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Abstract

Adolescence marks a key developmental window during which emotion dysregulation increases,
along with risk for the onset of anxiety and other affect-related pathologies. Although emotion
dysregulation and related pathologies normatively decline during the transition into adulthood, this
does not occur for a sizable minority of individuals. Finally, sex differences in anxiety emerge
during adolescence, with females developing a 2-fold increase in risk relative to males.
Unfortunately, a neurobiological model of the mechanisms that cause these changes during
adolescence has yet to be proposed. In the present work, we first provide brief reviews of relevant
literature. Next, we outline a dual-mechanism model focused on (i) the influence of pubertal
testosterone on key emotion-regulation circuitry (i.e., orbitofrontal cortex-amygdala coupling) and
(ii) myelination of the fiber bundles connecting such circuitry (i.e., uncinate fasciculus). The
proposed model offers a set of specific, testable hypotheses that will hopefully spur much needed
cross-disciplinary research.
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1.0 Introduction

Adolescence marks a unique developmental window wherein individuals learn to navigate
complex social landscapes, individuate from caregivers, and cultivate the self-regulatory
capacity necessary for long-term goal pursuit. A key mechanism underlying such growth is a
unique increase in behavioral and neural plasticity, relative to both children and adults,
which allows for a more nuanced adaptation to the environment (Tottenham & Galvan,
2016). In fact, the relative duration of adolescence is significantly extended in humans,
compared to other primates (D.J. Miller et al., 2012), paralleling the greater intricacy of the
adult environments that human adolescents must learn to navigate.
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Unfortunately, the mechanisms that allow for such flexible and complex development also
leave adolescents with increased vulnerability for a variety of negative health outcomes.
Although adolescents are at their peak physical health, overall morbidity and mortality rise
200-300% during this stage (Dahl, 2004). Consequently, this extended period of plasticity
can confer resilience to or risk for pathology, depending on the environments encountered
and the vulnerabilities carried by the individual into adolescence. For example, enhanced
attention to threat may be optimal if an individual is frequently in hazardous contexts but
prove maladaptive in the long term if that individual shifts into safer environments.

To obtain insight into the specific mechanisms that confer this risk during adolescence, it is
useful to identify the processes shared among the various forms of psychopathology that
emerge during this period. Specifically, the peak ages of onset for anxiety, depression, and
risk-taking behavior (e.g., substance use, reckless driving, unprotected sex) all occur during
adolescence. Central to these pathologies are deficits in the regulation of emotion. For
example, difficulty regulating reactivity to a potential threat is a central facet of anxiety
disorders (Dillon et al., 2014). Anxiety disorders remain one of the most common forms of
mental illness (lifetime prevalence = 28%; Kessler et al., 2005) and are estimated to be the
sixth leading cause of disability in both developed and developing countries (Baxter et al.,
2014). Similarly, unipolar depression, which is the 2"d leading cause of disability worldwide
(Baxter et al., 2014), involves both disturbances in the downregulation of threat-related
responses and hypo-responsivity to reward (Dillon et al., 2014). Finally, over 70% of
adolescent deaths each year are due to preventable risk-taking behaviors (Steinberg, 2008),
and these behaviors are thought to result from deficient down-regulation of reward reactivity
(Richards et al., 2012).

Anxiety, depression, and risk taking tend to decrease during the transition into young
adulthood, thus evidencing a u-shaped timecourse in their prevalence across adolescence.
However, in approximately half of those with adolescent pathology, anxiety becomes
chronic and persists well into adulthood (Olino et al., 2010; Pine, 2007). Thus, the
developmental period from early adolescence through young adulthood represents a critical
time window for understanding (i) why pathology tends to onset during this time and (ii)
why symptoms that are present during adolescence remit for some individuals but become
chronic for others.

Sex differences in the diagnosis of anxiety and depression also arise during adolescence. In
particular, rates are approximately equal pre-adolescence, become significantly higher in
females during adolescence, and remain unbalanced throughout adulthood (Altemus et al.,
2014). The emergence of these sex differences during adolescence further underscores the
unique importance of this developmental window for addressing significant public health
concerns.

It is perhaps not surprising that emotion-related pathology emerges during adolescence,
given the tremendous maturation that occurs in affect systems during this period. As
discussed in more detail in section 3.1, reactivity to both positively and negatively valenced
stimuli increases during the transition from childhood into adolescence and then decreases
during the transition into young adulthood. Importantly, these changes appear to be due, in

Front Neuroendocrinol. Author manuscript; available in PMC 2021 July 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Spielberg et al.

Page 3

part, to differences in the regulation of emotion rather than emotional reactivity alone. Thus,
adolescence comprises a unique period of regulatory change, during which broader
regulatory abilities show a steady linear improvement from childhood through adolescence
and into adulthood, but normative maturation in emotion-regulation capacity evidences a u-
shaped curve.

2.0 Current Paper

In the current paper, we attempt to address a set of key questions:

. Why does emation dysregulation tend to increase — both normatively and
pathologically — with adolescence and decrease with emerging adulthood?

. Why do some individuals develop pathological levels of emotion dysregulation
(and related symptoms) during adolescence whereas others do not?

. Why do some individuals fail to show a decline in emotion dysregulation (and
related symptoms) during emerging adulthood (i.e., pathology becomes
chronic)?

. Why do sex differences in affect-related pathology emerge during adolescence?

In the following work, we first briefly review relevant literatures, then draw these threads
together to propose a novel neuromaturational model to address the questions posed above.
In particular, we focus on two potential mechanisms — pubertal hormones and axonal
myelination. Note that, although the model proposed in section 4.0 is likely also relevant for
depression and risk-taking, for the sake of simplicity and clarity we focus herein on anxiety-
related pathology. Similarly, with regard to pubertal hormones, we focus on testosterone,
with brief discussions of estradiol and dehydroepiandrosterone (DHEA).

3.0 Brief Literature Reviews

3.1 Developmental Course of Emotion-Regulation Capacity

Unlike most regulatory processes, that maintain a steady (linear) increase in capacity from
childhood to young adulthood (Best & Miller, 2010), the capacity to regulate emotion
appears to suffer a decrement during the transition into adolescence. In contrast, increases in
the capacity to regulate emotion are not typically observed until individuals transition into
young adulthood (S.P. Ahmed et al., 2015). In other words, dysregulation in emotion appears
to peak during adolescence. Compared to both children and adults, adolescents exhibit
increased reactivity to both appetitive and aversive stimuli across a number of behavioral,
physiological, and neural measures. For example, mood sampling studies indicate that
adolescents show greater emotional responsivity to both positive and negative events than
adults (Larson et al., 1998; Larson et al., 2002; Weinstein & Mermelstein, 2007), with
negative moods, in particular, increasing in prevalence from early adolescence until a peak at
age 15 (Larson et al., 2002). Similarly, adolescents consistently show greater neural
activation in nucleus accumbens (NAcc) in response to a variety of rewarding stimuli (for
review, see Galvan, 2010). The evidence for increased reactivity to aversive stimuli is more
limited but growing. For example, adolescents exhibit greater levels of startle reflex
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(Quevedo et al., 2009), which is linked to the defensive motivation system (Lang et al.,
1990). Similarly, amygdala activation to aversive faces increases longitudinally from
childhood into early adolescence (Spielberg et al., 2014).

As mentioned above, evidence suggests that changes in affect reactivity during adolescence
are due, at least in part, to deficits in the capacity to regu/ate emotion. For example, fear
extinction is impaired during adolescence in both human and rodents, whereas fear
acquisition does not differ (for review, see Baker et al., 2014). A wealth of research has
attempted to identify the mechanisms responsible for such regulation differences in
adolescence, with limited success. One area of examination has been executive function,
with inhibitory control being the most relevant for the present discussion. When examined in
non-(explicitly) affective contexts (e.g., traditional go-nogo task), a linear trajectory is
observed, with inhibitory capacity increasing steadily from childhood to adulthood (Best &
Miller, 2010). Findings have been mixed when the stimuli to be ignored are affective in
nature. For example, Tottenham et al. (2011) used an emotional variant of the go/no-go task
with happy, fear, sad, and anger facial expressions in a sample with children (n=53, ages 5—
12), adolescents (n=24, ages 13-18), and adults (n=23, ages 19-28). Successful regulation
was defined as inhibition of a prepotent behavioral response in the context of irrelevant
emotional information (i.e., facial expression). Using these criteria, a linear pattern of
regulation capacity was observed, with emotion-related interference decreasing across age.
However, this study used both (i) a wide age range of within groups and (ii) relatively few
age groups, each of which may obscure mOre complex patterns of emotion regulation. For
example, given that general inhibitory control contributes to affect-specific regulation
(Hofmann et al., 2012), lumping early childhood (with very underdeveloped inhibitory
control) with late childhood will bias the mean capacity downward. To address this problem,
Cohen-Gilbert and Thomas (2013) used a more fine-grained age distribution across
adolescence, with 5 groups (each with n=20): ages 11-12, 13-14, 15-16, 18-19, and 20-25.
Results revealed that aversive stimuli were the most distracting (relative to neutral) in the
13-14 age range, compared to both younger and older age groups. A sex by emotion
interaction was also observed in the 15-16 age group, wherein girls exhibited worse
accuracy in the aversive condition, but boys did not. Thus, there is at least some evidence of
a non-linear sex-dependent trajectory, with the highest levels of disinhibition observed in
mid-adolescence (see Ahmed et al., 2015, for a more detailed review of this issue).

The use of explicit emotion-regulation strategies has also been examined in adolescence.
The most well-studied strategy is reappraisal, whereby the meaning attached to a situation is
altered in order to adjust the subsequent affective response (Ochsner & Gross, 2005).
Overall, adolescents are less successful in using emotion-regulation strategies compared to
both children and adults, whereas levels of emotional reactivity do not appear to differ. For
example, Zimmermann and Iwaski (2014) examined the use of emotion regulation strategies
in response to sadness, fear, and anger in a large sample (n=1,305) divided into nine age
groups (ages 11, 13, 15, 17, 19, 22, 25, 29, and 50). The authors reported that children in
mid-adolescence (ages 13-17) were least likely to use adaptive strategies (e.g., reappraisal)
and support seeking compared to both earlier (i.e., 11) and later age groups (i.e., 19-50).
Gullone et al. (2010) longitudinally examined changes in adaptive strategy use across a 2-
year period in a large sample (n=1,128), with participants ranging in age from 9-15 at time
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1. A similar non-linear pattern was observed for both within- and between-subject effects of
reappraisal use, with use decreasing from late childhood to mid-adolescence. Finally, McRae
et al. (2012) examined reported affect intensity in response to aversive stimuli after either no
regulation or reappraisal in three age groups: 10-13, 14-17, and 18-23. Reappraisal was
found to be least successful in lowering affect intensity in the 14-17 group, relative to both
younger and older groups. Importantly, affect intensity in the no-regulation condition did not
differ between groups, suggesting that these effects are specific to emotion regulation.

In summary, evidence garnered from a range of methodologies supports the presence of
heightened emotional reactivity during adolescence, in comparison to both children and
adults. Furthermore, mounting evidence suggests that regu/ation of emotion decreases as
individuals enter adolescence and increases again during the transition into adulthood.

An interesting issue arises from these collective data, given the relative consistency across
individuals in the trajectory of affect development (i.e., increased reactivity/decreased
control). In particular, this consistency suggests that there is an evolutionary advantage
conferred by this pattern of emotion regulation. However, it is not immediately clear why
decreased regulatory capacity would be adaptive in adolescence. A full discussion of this
issue is beyond the scope of this paper, but one hypothesis is that increased reactivity leads
to engagement in the types of encounters that build skills necessary for independence (Casey
etal., 2008).

3.2 Developmental Course of Anxiety

The developmental course of anxiety appears to be inversely related to the maturation of
emotion-regulation capacity, with anxiety increasing during the transition into adolescence
and decreasing during the transition into young adulthood. To explore the timecourse of
anxiety disorders, we used data from the National Comorbidity Survey Replication reported
in Kessler et al. (2005) to illustrate the middle 50% age-of-onset distributions for individual
anxiety disorders. Specifically, the horizontal bars in Figure 1 begin at the 25t percentile
onset age (i.e., 25% of cases will have onset by this age) and end at the 75! percentile, and
the background panels reflect the dominant hormonal events at that time: adrenarche (red)
and gonadarche (purple) (see section 3.6 below for a discussion of these developmental
windows). As illustrated, some disorders are most likely to onset after adolescence (e.g.,
generalized anxiety disorder), and some largely beforehand (e.g., separation anxiety).
However, most anxiety disorders have large periods during adolescence when onset is likely.
For example, 50% of individuals with social phobia have an onset between ages 8 and 15.
Perhaps most importantly, the peak age-of-onset for any anxiety disorder is age 11.

Each horizontal bar represents the middle 50% age of onset distribution for each disorder
based on the data presented in Kessler et al. (2005). Specifically, the bars begin at the 25"
percentile onset age (i.e., 25% of cases will have onset by this age) and end at the 75t
percentile. The yellow marks are located at the 50t percentile age of onset. The background
panels reflect the dominant hormonal events at that time: adrenarche (red) and gonadarche
(purple). OCD=0bsessive compulsive disorder; PTSD=posttraumatic stress disorder;
GAD=generalized anxiety disorder.
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Although research has been more limited, a similar pattern emerges when anxiety is
examined dimensionally. For example, Morin et al. (2011) examined longitudinal change in
a general measure of anxiety (i.e., Beck Anxiety Inventory, Beck et al., 1988) in a large
sample (n=1,370) across adolescence (ages 12-18) and performed mixture modelling to
uncover groups of individuals with distinct timecourses of anxiety. Although the largest
group of individuals (74% of the sample) evidenced consistently low anxiety across time, the
next largest group (17%) showed increasing anxiety until about age 16, after which levels
trended downwards. Though this study did not observe changes in anxiety across time in the
majority of the sample, the measure used was designed to capture pathological levels of
anxiety (Beck et al., 1988), and thus there may be a floor effect that prevented changes from
being observed in a non-clinical population. Conway et al. (2017) examined longitudinal
change in anxious arousal, a dimension reflecting physiological manifestations of anxiety
(e.g., racing heart), in a large sample (n=604). This study found that anxious arousal is
greater in adolescence (ages 16-17) relative to young adulthood (early 20s).

In summary, mounting evidence suggests that measures of anxiety tend to increase during
adolescence and decrease during young adulthood, at least among those individuals who
experience moderate to high levels of anxiety. Moreover, this idea is supported by solid
evidence that, across a number of anxiety disorders, onset tends to occur predominantly
during adolescence.

3.3 Sex Differences in the Developmental Course of Anxiety

Although pathological anxiety tends to onset during adolescence, this trend does not occur
equally across both sexes. Indeed, a wealth of evidence indicates that rates of anxiety are
approximately equal pre-adolescence, become significantly higher in females during
adolescence, and remain so into adulthood (Altemus et al., 2014). For example, Costello et
al. (2003) examined longitudinal changes in anxiety disorders in a large sample (n=1,420)
ages 9-16. Increases in social phobia symptoms emerged over time in girls but not boys, and
girls evidenced significantly more anxiety diagnoses than boys during this period. Finally,
having one anxiety disorder connoted a greater risk for developing another anxiety disorder
in girls but not boys. Similarly, Hale et al. (2008) examined longitudinal changes in
symptoms of anxiety disorders in a large sample (n=1,318) ages 12-20. Generalized anxiety
disorder (GAD) symptoms were initially similar across sexes and increased over time in
girls, whereas boys remained stable. Social phobia symptoms were higher at age 12 in girls
than boys and remained so across time. In addition, a close examination of the mean values
in girls indicated that social phobia symptoms increased until mid-adolescence and
subsequently decreased, whereas they remained flat in boys (although this quadratic
interaction did not appear to be tested statistically). Finally, Nelemans et al. (2014) examined
longitudinal changes in symptoms of anxiety disorders in a large sample (n=239) ages 11—
22. Sex differences were observed in the developmental trajectories of both GAD and social
phobia. In particular, girls began with higher GAD symptom levels, and these levels also
increased at a faster rate in girls. Social phobia symptoms were similar pre-adolescence and
decreased in boys in both mid-adolescence and emerging adulthood. Conversely, girls
showed an increase in social phobia symptoms in middle adolescence, followed by a slow
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decrease in late adolescence, with levels remaining higher in girls than boys into emerging
adulthood.

In an attempt to identify the particular developmental factors driving these differences,
several studies have co-examined indices of pubertal development. For example, Patton et al.
(1996) cross-sectionally examined symptoms of anxiety disorders in a large sample
(n=2,525) ages 12-17. Anxiety was found to increase over adolescence, with girls showing
higher levels throughout. Importantly, menarchal status was found to be the greatest
predictor of anxiety in girls: girls who were >3 years post-menarche had a two-fold increase
in risk for anxiety compared to girls <3 years from menarche. Similarly, Kaczkurkin et al.
(2016) examined the relationship between pubertal stage and trait and state anxiety
(controlling for age) in a large sample (n=875) ages 12-23. Results revealed that state
anxiety levels were higher in both post- and mid-pubertal females, relative to males, but this
difference was not evident pre-puberty. A similar pattern was observed for trait anxiety,
although the sex difference was only significant for post-puberty in this case.

In summary, although there remains some discrepancy in the exact shape of the
developmental trajectories, particularly when examining specific disorders, there is clear
evidence that levels of anxiety increase in females during adolescence to a greater extent
than males. Furthermore, mounting evidence specifically implicates the role of pubertal
factors in these differences.

3.4 Emotion-Regulation Neural Circuitry

Given the availability of several excellent reviews of the neural circuitry supporting the
production and regulation of emotion (e.g., Frank et al., 2014; Ochsner & Gross, 2005; Oner,
2018) we will briefly review only what is necessary to understand the model presented
below in section 4.0. In particular, there is a wealth of evidence for the involvement of
amygdala in determining the affective salience of a stimulus (Cunningham & Brosch, 2012),
with threat-related stimuli producing reliable amygdala activation across both normative and
pathological samples (Cisler & Koster, 2010). Importantly for the model proposed below,
amygdala hyperactivation to threat is consistently observed across anxiety disorders (Duval
et al., 2015). Furthermore, the magnitude of amygdala activation is correlated with symptom
severity, such that hyperactivation actually decreases or even normalizes following
successful treatment of anxiety disorders (Duval et al., 2015). Thus, identifying the
mechanisms by which amygdala responses are regulated appears to be a particularly crucial
step in the effort to understand the development of anxiety.

Orbitofrontal cortex (OFC) and nearby ventral and midline prefrontal structures appear
particularly crucial for the regulation of amygdala, including both enhancement and
suppression of amygdala responses (Roberts et al., 2007). For example, the magnitude of
coupling between OFC and amygdala during emotion regulation predicts both the level of
negative affect experienced post-regulation (Banks et al., 2007; Morawetz et al., 2017) and
the extent to which physiological correlates of negative affect are observed (Lee et al.,
2012). In fact, a recent meta-analysis identified consistent OFC-amygdala coupling during
the regulation of emotion (Di et al., 2017). At the molecular level, one avenue by which
amygdala is influenced by OFC and related prefrontal structures appears to be via activation
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of GABAergic (inhibitory) interneurons in amygdala (Quirk et al., 2003; Rosenkranz &
Grace, 2002).

Among other functions, OFC maintains information about stimulus value, particularly with
respect to current goals (vs. the mean value of a stimulus across time, which is represented
in amygdala, basal ganglia, and other structures) (Rolls, 1999; Zald & Kim, 2001). For
example, OFC activation to food-related stimuli is proportional to the level of satiation, with
higher activation observed when participants are hungry than when satiated (Thomas et al.,
2015). Furthermore, evidence indicates that OFC is involved in top-down regulation of
amygdala in order to modulate amygdala responses with regard to current goals (for review,
see Roesch & Schoenbaum, 2006). For example, patients with OFC lesions exhibit higher
baseline amygdala activity and greater reactivity to aversive images (Motzkin et al., 2015).
Importantly, functional coupling between amygdala and OFC is decreased in pathological
anxiety (Duval et al., 2015), suggesting that OFC fails to down-regulate inappropriate
amygdala responses, consistent with clinical descriptions of anxiety (e.g., PTSD flashbacks).

Anatomically, the uncinate fasciculus (UF) is a large white-matter bundle connecting
amygdala/hippocampus with OFC/ventromedial prefrontal cortex (PFC) (Olson, Von Der
Heide et al., 2015). In fact, individual differences in the maturational profile of UF have
been proposed as key determinates in emotion-regulation behavior (e.g., reversal learning)
(Olson et al., 2015). Interestingly, UF appears particularly relevant for emotion regulation in
anxiety. Greater anatomical size and integrity of UF predicts reduced amygdala reactivity to
negatively valenced faces, and reduced amygdala reactivity, in turn, predicts lower
internalizing symptoms (e.g., anxiety) (Swartz et al., 2014). Furthermore, the size/integrity
of UF is (i) reduced in both adults and adolescents with anxiety disorders (Hettema et al.,
2012; Phan et al., 2009; Tromp et al., 2012, 2017, 2019; Trostl et al., 2011) and (ii) inversely
associated with trait anxiety in both rhesus monkeys (Tromp et al., 2017) and healthy adult
humans (Baur et al., 2012; Tromp et al., 2017; Kim & Whalen, 2009). Thus, both structural
and functional connections between OFC and amygdala appear central to anxiety
development.

3.5 Developmental Course of Emotion-Regulation Neural Circuitry

Several excellent reviews of the developmental course of emotion regulation are available
(e.g., S.P. Ahmed et al., 2015; Geise et al., 2014; Martin & Ochsner, 2016; Scherf et al.,
2013). As such, we present only a brief review necessary for the model outlined below in
section 4.0. Generally, development of subcortical structures (e.g., amygdala, striatum)
during adolescence precedes maturation of PFC (Ahmed et al., 2015). For example,
adolescents exhibit greater subcortical reactivity and similar PFC reactivity relative to
children, whereas PFC reactivity in adolescents is weaker when compared to adults (Geise et
al., 2014).

Across a number of studies, adolescents have demonstrated increased amygdala activation,
compared to both children and adults, when viewing emotional faces and during emotion
expression tasks (for review, see Scherf et al., 2013). For example, a longitudinal study
found that amygdala activity (in response to emotional faces) increased during the transition
from late childhood (age 10) to early adolescence (age 13) (Pfeifer et al., 2011). In addition,
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higher activation of amygdala in adolescents has been found during fear learning (Lau et al.,
2011) and during emotional go/no-go (Hare et al., 2008). Anatomically, amygdala volume
appears to follow quadratic pattern over ages 4-18 years, with peak volume occurring in
mid-adolescence (Hu et al., 2013). With regard to the regulation of emotion in particular,
larger amygdala volumes during adolescence predict worse emotion-regulation success
(Pagliaccio et al., 2014).

Heightened amygdala reactivity in adolescence is thought to be due, in part, to less effective
top-down regulation by PFC (Heller & Casey, 2016). One mechanism by which this may
occur is delayed myelination of UF. Myelination of axon bodies facilitates saltatory
conduction of action potentials, thus increasing communication efficiency (Sherman &
Brophy, 2005). For example, higher indices of myelination along a tract are correlated with
stronger functional connectivity between the endpoints of that tract (Cohen et al., 2008;
Damoiseaux & Greicius, 2009), along with higher improved cognitive and social functioning
(Fornari et al., 2007). In the central nervous system, myelination is carried out by
oligodendrocytes, each of which myelinates several neighboring axons, thus also increasing
structural stability by allowing axons to physically support one another (Baumann & Pham-
Dinh, 2001).

Myelination occurs throughout development, with circuits myelinating at different times.
Connections between PFC and subcortical structures, including UF, undergo a prolonged
period of myelination stretching from late adolescence to the early 30s (peak myelination in
the early 30s) (Lebel & Beaulieu, 2011). This protracted developmental window allows for a
longer period of plasticity in these circuits and, thus, the potential for both finer adaptation
to the environment and a longer window of vulnerability (Tottenham & Galvan, 2016).
Interestingly, protracted PFC-subcortical myelination may be unigue to humans, as
chimpanzees evidence adult-like levels of myelination in these circuits by sexual maturity
(Miller et al., 2012). As mentioned in the previous section, UF integrity is reduced in those
with anxiety disorders (Hettema et al., 2012; Phan et al., 2009; Tromp et al., 2012, 2017,
2019; Trostl et al., 2011), and variation in these general measures of tract integrity (e.g.,
fractional anisotropy) reflects myelination, along with other factors (Madler et al., 2008).
Thus, there is evidence suggestive of a role for variation in UF myelination in the
development of anxiety.

3.6 Pubertal Development

The beginning of adolescence is typically defined by the onset of puberty, or gonadarche to
be more specific. Puberty consists of a suite of physiological and psychological changes that
can be grouped into three independent sets of endocrine processes: adrenarche, gonadarche,
and activation of the axial growth axis (for review, see Blakemore et al., 2010). Adrenarche
typically occurs first (onset between 6-9 in girls, 7-10 in males) and involves the activation
of the hypothalamic-pituitary-adrenal (HPA) axis. During this period, the adrenal glands
dramatically increase the production of several androgens, including
dehydroepiandrosterone (DHEA), which binds to the same androgen receptors as
testosterone, albeit to a much weaker extent (Gao et al., 2005). Importantly, DHEA also
serves as precursors to testosterone and dihydrotestosterone (DHT) and is thus produced at
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relatively high levels compared to other steroid hormones, although a large proportion of
DHEA is converted to testosterone/DHT rather than being released. Increases in adrenal
androgens contribute to the development of secondary sex characteristics (e.g., underarm/
pubic hair), although adrenarche is not necessary to achieve sexual maturation (Havelock et
al., 2004). Interestingly, adrenarche is found only in higher-order primates (i.e., humans, old
world monkeys), suggesting that it is a relatively recent evolutionary developmental process
(Havelock et al., 2004).

Gonadarche comprises a second set of processes that begins with the activation of the
hypothalamic-pituitary-gonadal axis (onset between 8-14 in girls, 9-15 in boys) and ends
with sexual maturity, including maturation of the reproductive organs. Development of the
ovaries and testes includes dramatic increases in the production of estrogen and testosterone,
respectively, which have widespread neural and behavioral effects, discussed in more detail
in section 3.6.2 below. Importantly, the onset of gonadarche is associated with reduced
behavioral plasticity in some domains (e.g., language) and increased plasticity in others
(e.g., affect, motivation) (Piekarski et al., 2017). Finally, a third set of processes involves
activation of the axial growth axis by growth hormone, which leads to increases in height
and changes in body composition (e.g., increased muscle mass in males), and typically
occurs at ages 12 and 14 for girls and boys, respectively.

Although we will not delve into detail here, it is important to briefly mention the different
ways in which puberty is measured. Correspondence between measures is moderate
(Shirtcliff et al., 2009), and there are likely systematic differences in what is measured by
each. Pubertal measures can be grouped into (i) physical examination, (ii) self-report, and
(iii) hormonal assay. Physical examination by a trained clinician is considered the gold-
standard measure of current pubertal development as a whole (in comparison to specific
components of puberty) (Dorn et al., 2006). Such exams assay the Tanner stage of an
individual, ranging from stage 1 (no development) to stage 5 (adult level), and are based
upon visible secondary sexual characteristics. Self-report measures largely also seek to
measure puberty as a whole and are less invasive that physical examination. These measures
include the commonly used Pubertal Development Scale (PDS) (Petersen et al., 1988)
questionnaire, along with methods in which adolescents view images of each Tanner stage
and identify the one closest to their own level of development (Morris & Udry, 1980).
Finally, hormonal assays measure /in vivo levels of gonadal (e.g., testosterone, estrogens) and
other (e.g., DHEA) steroids. Thus, hormonal assays measure specific components of the
various processes involved in puberty, in contrast to the measures discussed above which
capture a more general picture of development.

3.6.1 Puberty and Anxiety—A number of studies have examined the relationship
between anxiety and current global pubertal status (over and above age), with somewhat
mixed findings (for review, see Reardon et al., 2009). For example, when examining a
sample of female adolescents (n=754), Hayward et al. (1992) found a 2-fold increase in the
likelihood of panic attacks for each increase in Tanner stage. Also examining female
adolescents (n=971), and Huerta and Brizuela-Gamino (2002) found that pubertal status was
linked to higher trait anxiety. In a mixed-sex sample (n=867), Ge et al. (2006) found that
pubertal status was linked to higher GAD symptoms in both boys and girls. Finally, Susman
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and colleagues (1991) found that puberty status was associated with higher anxiety in a
sample of boys (n=56). However, using a mixed-sex sample (n=534), Canals et al. (1992)
found no links between pubertal status and trait anxiety and a small effect in the opposite
direction for state anxiety in girls. Thus, greater overall pubertal status appears to be related
to higher anxiety levels, although there is some evidence to the contrary, potentially due to
variation in the pubertal and anxiety measures used.

More consistency has been observed in the impact of individual differences in the
timecourse of puberty, including both onset and tempo (how quickly puberty occurs) (Ge &
Natsuaki, 2009). For example, earlier sexual maturity — due to earlier onset and/or faster
tempo — is associated with higher rates of depression (Galvao et al., 2014) and eating
disorders (Klump, 2013), particularly in girls. More relevant to the present work, several
studies have found that earlier pubertal onset (i.e., ‘precocious puberty’) is related to higher
levels of anxiety in girls. For example, Sonis et al. (1985), using a cross-sectional design
(n=33), found that early onset was linked to higher levels across several types of anxiety
symptoms (e.g., somatic, obsessive). Using a longitudinal design (n=1,463), Hayward et al.
(1997) found that early onset was linked to an increase in the risk of developing panic
symptoms. In fact, this relationship was more robust than that found for depression or eating
disorders. Unfortunately, little attention has been focused on the relationship between
pubertal onset and anxiety in boys (for review, see Reardon et al., 2009). In summary,
although there is fairly consistent evidence that early pubertal onset is linked to greater
levels of anxiety in girls, the exact mechanisms at play remain unknown.

3.6.2 Pubertal Hormones—There has been a recent shift in our understanding of the
type of impact that steroid hormones enact in the brain during different developmental
windows. In particular, the influential ‘organization/activation’ hypothesis (Phoenix et al.,
1959) distinguished between ‘organizational’ and “activational’ effects on the brain (for
review, see Schulz & Sisk, 2016). Organizational effects were thought to be permanent and
occur only during sensitive periods, whereas activational effects are (potentially) transient,
do not require a sensitive period, and require organization of the brain circuitry to have
occurred first. In the original formation of this hypothesis, the organizational effects of
steroid hormones were thought to occur only pre- and perinatally, whereas pubertal exposure
was posited to have only activational effects on already ‘organized’ circuits. Soon after this
proposal, it was recognized that organizational effects can occur outside of sensitive periods,
given that lasting changes can be enacted at later points in the lifespan (Arnold & Breedlove,
1985; McCarthy & Arnold; 2011). However, the idea that adolescent exposure to steroid
hormones was only activational remained dominant until animal work by Sisk and others
provided methodological advances that allowed for prenatal and pubertal effects of such
hormones to be parsed apart. In particular, this and related work has provided evidence that
steroid hormones contribute to the organization of affective systems during puberty, and this
impact is qualitatively different than the effect of the same hormones post-puberty (Schulz &
Sisk, 2016). Moreover, there is mounting evidence that sensitivity to the organizational
impact of such hormones declines with age, such that exposure will have a larger effect the
earlier in adolescence that it occurs. For example, early developing boys show better

Front Neuroendocrinol. Author manuscript; available in PMC 2021 July 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Spielberg et al.

Page 12

visuospatial abilities than late developers, and early developing girls show better verbal
ability (Beltz & Berenbaum, 2013).

Testosterone is one of the primary androgens produced by the testes and was originally
named for its male generating effects on the body. Sex hormone-binding globulin (SHBG) is
a carrier protein in the blood that allows testosterone produced in the testes to reach its
requisite androgen receptor in various target tissues, including the brain. Once released, the
“free” testosterone can activate the androgen receptor to induce a number of important rapid
and genomic effects on the cellular target. Testosterone can be converted to
dihydrotestosterone (DHT), which also activates the androgen receptor and, similar to
testosterone, has potent biological effects on the brain and male reproduction. Testosterone
can also be produced by the adrenal glands, though at much lower levels than what is
produced by the testes. In contrast, the majority of DHEA, which can also act as a weak
androgen, is produced in the adrenal glands, with a small percentage produced via the
gonads.

Although typically thought of as a “sex hormone”, testosterone is not male-specific. Females
also produce androgens, including testosterone, throughout puberty and adulthood, though to
a much lesser extent than males (Burger, 2002; Liening et al., 2010). In fact, ovaries produce
testosterone as a precursor to estrogens, but those androgens are typically converted to
estrogens by the presence of aromatizing enzymes in the ovaries. Interestingly, testosterone
can also be converted to estrogen in other tissues that contain the enzyme aromatase, like the
brain, where testosterone can have masculinizing effects but via its actions at the estrogen
receptor (McCarthy, 2008).

Androgen receptors are found throughout the brain, in many regions necessary for
modulating sex-specific behaviors, social behaviors, reward and fear, as well as executive
functions (see Moraga-Amaro et al., 2018, for a review on novel techniques used to image
steroid-hormone receptors in the brain). As a result, testosterone can alter the development
of many neural structures via its actions at the androgen receptors during puberty. As
mentioned above, Sisk and colleagues provided many of the findings that allowed for
prenatal and pubertal effects of testosterone on the developing brain to be dissociated. They
found that, similar to the first (prenatal) increase in testosterone, pubertal increases in
testosterone can also organize neural structures and facilitate the development of sex-typical
behaviors. Based on their findings, they proposed that testosterone-mediated organization of
neural circuits during adolescence is a “refinement” of the neural circuits that were initially
differentiated prenatally. For example, during puberty, testosterone can further modulate the
proliferation and survival of cells that were sexually differentiated prenatally (i.e., the
sexually dimorphic nucleus of the preoptic area and the anteroventral periventricular
nucleus). Although many of these structures are important for sex behavior in rodents and
humans, testosterone can also influence the development of more general brain regions
during adolescence. For example, the posterodorsal medial amygdala (MePD) is
significantly larger in male than in female rodents as the result of increased proliferation of
new cells, specifically astrocytes, in this region of amygdala during puberty (E.l. Ahmed et
al., 2008; Cooke et al., 2007; Johnson et al., 2012). MePD also projects to the bed nucleus of
the stria terminalis (BNST), where there is a robust sex difference in size between males and
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females in both rodents and primates. The size of BNST increases throughout adolescence in
males, but not females, thus producing a male-biased sexual dimorphism in BNST size
(Chung et al., 2002). Interestingly, preadolescent treatment with testosterone increases the
volume of the MePD and BNST to adult-typical size, though this same treatment is
ineffective at inducing earlier male sexual behaviors (Schulz et al., 2009). Thus, the
adolescent brain is uniquely sensitive to the organizational effects of pubertal testosterone,
even at earlier ages. Taken together, these data suggest that testosterone can have important
effects on the development of the adolescent brain, not only for the maturation of structures
important for sex behaviors, but also regions crucial for emotion regulation.

3.6.3 Pubertal Hormones and Anxiety in Humans—\Very few studies have
examined the relationship between pubertal hormones and anxiety in humans which, along
with methodological concerns, renders this small body of work relatively uninformative.
Susman et al. (1991) examined a sample of boys (ages 10-14, n=56) and girls (ages 9-14,
n=52). In boys, testosterone and estradiol were correlated positively with anxiety, whereas
DHEA showed a negative relationship, and no relationships were found for girls. The
observed relationships in boys were no longer significant when age and pubertal stage were
covaried, which suggests, at first glance, that there is no link between T and anxiety.
However, when examining a sample such as this, with at least moderate variation in age,
there will necessarily be a high correlation between testosterone and age and pubertal status.
Thus, partialling the variance associated with these variables removes a large portion of the
meaningful variance in testosterone changes, rendering uninformative any tests using this
partialled testosterone variable (see G.A. Miller & Chapman, 2001, for a general discussion
of these issues). As discussed elsewhere (e.g., Spielberg et al., 2015), specific study designs
must be employed in order to properly dissociate the effects of age and change in pubertal
variables (e.g., hormones). In particular, age (or change in age) must be held relatively
constant across participants, and participants must be sampled at the ages when there will be
maximum variance in pubertal status (i.e., 11-12 in girls, 12-13 in boys). Thus, in
longitudinal work with two assessments, 11-12/12-13 would be the ideal first assessment,
and a subsequent assessment would occur when the majority of participants have reached
full puberty (note that having greater than two assessment times is preferable because this
allows for more complex designs that are beyond the scope of this discussion).

The other study in this area (Olweus et al., 1980, n=58) found no significant relationship
between testosterone and anxiety in a sample of boys ages 15-17. Although this design held
age relatively constant, participants would already have reached full puberty, and thus this
study is also not informative regarding the specific relationship between anxiety and
adolescent increases in testosterone level. Finally, Granger et al. (2003) examined a mixed
sex sample (ages 11-16, n=213) and found that basal testosterone level was negatively
related to a mixed measure of anxiety and depression. Although this study did not covary
age, the lack of a pure anxiety measure also renders the findings this study fairly
uninformative. Thus, there remains an overall dearth of appropriately designed research on
the specific relationships between pubertal hormones and anxiety, and more work in this
area is sorely needed.
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Some insights may be gained via studies of women with polycystic ovary syndrome
(PCOS), which is associated with androgen excess and related physical consequences (e.g.,
male-pattern hair growth; Norman et al., 2007). Meta-analytic evidence has demonstrated
higher levels of anxiety in women with PCOS (Barry et al., 2011; Dokras et al., 2012), and
this increase was evident even when matching for body mass index (Jedel et al., 2009).
Although interesting, these relationships remain confounded by the physical consequences
of PCOS (e.g., excess hair growth) that could reasonably lead to increases in anxiety in these
patients.

3.6.4 Pubertal Hormones and Anxiety in Animals—Similar to research in humans,
there is an increase in behaviors thought to index anxiety in male rodents that onsets during
adolescence. Prior to adolescence and puberty, juvenile male rats will eagerly interact (even
play) with one another in a novel environment. After puberty, however, adult male rats show
significantly reduced social interaction in novel environments, which is thought to reflect
anxiety due to the novelty of the environment. This response to novel environments is
normative and is not modulated by testosterone in adulthood, but rather by testosterone
during puberty (Primus & Kellogg, 1990). In particular, if a male rat is castrated prior to
puberty, this behavior never develops. If testosterone is replaced during puberty in the
castrated male rat, “anxiety” behavior develops as normal, but if testosterone is replaced in
adulthood, it does not reinstate the reduction in social interaction in novel environments
(Primus & Kellogg, 1990). Other anxiety-like behaviors also develop in rodents during
puberty in a similar manner. Prepubertal castration of male rats increases the time spent in
the open arms of an elevated plus maze and the time spent in the bright side of a light-dark
box, indicating that, in the absence of testosterone, these typical anxiety-like behaviors never
develop (Brown et al., 2015; McDermott et al., 2012). Castration prior to puberty also results
in deficits in contextual (hippocampal-dependent) fear memory, with no effect on cued-fear
memory. In a separate study, castration prior to adolescence resulted in less anxiety-like
behavior in four different tasks (some social, some not) and reduced startle compared to
sham operated controls, despite the fact that testosterone was replaced in adulthood in the
castrated rats to the same levels measured in the sham operated controls (Zuloaga et al.,
2011). Together, these studies suggest that, in rodents, testosterone organizes the typical
emergence of anxiety-like behaviors into adulthood.

Several non-human primate studies also suggest that testosterone can impact emotion
regulation and vigilance or alertness to negative social stimuli. Lacreuse and colleagues
found that testosterone treatment of young male rhesus monkeys results in enhanced
attention to videos of negative social stimuli (Lacreuse et al., 2009, 2010). Furthermore,
testosterone treatment also decreased interactions with negative objects in an approach/
avoidance task (Lacreuse et al., 2012).

In sum, studies in animals suggest that, similar to humans, anxiety-like behaviors increase
naturally throughout adolescence as a result of the onset of puberty. These data also indicate
that testosterone has an important role in the development of these “naturally occurring”
anxiety-like behaviors, and thus testosterone may a/so have an important role in the
development of pathological anxiety via similar mechanisms.
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3.7 Impact of Testosterone on Affect-Relevant Circuitry

As discussed in section 3.5 above, the OFC-amygdala circuit appears critically important for
the regulation of affect, and both regions contain high concentrations of androgen receptors
(Finley & Kritzer, 1999; Pelletier, 2000). Accordingly, this circuit appears to be a prime
candidate for the mechanism by which testosterone (and other hormones) impact emotion
regulation. In fact, a growing body of research suggests that testosterone does impact these
neural structures and their interaction (Bos et al., 2012). For example, using a double-blind
placebo-controlled design in sample of young women (ages 18-28, mean=23, n=12),
Hermans et al. (2008) found that testosterone administration led to increased activation to
threat-related faces in both amygdala and OFC. When comparing younger (ages 19-30,
mean=23, n=17) and middle-aged (ages 37-50, mean=42, n=25) women, van Wingen et al.
(2009) found that younger women had both higher testosterone levels and higher amygdala
reactivity to threat-related faces. After double-blind placebo-controlled testosterone
administration, amygdala reactivity increased in the middle-aged group, such that levels
were no longer different from young women. Finally, longitudinal work in our lab in a
mixed-sex sample found that increases in circulating (endogenous) pubertal testosterone
over a two-year period (time 1 mean ages = 11/12 for females/males, time 2 mean ages =
13/14 for females/males, n=38) were linked to increases in amygdala activation to threat-
related faces (Spielberg et al., 2014). Interestingly, increases in amygdala activation
predicted increases in anxiety symptoms, but only in adolescents withouta concurrent
increase in nucleus accumbens (NAcc) activation (to threat-related faces). In contrast,
amygdala increases predicted sensation seeking in those witha concurrent increase in NAcc
activation. Given that both high anxiety and sensation seeking are linked to emotion
dysregulation (Amstadter, 2008; Joseph et al., 2009), these findings suggest that
testosterone-related increases in amygdala activation may lead to such dysregulation, but the
behavioral impact of this dysregulation depends on other factors.

Beyond activation in individual regions, testosterone also appears to influence connectivity
between amygdala and OFC. The first study in this area found that double-blind placebo-
controlled administration of testosterone in a sample of middle-aged women (ages 37-50,
mean=42, n=25) lead to decreases in the magnitude of functional coupling between these
regions while participants viewed emotion-related faces (van Wingen et al., 2010). Using a
double-blind placebo-controlled design in a sample of younger women (mean age=21,
n=16), Bos et al. (2012) found that testosterone administration decreased the magnitude of
connectivity between amygdala and OFC during judgments of unfamiliar faces.
Furthermore, testosterone administration increased amygdala responses to faces rated as
untrustworthy. Finally, connectivity between amygdala and brain stem was not affected by
testosterone administration, supporting the specificity of the impact of testosterone on the
OFC-amygdala link. A third study using a double-blind placebo-controlled design, in a
sample of younger women (ages 18-37, mean=21, n=22), found that testosterone
administration lead to increased activation in OFC to escapable threat (vs. inescapable
threat) (Heany et al., 2018) and decreases in the magnitude of coupling between this OFC
region and amygdala.
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The impact of endogenous testosterone on OFC-amygdala coupling has also been
investigated. For example, endogenous testosterone was negatively related to OFC-amygdala
coupling magnitude during resting state in a male sample (ages 12-26, mean=16, n=87), but
not in a comparable female sample (n=86) (Peters et al., 2015). This study also found that
OFC-amygdala coupling predicted alcohol use in males, but when the sample was stratified
by age, this effect was only significant for mid-adolescents (ages 14-17). Longitudinal work
in our lab, using an overlapping data set as Spielberg et al. (2014), found that increases in
pubertal testosterone over two years were linked to decreases in the magnitude of OFC-
amygdala coupling while participants (n=41) viewed threat-related faces (Spielberg et al.,
2015). This effect was significant in both boys and girls (see Figure 2), even though the
range of ng/dl testosterone change was considerably smaller in girls, suggesting a greater
sensitivity in girls to the impact of testosterone in this circuit. Finally, decreases in coupling
magnitude were associated with increased levels of withdrawal temperament, a normative
anxiety-related dimension.

The scatterplot illustrates the relationship between longitudinal change over 2 years in
pubertal testosterone (i.e., x-axis, ATestosterone (Time 2-1)) and longitudinal change over
the same period in coupling between amygdala and OFC (i.e., y-axis, AThreat-Related
Coupling (Time 2-1)). Relationships are depicted separately for girls (open circles, dotted
line) and boys (filled diamonds, solid line). Based on the data presented in Spielberg et al.
(2015).

The molecular mechanisms by which testosterone influences OFC-amygdala coupling are
less clear. Testosterone does not appear to have an overall downregulating effect on OFC
(e.g., testosterone leads greater threat activity in OFC; Hermans et al., 2008), and thus it is
likely that the mechanism must occur be via interruption of the communication (or reception
of that communication) itself. For example, testosterone may disrupt the reception of OFC
signals in amygdala, and there is some evidence that this may be mediated by dopaminergic
function. In particular, activation of dopamine receptors in basolateral amygdala attenuates
the (inhibitory) action of GABAergic interneurons, leading to a simultaneous decrease in
prefrontal influence on amygdala and an increase in the influence from other (e.g., sensory-
related) inputs to amygdala (Grace & Rosenkranz, 2002; Marowsky et al., 2005). The
mechanism by which testosterone impacts dopaminergic function in amygdala remains
unclear, although there is evidence that it does so in other structures. For example,
administration of testosterone to male rats leads to increased dopamine levels in the striatum
(de Souza Silva et al., 2009). Thus, there is emerging evidence suggesting a dopaminergic-
mediated mechanism by which testosterone influences OFC-amygdala coupling.

In summary, evidence supports the influence of testosterone on amygdala, OFC, and their
intercommunication. Furthermore, mounting evidence suggests that the influence of
testosterone on this circuitry leads to difficulties with emotion regulation (e.g., alcohol use,
anxiety). Unfortunately, although the majority of this research was done in adults, two
studies provide preliminary evidence that this is also true for pubertal testosterone.

It is important to stress that we cannot know that the effects discussed above, wherein
testosterone was measured or administered outside the brain, are directly due to testosterone,
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given that androgens also function as prohormones (e.g., for estradiol). The studies
employing a double-blind placebo design are highly suggestive that testosterone is part of
the mechanistic chain at some point, but the extent to which testosterone has a more
proximal or distal impact on neural function remains unknown.

3.8 OFC-Amygdala Connectivity Meta-Analysis

Given that OFC represents a reasonably large and diverse piece of the cortical mantle, it is
possible that the connectivity studies discussed in the previous section reflect disparate areas
of OFC and do not reflect anatomically consistent effects. Thus, we conducted an
Activation-Likelihood Estimation (ALE) meta-analysis using GingerALE v 2.3.6 (Eickhoff
et al., 2012; Turkeltaub et al., 2012) and the relevant OFC coordinates published in the five
studies discussed above (9 foci used; 279 total participants). Given differences in whether
connectivity was investigated for right, left, or combined amygdala, we initially collapsed
across hemisphere. Finally, we used the recommended settings for cluster-level inference
(cluster-forming threshold p=.001, 1,000 threshold permutations, cluster-level p=.05). This
analysis resulted in two significant clusters, which were located in middle OFC as illustrated
in Figure 3. The first cluster (center xyz=+29,51,-10, 1,920mm?3) was contributed to by foci
from Bos et al. (2012), Heany et al. (2018), Peters et al. (2015), and Spielberg et al. (2015),
and the second cluster (center xyz=+19,38,-14, 1,208mm3) was contributed to by foci from
Peters et al. (2015) and van Wingen et al. (2010). We repeated this analysis with the same
parameters and input, but without collapsing across hemisphere. This resulted in only one
significant cluster (center xyz=31,50,-14, 944mm3), overlapping cluster 1 in the unilateral
analysis. Interestingly, this cluster was driven by foci from the two studies involving
adolescent samples (Peters et al., 2015; Spielberg et al., 2015).

Two clusters in orbitofrontal cortex that emerged from an ALE meta-analysis of studies of
testosterone-dependent coupling with amygdala. Panel A: The location of the first (red)
cluster, with slices at x=29, y=51, z=-10. Panel B: The location of the second (yellow)
cluster, with slices at x=19, y=38, z=-14.

Although based on a relatively small set of studies, the findings of this meta-analysis suggest
that there is anatomical correspondence between the studies discussed above. This, in turn,
provides further evidence of the reliability of testosterone modulation of OFC-amygdala
connectivity.

4.0 Proposed Neuromaturational Model

We now return to the four questions posed above and propose a novel neuromaturational
model to address these key gaps in the literature.

4.1 Why does emotion dysregulation tend to increase — both normatively and
pathologically — with adolescence and decrease with emerging adulthood?

The research summarized above suggests that (i) greater amygdala reactivity contributes to
the development of anxiety, (ii) disruption in top-down control of amygdala by OFC
contributes to greater amygdala reactivity, and (iii) testosterone disrupts OFC-amygdala
coupling. Based on this work, we propose that the large increase in testosterone (blue line in
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Figure 4a) that occurs during gonadarche (purple background in Figure 4a) disrupts
communication between OFC and amygdala (yellow line in Figure 4a). Consequently, OFC
will exert weaker top-down control over amygdala responses, resulting in the increased in
amygdala reactivity observed during adolescence, and consequent higher levels of affect
dysregulation and anxiety (orange line in Figure 4a). This emotion dysregulation contrasts
with broader (“cognitive”) regulatory capacity, which shows a linear increase across
adolescence (gray line in Figure 4a). Given that DHEA and other adrenal androgens, which
increase earlier in development than testosterone (i.e., during adrenarche, red background in
Figure 4a), can function like weaker forms of testosterone, it is possible that the process of
OFC-amygdala decoupling begins earlier than gonadarche. This may explain, in part, why
the onset distributions for some anxiety disorders begin before what is typically considered
adolescence (see Figure 1).

Panel A: An example illustration of the proposed normative timecourses of development
across age (x-axis). Panel B: Illustration of the manner in which pathology might be
associated with divergence from the normative timecourses. In particular, the normative
timecourses (i.e., those in Panel A) are depicted as transparent solid lines, whereas
departures from these timecourses are depicted as dashed lines. For example, the dashed
blue line reflects an earlier onset of puberty, leading testosterone to increase earlier. The
dashed green line reflects weaker myelination of uncinate fasciculus (UF). Coupling
between orbitofrontal cortex (OFC) and amygdala is proposed to depend on both
testosterone and UF myelination, and thus the dashed yellow line both decreases earlier (due
to earlier increase in testosterone) and stays lower over time (due to both weaker
myelination and the organizational effect of earlier testosterone) than the solid yellow line.
Emotion dysregulation/anxiety is proposed to be inversely related to OFC-amygdala
coupling, and thus the dashed orange line increases earlier and stays higher over time,
relative to the solid orange line.

We also propose that UF myelination (green line in Figure 4a), which begins in earnest in
late adolescence, increases the efficacy of communication between OFC and amygdala.
Over time, this counteracts the impact of testosterone, resulting in a restoration of OFC-
amygdala coupling and a consequent decrease in affect dysregulation and anxiety. These
transitional processes are also illustrated in Figure 5.

Illustration of the changes over development in coupling between amygdala (green
structures in top-left) and orbitofrontal cortex (green cortex in the three brains). Each brain
represents a different period of development, and the size and color of the arrow between
that brain and amygdala is proportional to the strength of coupling (i.e., smaller arrow,
lighter color represents weaker coupling). The blue and orange colored arrows represent the
processes that influence coupling

4.2 Why do some individuals develop pathological levels of emotion dysregulation (and
related symptoms) during adolescence whereas others do not?

We propose that individual differences in the maturational timecourse of testosterone
contributes to the development of pathological anxiety during adolescence. In particular,
earlier pubertal onset, faster pubertal tempo, and/or larger mean (due to baseline and/or
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ending) testosterone levels could all lead to greater disruption in OFC-amygdala coupling
and consequent emation-regulation capacity. Although there is a dearth of research in this
area, rendering unclear which (if any) of these possibilities occurs, there are two reasons to
believe that earlier onset is the most likely option: First, earlier pubertal onset has already
been associated with greater levels of pathology. Second, given that the magnitude of the
organizational neural changes induced by testosterone appears to decrease across
adolescence, early onset of puberty would lead to higher testosterone levels at precisely the
time during which this would have the greatest impact. In other words, higher testosterone
levels during adolescence are not created equal, and thus the option that allows for higher
testosterone to occur earlier in development appears more likely. This idea has been
supported by the work of others (Beltz & Berenbaum, 2013) who have similarly postulated
that, if the “organizational” effects of testosterone on the brain decreases across adolescence,
then the age at which adolescence undergo puberty could significantly impact cognitive
development. The impact of earlier onset puberty is depicted in Figure 4b, wherein the
increase in testosterone occurs earlier (dotted blue line), which induces OFC-amygdala
decoupling (dotted yellow line) to occur both earlier and to a greater extent. Similarly, the
increase in emotion-dysregulation and anxiety (dotted orange line) would also occur earlier
and to a greater extent.

We also propose that lower levels of pre-adolescence UF myelination serve as a vulnerability
for the development of emotion dysregulation and anxiety. Namely, if communication in this
circuit is already weakened at the time of adolescence, the impact of testosterone on this
pathway may be more disruptive. For simplicity’s sake, we have not illustrated the impact of
lower UF myelination in Figure 4b, as this is not the primary mechanism proposed herein.

4.3 Why do some individuals fail to show a decline in dysregulation (and related
symptoms) during emerging adulthood (i.e., pathology becomes chronic)?

We propose that individual differences in the timecourse of UF myelination contribute to the
resolution or maintenance of pathological anxiety. In particular, if UF myelination is less
effective in increasing top-down regulation of amygdala by OFC, this would result in
amygdala remaining more reactive, which would lead to the maintenance of pathological
anxiety. Similar to testosterone, there could be differences in the onset, tempo, and overall
effect size of UF myelination. For example, a later onset or slower tempo would result in a
longer period of amygdala reactivity, and consequent higher anxiety levels. Lower endpoint
UF myelination would have the greatest effect, as depicted in Figure 4b (dotted green line),
in that amygdala reactivity and related pathology would be chronically higher. Given the
dearth of work in this area, it is unclear which of these options is most likely, and further
research is sorely needed.

4.4 Why do sex differences in affect-related pathology emerge during adolescence?

Given that males evidence a much greater increase in pubertal testosterone, the central role
of this hormone in the proposed model appears inconsistent with evidence that females
experience significantly higher rates of anxiety, particularly during/after puberty. Thus, it is
necessary to refine the proposed model to account for this discrepancy, and work by De
Vries and colleagues (for review, see De Vries, 2004, or McCarthy & Konkle, 2005)
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provides key insights to do so. They proposed that sex differences in the brain subserve two
purposes, the first being the prototypical view that such divergence produces needed
differences, for example in overt behavior (e.g., mating behavior). Counterintuitively, the
second purpose is to prevent differences when that would be maladaptive. In other words,
when the development of a behavior (e.g., attention to threat), for example, is influenced by
physiology that differs across sexes (e.g., testosterone levels), but there is an evolutionary
cost associated with that behavior differing across sexes (e.g., both sexes must be able to
attend to threat), a compensatory mechanism is needed with which to equalize behavior.
Returning to our model, recall that we (Spielberg et al., 2015) found that both boys and girls
achieved the same levels of OFC-amygdala decoupling (see Figure 2), but girls did so with a
much smaller increase in testosterone. Thus, it appears that the biological effect of a unit
change in testosterone was greater for girls than boys. Consequently, we propose that
testosterone has a greater organizational effect on OFC-amygdala connectivity in women,
which thus equalizes normative decoupling across sexes.

This proposal explains why male anxiety levels are not greater than females. However, it
does not explain why female anxiety levels are actually typically higher. One solution to this
problem lies in noting that testosterone levels are not static within (e.g., testosterone levels
vary with menstrual cycle in women; Al-Dujaili & Sharp, 2012) or between individuals.
Thus, variations in testosterone levels of a similar magnitude would ultimately have a much
larger impact on females than males. Consequently, early pubertal onset, including an earlier
increase in testosterone, could have a stronger impact on girls than boys. More broadly,
individual differences in testosterone level may have a stronger impact in females due to the
proposed increase in sensitivity.

In summary, we propose that the organizational impact of testosterone on OFC-amygdala
coupling is larger in girls, leading to increases in the influence of within-person fluctuations
and/or individual differences in the timecourse or level of testosterone. Thus, we propose
that a mechanism that normatively ensures equal levels of coupling across sexes also
increases vulnerability in a subset of girls.

4.5 Vulnerability vs. Pathology

An astute reader may have noticed that the model, as described up to this point, fails to
account for why a large proportion of anxiety disorders tend to onset after adolescence,
particularly certain disorders (e.g., GAD). In other words, the model outlined above provides
potential mechanisms for why pathology onsets during adolescence and why such pathology
becomes chronic into adulthood, but at first glance it does address why pathology would
onset during adulthood. Of course, there are likely to be a number of confluent causes, and
we do not pretend that the proposed model encompasses all such mechanisms. Thus, should
the proposed model turn out to be accurate, there may still be a separate causal pathway
responsible for adult onset anxiety. Moreover, individuals with adult onset anxiety disorders
may have significant subthreshold anxiety beforehand due to the mechanisms described
above, and some other factor may push them over the diagnostic threshold at a later date.

More broadly, however, it is perhaps most accurate to frame the neural and hormonal
mechanisms proposed above as creating a vulnerability for pathological anxiety and other
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pathology related to emotion dysregulation. In particular, it is important to reiterate that the
impact of pubertal testosterone on the brain can be organizational in nature rather than solely
activational. In other words, exposure to testosterone may create lasting changes in brain
organization that result in weaker emotion regulation and greater threat reactivity. Thus,
neural reorganization due to testosterone may not result in pathological levels of anxiety
immediately, but rather serves as a diathesis that can interact with environmental and other
biological and psychological processes to create pathology, particularly when combined with
weaker UF myelination. This may help to explain why social phobia tends to onset earlier
than most anxiety disorders: given that peer interaction is particularly salient during
adolescence, social stressors are likely particularly potent during this time and may interact
with the vulnerabilities described above to create pathology. Conversely, the specific
stressors that lead to other disorders may be more likely to occur later, and thus the diathesis
described above does not manifest until that time.

4.6 Estradiol

The model proposed herein focuses on testosterone, and to a lesser extent DHEA, but it is
almost certain that estradiol and other estrogens have a critical impact on emotion regulation
and anxiety. A full account of this work is beyond the scope of this paper, but we will briefly
mention several key findings. For example, estrogen receptors (ER) are relatively densely
distributed in the same regions as androgen receptors, with both ER-a and ER- found in
amygdala and ER-B in OFC (Shugrue et al., 1997). In addition, there is mounting research
indicating that estradiol is linked to both anxiety and depressive symptoms (Walf & Frye,
2006). Finally, testosterone may also be aromatized into estradiol. Given that this can occur
within presynaptic terminals (Balthazart & Ball, 2006), there may be no observable changes
in testosterone plasma levels. Thus, the role for testosterone in the proposed model may,
wholly or in part, be only as a precursor for estradiol. Further research is needed to parse
these contributions.

4.7 The Role of Societal and Temporal Context

Unfortunately, the majority of the work discussed above, upon which our model is based,
has been conducted recently in a Western and 15t-world context. Thus, we do not know the
impact of factors associated with this context (e.g., nutrition, modern healthcare) on the
proposed model. Although this is true of most psychology/neuroscience research, there are
reasons to believe that this issue may be particularly salient for neuroendocrine
development. For example, the declining age of menarche over time (Demerath et al., 2004)
and differences in age of menarche across countries, with more developed countries having
earlier menarche (Morabia et al., 1998). Thus, although there is no evidence to suggest that
the proposed model would not hold across countries or in earlier eras, we also make no
claims of universality. It will be paramount to expand the field to conduct such research
across a more diverse array of populations.

5.0 Conclusions

In the present work, we have proposed a dual-mechanism biological model of the factors
promoting the onset of anxiety during adolescence, the development of chronic adult
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anxiety, and the emergence of sex differences in anxiety. Given that the proposed model is
based on data from a range of disciplines (e.g., human and animal neuroscience,
psychology), it has the potential to generate a diverse array of research.
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Figure 2.
Sex-Specific Relationships Between Change in Pubertal Testosterone and Change in Threat-

Related Coupling between Orbitofrontal Cortex and Amygdala
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Figure 3.
Meta-Analysis of Orbitofrontal Cortex Regions Showing Testosterone-Dependent Coupling

with Amygdala
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Proposed Normative and Pathological Maturational Timecourses
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Graphical Representation of the Proposed Model
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