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Executive Summary

e Acute stressors activate the autonomic nervous system and the hypothalamic—pituitary adrenal
(HPA) axis

e The onset of puberty increases the risk of stress-related psychopathology, and discernible sex
differences in psychopathology can be observed during adolescence.

e There are reciprocal interactions between the HPA and the Hypothalamic—pituitary—gonadal
(HPG) axis in adolescence). For example, gonadal hormones such as estradiol, progesterone and
testosterone influence HPA axis function by sensitizing or desensitizing the individual to certain
types of stressors.

e Stress modulates a number of cognitive functions during adolescence, including social status,
reward processing and learning.

e Neuroimaging findings reveal changes in the brain systems underlying these cognitive functions
in adolescents compared to adults.

e Arecent hypothesis is that acutely stressful events, characterized by their unpredictability, elicit
a cumulative teaching signal for the brain which promotes rapid learning of the ongoing events.

e This hypothesis may explain enhanced memory for stressful events, stress-related mental
disorders such as post-traumatic disorder and the fact that a release of dopamine is commonly
observed during stressful episodes.

e State anxiety and trait anxiety are associated with changes in brain activity in partially
specific brain systems.

e Education and intervention programs, aimed at moderating risk-taking behavior in adolescence,
should benefit from a better understanding of the neural mechanisms underlying reward
processing and risky decision-making.

e In conclusion, stress interacts with multiple hormonal systems during adolescence and
modulates brain systems underlying cognitive, motivational, learning and emotional functions.

Introduction: stress and the adolescent brain

Adolescence is a sensitive period for social stress. With the onset of puberty stress-reactivity
abruptly increases, as does the risk for development of psychopathology, while the recovery from chronic
social stress is compromised. This suggests a link between stress physiology and sexual maturation during
adolescence (Fuhrmann et al., 2015). The neuroendocrine responses to social stress and their
consequences for the adolescent brain have started to be characterized in the past few years.

Neuroendocrine interactions in the stress response

Acute stressors activate the autonomic nervous system and the hypothalamic—pituitary adrenal
(HPA) axis, resulting in biological changes such as cortisol release, and alterations in neural activity. The
cascade of the neuroendocrine stress response by the HPA axis starts at the hypothalamus and ends in
the adrenal gland, from which cortisol is secreted during acute stress (Figure 1, left). Cortisol has been
implicated in physiological responses to stressors (e.g., providing energy resources to engage fight-or-
flight mechanisms), and can be effectively down-regulated through various feedback-loops with upstream



structures of the HPA axis after stressor-offset. If cortisol remains chronically elevated, this can have
detrimental effects on individual well-being and promotes psychopathology including depression and
anxiety disorders (Lupien et al., 2009). Other adrenal hormones, including progesterone and
Allopregnanolone (ALLO), are also secreted during acute stress. They may protect against the negative
effects of cortisol by acutely dampening the hyperactive HPA axis through various routes (Wirth, 2010a).
Interestingly, evidence from rodents suggests that the stress protective anxiolytic function of ALLO,
normally observed in adults, appears to be reversed during adolescence. During adolescence, ALLO may
act on a specific population of extra-synaptic Gamma-aminobutyric acid A receptors (GABA-A) in the brain,
through which GABA-mediated inhibition is paradoxically reduced. Thus ALLO leads to an exacerbation of
the acute stress response in adolescents rendering the brain more vulnerable to stressors (Smith, 2013).
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Figure 1. Left. The neuroendocrine stress response engages the hypothalamic—pituitary adrenal (HPA) axis
starting at the hypothalamus and ending in the adrenal gland, from which cortisol is secreted during acute
stress. Right. The Hypothalamic—pituitary—gonadal (HPG) includes the hypothalamus, pituitary gland and
gonadal glands. It plays a key role in the development and regulation of the reproductive and immune
systems.

The onset of puberty increases the risk for stress-related psychopathology, and discernible sex
differences in psychopathology can be observed for the first time (Stroud et al., 2002). Puberty also marks
the abrupt increase of stress-sensitivity in the adolescent brain (Spear, 2000). In late childhood, the HPA
and the Hypothalamic—pituitary—gonadal (HPG) axes both increase the production of steroid hormones
to initiate sexual maturation (Marceau, Shirtcliff, et al., 2014) (Figure 1, right). Since the interaction
between the HPG and HPA axes is reciprocal (Marceau, Ruttle, et al., 2014; Panagiotakopoulos & Neigh,
2014), gonadal hormones such as estradiol, progesterone and testosterone, whose concentrations differ
between sexually maturing males and females, influence HPA axis function by sensitizing or desensitizing
the individual to certain types of stressors. Studies of rodents suggest that estrogens can amplify the adult
stress response (Burgess & Handa, 1992), while testosterone may reduce the responsiveness of the adult
HPA axis (Terburg et al., 2009). In humans, an interaction between the HPA and HPG axes has also been
documented, but findings are less consistent. On the one hand, there is a sex difference in the salivary
cortisol response to the Trier Social Stress Task (TSST), a classical task activating the HPA axis after a social
evaluative situation in front of a panel of judges, along with a videocamera and audio recorder. Indeed,
adult men exhibit an enhanced response compared to women (Liu et al., 2017). On the other hand, studies



that took into account hormonal changes across the menstrual cycle, or hormonal contraception in
women, found that estradiol and synthetic ethinylestradiol were both associated with a reduced cortisol
response to the TSST (Kirschbaum et al., 1999). This was supposedly caused by the boosting effect of these
hormones on corticosteroid binding globulin, which reduce the availability of bioactive cortisol (Pruessner,
2018). Conversely, during a state of enhanced gonadal progesterone and ALLO, i.e., in the luteal phase,
the cortisol stress-response to the TSST was more similar to that in men (Kirschbaum et al., 1999).

Progesterone, ALLO, and testosterone levels parallel the acute stress-induced increase in cortisol,
suggesting an adrenal rather than gonadal source of release (Childs et al., 2010; Deuter et al., 2021;
Lennartsson et al., 2012; Wirth, 2010b; Wirth et al., 2007)(Schoofs & Wolf, 2011). Higher testosterone
may thus support the adaptation to the social challenge inherent to most social stressors, particularly in
men, and might compensate for the negative effects of stress (Lennartsson et al., 2012; Mehta & Prasad,
2015; Van Anders et al., 2011). However, it could also indicate heightened stress vulnerability (Knight et
al., 2017), especially in contexts in which social status needs to be asserted (Knight & Mehta, 2016).
Progesterone and ALLO may have an anxiolytic function in adults, and might promote affiliation and
bonding responses during stress coping (Wirth, 2010b). In human adolescents, the nature of the hormonal
interactions during the acute stress response remains undetermined and given the puberty-related
increase in stress pathology, an investigation of the HPG-HPA axes interaction during social stress in
adolescents is overdue.

Social cognition and the stress response during adolescence

Adolescence is a period of increasing self-sufficiency and independence (Kilford et al., 2016)
during which adolescents try to attain and consolidate social status within the peer group. Thus, it is not
surprising that the salience of social status peaks during adolescence, and dominance relationships
between peers become increasingly important (Espelage & Holt, 2015). Dominant status within a given
peer group (e.g., school class) can be acquired through direct or indirect acts of aggression, or by affiliative
prosocial behaviors, that are equally weighed as high status attributes within adolescent peer groups
(Koski et al., 2015; Pouwels et al., 2016). It is likely that adolescents are equipped with brain mechanisms
and hormonal responses that allow them to identify markers of dominance, e.g., to keep track of evolving
social hierarchies, and to be aware of their own social status within a given social group. In the face of
social challenges like the TSST, that put social status at risk, neuroendocrine responses are likely to be
engaged, that not only mobilize energy resources, (such as increased cortisol), but that could also facilitate
competitive performance, (such as increased testosterone) (Turan et al., 2015). However, as in adults,
inter-individual differences in personality characteristics (dominant vs. anxious), and individual stress
levels might influence adolescent status sensitivity. The increased salience of social interactions and the
importance of status acquisition during adolescence suggest an even stronger influence of stress and
inter-individual differences on neural processing than previously observed in adults.

During adolescence the influence of affective and cognitive brain systems on behavior is assumed
to be unbalanced (Kilford et al., 2016). Affective regions such as the amygdala and the anterior cingulate
cortex (ACC) show an increased sensitivity to social information, while prefrontal regions such as the
rostromedial prefrontal cortex (rmPFC), that are also implicated in higher-order stress regulatory
processes and inhibitory control, may still be immature (Crone & Dahl, 2012; Koski et al., 2015). This could
be one reason why adolescents are particularly sensitive to social stressors.

In adolescents, this sensitivity was found to be reflected by a heightened response of the anterior
cingulate cortex to peer feedback, such as peer rejection, and an already marginalized social status
increased the risk for depressive symptoms (Foulkes & Blakemore, 2018; Gillies & McArthur, 2010; Koski
et al., 2015; Rudolph et al., 2016; Will et al., 2016). Part of the same circuit is also involved in processing
information related to social status in the adult brain, including social hierarchy learning (Ligneul et al.,



2016). Furthermore, a modulation of this circuit by gonadal hormones (e.g., testosterone) has been
demonstrated (Mehta & Beer, 2010). Together, these data suggest that adolescents are expected to show
increased sensitivity to status-relevant information, either because of hyperactive affective centers (e.g.,
amygdala, ACC), or underactive inhibitory prefrontal regions (such as the rmPFC), or a combination of
both (Koski et al., 2015).

Reward processing in adolescents
Changes in BOLD response have been observed when comparing adolescents to healthy adults in

a number of domains, such as reward processing and executive functions. For example, adolescent reward
processing was increased in limbic, frontolimbic, and striatal regions compared with adults (Ernst et al.,
2005; Silverman et al., 2015; van Duijvenvoorde et al., 2016; Van Leijenhorst et al., 2010) (Figure 2). In
contrast, adults engage more executive control regions of the frontal and parietal lobes relative to
adolescents. These findings support hypothesized elevations in motivated activity during adolescence and
reduced cognitive control mechanisms relative to adults. Compared to adults, adolescents were reported
to exhibit increased activity of the striatal and limbic system to large rewards, which suggests greater
sensitivity of these regions to larger rewards, with a peak reward response occurring around the age of
14-15 (Casey et al., 2008; Doremus-Fitzwater et al., 2010). Neurodevelopmental studies report a surge
in sensation seeking during adolescence that is accompanied by higher activation of the reward system
during adolescence (Steinberg & Chein, 2015), and which may lead to increases in peer influence and risky
behavior (Steinberg et al., 2008). Recent approaches have linked these changes in motivated behavior to
long-lasting neurodevelopmental changes across adolescence. This heightened reward-sensitivity in
adolescents may be related to two behavioral domains: risk taking and cognitive control. When
confronted by novel situations that bring the potential for positive reinforcement (Silverman et al., 2015),
adolescents may be motivationally biased toward reward pursuit because of heightened sensitivity to
incentive-based stimuli, perhaps to the point of taking more risks and reducing cognitive
control/inhibitory processes (Van Leijenhorst et al., 2010).
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Figure 2. Brain areas showing increased likelihood for activation in adolescents relative to adults. Cluster
locations include subcortical regions such as the ventral and dorsal striatum and the amygdala as well as
the anterior and posterior cingulate cortex and the orbital frontal cortex. Reproduced from Silverman et
al., 2015.



Activation of these reward regions across adolescence may depend on interactions with late-
maturing brain regions such as the lateral PFC and parietal cortex. These regions have frequently been
implicated in cognitive control functions (e.g., response inhibition, relational reasoning, working memory,
and learning). Additionally, co-activations are regularly observed between reward-related regions and
brain regions important for perspective taking, mentalizing and social behaviors, including the medial PFC
and the temporal-parietal junction. Furthermore, social context plays a great role in adolescent reward-
sensitivity across different social domains including peer presence, peer influence, and vicarious rewards
(van Duijvenvoorde et al., 2016). Recent studies have examined the neural correlates of these social
influences on reward-related brain activity in adolescence.

Stress, Reinforcement learning and dopamine

A large number of studies in animals indicate that testosterone and estrogen modulate dopamine
signaling (Becker & Chartoff, 2019; Wood, 2004), and may further regulate some of the developmental
changes in dopamine systems across adolescence (Sinclair et al., 2014). The increase in testosterone
during male adolescents could therefore affect Reinforcement Learning (RL) (see brief on this topic by
same Dreher), as well as the processing of social rewards. Increased progesterone is also expected to
impact dopaminergic transmission and RL, as suggested by evidence from both rodents and humans
(Diekhof et al., 2020; Diekhof & Ratnayake, 2016; Dluzen & Ramirez, 1984). For these reasons, an
interaction between the brain systems engaged in (non-social) RL and adolescent hormones may also be
assumed, particularly under stress (Bell & Sisk, 2013; Purves-Tyson et al., 2014; Sinclair et al., 2014).

In addition to gonadal steroid hormones influences on dopaminergic function, acute psychological
stress appears to enhance dopaminergic transmission, not only in adults but also in the adolescent brain
(Sinclair et al., 2014; Tottenham & Galvan, 2016; Vaessen et al., 2015). Reward sensitivity peaks around
15 years of age, supposedly as a consequence of a hyperactive dopamine system (Galvan, 2013). One may
thus expect that stress further magnifies dopaminergic transmission in the hyperactive adolescent
dopamine system (Datta & Arnsten, 2019), which may also affect RL. One interesting hypothesis is that
stress, in terms of cumulative prediction errors (PEs), promotes rapid learning of events (Kalbe et al., 2020;
Trapp et al., 2018; Zerbes et al., 2020). A PE represents the mismatch between prediction and real sensory
input and can therefore signal false beliefs about the structure of the world. This hypothesis may explain
enhanced memory for stressful events as well as stress-related mental disorders such as post-traumatic
disorder. The traditional view is that superior memory for stressful events would be due to increased
arousal and the operation of adrenaline, noradrenaline, and glucocorticoids (Joéls et al., 2011). These two
hypotheses are compatible with each other. However, the new hypothesis is that acutely stressful events,
characterized by their unpredictability, elicit a PE that acts as a teaching signal for the brain and promotes
rapid learning of the ongoing events. This hypothesis thus proposes a computational account of stressful
events and also accounts for the fact that a release of dopamine is commonly observed during stressful
episodes (Butts et al., 2011). The timescale of the rapid PE operates within milliseconds while stress
operates over a longer period. This hypothesis proposes that stress can be viewed as an accumulation of
PE: an average of PEs across a period of time would become an approximate measure of uncertainty. The
link between dopamine release in response to stress and striatal BOLD response observed with reward
processing can be made with a recent study combining optogenetics and fMRI in rats. This study showed
that dopamine neuron stimulation is directly related to striatal BOLD activity (Ferenczi et al., 2016).

Brain systems engaged in Risk taking in adolescence:
A substantial body of evidence indicates an increase of risk-taking behavior in both real-life and
experimental settings during adolescence (Boyer, 2006; Steinberg, 2004). Activation in reward areas such



as the ventral striatum has been related to real-life risk taking behavior, eg. risky sexual behavior, illicit
drug use and binge drinking (Bjork & Pardini, 2015). There are at least two views on the neural bases of
adolescent risk-taking behavior. According to one view, based on consideration of maturation-related
changes of the adolescent brain, there is a developmental imbalance between slowly maturing regulatory
processes such as inhibitory control, that involves the inferior frontal and anterior cingulate cortices, and
faster maturing reward-motivational processes, including the ventral striatum and amygdala. This
imbalance would underly the suboptimal decision-making in adolescence (Casey et al., 2008; Jentsch &
Taylor, 1999; Somerville et al., 2010). The second view considers that adolescents are not more risk
seeking than adults when making decisions between a safe option and a risky option, with known
probability of each possible outcome. In contrast, adolescents show increased willingness to accept
ambiguous conditions (i.e. situations in which the likelihood of winning and losing is unknown) (van den
Bos & Hertwig, 2017). Relative to children and adults, adolescents were more accepting of uncertainty, as
indicated by shorter pre-decisional search (van den Bos & Hertwig, 2017)). This tolerance of the unknown
was associated with motivational, but not cognitive, factors. These findings offer novel insights into the
psychology of adolescent risk taking. Thus, it is not risk seeking but ambiguity (i.e. not knowing the reward
probabilities) and/or uncertainty which seem dysfunctional in adolescence. One study showed a linear
decrease in ambiguity tolerance with age between 10-25 years (Blankenstein et al., 2016), another study
identified a quadratic trend peaking at 15—16 years (van den Bos & Hertwig, 2017). Thus, adolescents’
brain responses to risk may be better captured under conditions when the probabilities of good and bad
outcomes are not explicit, which is typical for most real-life situations with potentially adverse
consequences (drug use, reckless driving, unprotected sex, etc.).

Importantly, risky behaviors with known and unknown probabilities seem to be driven by different
neural mechanisms in adults. For example, a classic fMRI study reported that activation from the lateral
prefrontal cortex was predicted by ambiguity preference while activation of the posterior parietal cortex
was predicted by risk preference (Hsu et al., 2005; Huettel et al., 2006) (Huettel et al., 2006). Another fMRI
study reported that the level of ambiguity in choices correlates positively with activation in the
amygdala and orbitofrontal cortex, and negatively with a striatal system (Here you Need a
reference). In adolescents, the tendency to engage in risk taking under ambiguity (unknown probabilities)
has been associated with reduced dorsomedial prefrontal cortex (DMPFC) and insula activation, while
risky gambles with known probabilities were associated with ventral striatal activation and may be
triggered by reward valuation (Blankenstein et al., 2016).

State versus trait anxiety in adolescents

One important distinction is between trait and state anxiety. Trait anxiety is a fixed part of our
personality. A higher level of trait anxiety means that one individual is more likely to feel threatened by
specific situations than someone with lower levels of trait anxiety. In contrast, state anxiety refers to the
specific state in which one is at a given moment. State anxiety is triggered by situations of stress such as
potential threat or other frightening situations, and usually involves a mix of mental (feeling worry,
difficulty concentrating, irritability) and physical symptoms. Half of all lifetime cases of mental illness
emerge before individuals turn 14 years old, and three quarters occur before age 24 (Kessler et al., 2005).
In particular, nearly one third of adolescents have an anxiety disorder, and these adolescents are
significantly more likely to present psychiatric conditions in adulthood (Doering et al., 2019). In addition
to characterizing how the adolescent brain and cascade of hormones responds in reaction to acute stress
in adolescence, a large number of neurobiological studies have investigated inter-individual variability due
to differences in trait anxiety. One finding is that trait anxiety may be associated with either increased or
decreased hippocampal and ventral striatum activation and decreased putamen activity (Corr et al., 2021;
Lago et al., 2017).



Conclusion

Education and intervention programs, aimed at moderating risk-taking behavior in adolescence,
should benefit from a better understanding of the neural mechanisms underlying reward processing, risky
decision-making and decision making under unknown probabilities (ambiguity). Recent neuroscience
models attribute sex differences in risk preferences to divergent and permanent reorganization of brain
circuits during adolescence in boys and girls, partially driven by differential effects of sex hormones in the
brain (Vigil et al., 2016). Given that sex hormones influence development of adolescent neural circuitry,
affect emotions and interact with stress, future experimental research should aim to explain whether and
how sex differences in risk-taking behavior, that emerge during adolescence, are reflected in divergent
patterns of brain activity.

One interesting new direction for policy interventions emerges from the findings that adolescents
may be more sensitive to ambiguity (unknown probabilities). These findings suggest that providing
information on relevant outcomes and their probabilities would probably not be a successful prevention
strategy (van den Bos & Hertwig, 2017). Instead, it may be more successful to afford adolescents (virtual)
experience, including the experience of rare, consequential events.

Finally, further progress in cognitive neuroscience research in adolescents may benefit by not restricting
calendar age as the level of development. Brain changes observed during adolescence now need to be
related not simply to chronological age, but to biological maturity based on pubertal development and
social maturity (Braams et al., 2015).
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