center on 9/11, relative to those who were living more than 200
miles away (all were living in the New York metropolitan area at time of scan). This effect was statistically
driven by time since worst trauma in lifetime and intensity of worst trauma, as indicated by reported
symptoms at time of the trauma (see Figure 4). These data are consistent with a model of heightened
amygdala reactivity following high-intensity trauma exposure, with relatively slow recovery.
In the context of our model of adolescence, individuals who experience trauma during this period
or have experienced multiple traumas may be especially vulnerable for developing symptoms of anxiety
and depression as teens. In other words, while heightened emotional reactivity is typical during the
period of adolescence, failure to suppress that emotional reactivity is associated with symptoms of anxiety.
The large variability observed in our developmental studies of emotion regulation may in part be due to
variation in individuals’ experiences. An imbalance in amygdala-PFC coupling has been implicated in the
pathophysiology of psychiatric illnesses (mood and anxiety disorders) in adult (Blair et al., 2008; Drevets,
2003; Johnstone et al., 2007); and developing populations (Guyer et al., 2009; McClure et al., 2007;
Monk et al., 2008; Rich et al., 2006; Pine, 2007) showing greater amygdala relative to prefrontal activity.
As such, improving our understanding of the development of these circuits and the source of biased
responding in some adolescents over others will facilitate our understanding of the most commonly
experienced psychiatric illnesses of this developmental period (i.e., anxiety and depression).
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Figure 4. Amygdala activity
and proximity to the WTC on
September 11th, 2001. Fearful
emotional faces elicited greater
left (top panel) and right
(bottom
panel)
amygdala
activity in the 9/11-exposed
group relative to a comparison
group (p < 05). Amygdala
activity
was
negatively
correlated with time since worst
trauma in lifetime in left (r =
.46, p < .05 and right amygdala
((r = .45, p < .06). Adapted from
Ganzel et al. (2007).

Genetic Factors.
A number of human genetic studies have begun to identify candidate genes that may play a role in
increased risk for anxiety and depression. The main avenues for understanding gene function in these
disorders have been in behavioral genetics on one end and on the other end, molecular mouse model.
Attempts to bridge these approaches have used brain imaging to conveniently link anatomical
abnormalities seen in knockout/transgenic mouse models and abnormal patterns of brain activity seen in
humans. Recently we completed a study using human and mouse behavioral genetic together with
imaging genetics.

Each of these approaches alone, provide limited information on gene function in

complex human behavior such as emotion regulation and its dysregulation in psychopathology, but
together, they are forming bridges between animal models and human psychiatric disorders.
In this study, we utilized a common single nucleotide polymorphism (SNP) in the brain-derived
neurotrophic factor (BDNF) gene that leads to a valine (Val) to methionine (Met) substitution at codon 66
(Val66Met). In an inbred genetic knock-in mouse strain that expresses the variant BDNF allele to
recapitulate the specific phenotypic properties of the human polymorphism in vivo, we found the BDNF
Val66Met genotype was associated with treatment resistant forms of anxiety-like behavior (Chen et al.
2006). A key feature of anxiety is impaired learning of cues that signal safety versus threat and unlearning

of cues that signal threat when the association no longer exists (i.e., extinction). Thus, the objective of our
study was to test if the Val66Met genotype could impact extinction learning in our mouse model, and if
such findings could be generalized to human populations.
We examined the impact of the variant BDNF on fear conditioning and extinction paradigms
(Soliman et al 2010). Approximately 70 mice and 70 humans were tested.

The mice include 17

BDNFVal/Val, 33 BDNFVal/Met and 18 BDNFMet/Met. The human sample included 36 Met allele carriers (31
BDNFVal/Met and 5 BDNFMet/Met) and 36 nonMet allele carriers group-matched on age, gender and ethnic
background. Fear conditioning consisted of pairing a neutral cue with an unconditioned aversive stimulus
until the cue itself took on properties of the unconditioned stimulus (US) of an impending aversive event.
The extinction procedure consisted of repeated presentations of the cue (i.e., conditioned stimulus or CS)
alone. Behavioral responses of percentage of time freezing in the mouse and amplitude of the galvanic
skin response in the human were the dependent measures. In addition, we collected brain imaging data
using fMRI with the human sample.
Our findings showed no effects of BDNF genotype on fear conditioning in the mice or humans as
measured by freezing behavior to the conditioned stimulus in the mice (F(2,65) = 1.58, p < 0.22) and by
skin conductance response in humans to the cue predicting the aversive stimulus relative to a neutral cue
(F(1,70) = 0.67, p < 0.42). However, both the mice and humans showed slower extinction in Met allele
carriers than in nonMet allele carriers as shown in Figure 5A and B below. Moreover, human functional
magnetic resonance imaging data provide neuroanatomical validation of the cross-species translation.
Specifically, we show alterations in frontoamygdala circuitry, shown to support fear conditioning and
extinction in previous rodent (Myers & Davis, 2002; Quirk et al., 2003;Milad & Quirk, 2002;LeDoux,
2000) and human (LaBar et al., 1998; Schiller et al., 2008; Delgado et al., 2008;Kalischet al., 2006;
Gottfried & Dolan, 2004;Phelps et al., 2004) studies, as a function of BDNF genotype. Met allele carriers
show less ventromedial prefrontal cortical (vmPFC) activity during extinction relative to nonMet allele
carriers (Figure 5C), but greater amygdala activity relative to nonMet allele carriers (Figure 5D). These
findings suggest that cortical regions essential for extinction in animals and humans (Quirk et al., 2003;
Gottfried & Dolan, 2004; Lebron et al., 2004) are less responsive in Met allele carriers during extinction.
Moreover, amygdala recruitment, that should show diminished activity during the extinction (Phelps et al
2004) remains elevated in Met allele carriers.
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Figure 5. Altered behavior and neural circuitry underlying extinction in mice and humans with BDNF Val66Met.
Impaired extinction in Met allele carriers (Val/Met and Met/Met) as a function of time in 68 mice (A) and 72
humans (B) as indexed by percent time freezing in mice and skin conductance response (SCR) in humans to the
conditioned stimulus when it was no longer paired with the aversive stimulus. (C) Brain activity as indexed by
percent change in MR signal during extinction in the ventromedial prefrontal cortex (vmPFC) by genotype (xyz = -4,
24, 3), with Met allele carriers having significantly less activity than Val/Val homozygotes [VM < VV = blue], image
threshold p < 0.05, corrected. (D) Genotypic differences in left amygdala activity during extinction (xyz = -25, 2, 20) in 70 humans, with Met allele carriers having significantly greater activity than Val/Val homozygotes [VM > VV
= orange], image threshold p < 0.05, corrected. *p < 0.05. **MM were included in the analysis with VM, but
plotted separately to see dose response. All results are presented as a mean ± SEM. VV = Val/Val; VM = Val/Met;
MM = Met/Met (From Soliman et al. 2010).

These findings are provocative as they provide an example of bridging human behavioral and imaging
genetics with a molecular mouse model to suggest a role for BDNF in anxiety disorders. Moreover, these
data suggest impaired learning of cues that signal safety versus threat, and in the efficacy of treatments that
rely on extinction mechanisms such as exposure therapy. In the context of our model of adolescence,
individuals with the BDNF Met allele may be more vulnerable for developing symptoms of anxiety and
depression as teens, in that they show less vPFC activity and greater amygdala activity to repeated

exposure to empty threat. These genetic data provide an example then of how an imbalance in amygdalaPFC coupling during typical development could be exacerbated and lead to clinical symptoms of anxiety.
Conclusions
Taken together, the findings synthesized here indicate that increased risk in adolescence for storm
and stress is associated with different developmental trajectories of subcortical emotional systems and
cortical control regions. This differential development may lead to an imbalance in control by subcortical
regions over prefrontal ones and heightened emotional reactivity. Although elevated emotional reactivity
is typical during the period of adolescence, failure to suppress that emotional reactivity with time is
associated with symptoms of anxiety. The large variability observed in our developmental studies of
emotion regulation may in part be due to variation in individuals’ environmental and genetic background.
Both environmental and genetic factors can exacerbate the imbalance between limbic and control regions
and in turn lead to greater storm and stress in some individuals over others. Together, our studies provide
a converging methods approach for understanding the highly variable stress and turmoil experienced in
adolescence (see potential promises and challenges of the application of genetic imaging to
developmental research are described by Casey, Soliman, Bath and Glatt, 2010). Important future
directions will be to consider the interaction among genetic, environmental and developmental factors in
sufficiently large samples to directly test theses effects from a developmental perspective.
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