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ABSTRACT: During adolescence the brain shows remarkable changes in
both structure and function. The plasticity exhibited by the brain during
this pubertal period may make individuals more vulnerable to pertur-
bations, such as stress. Although much is known about how exposure to
stress and stress hormones during perinatal development and adulthood
affect the structure and function of the brain, relatively little is known
about how the pubertal brain responds to stress. Furthermore, it is not
clear whether stressors experienced during adolescence lead to altered
physiological and behavioral potentials in adulthood, as has been shown
for perinatal development. The purpose of this review is to present what
is currently known about the pubertal maturation of the hypothalamic-
pituitary-adrenal (HPA) axis, the neuroendocrine axis that mediates the
stress response, and discuss what is currently known about how stressors
affect the adolescent brain. Our dearth of knowledge regarding the ef-
fects of stress on the pubertal brain will be discussed in the context of our
accumulating knowledge regarding stress-induced neuronal remodeling
in the adult. Finally, as the adolescent brain is capable of such profound
plasticity during this developmental stage, we will also explore the pos-
sibility of adolescence as a period of interventions and opportunities to
mitigate negative consequences from earlier developmental insults.
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INTRODUCTION

Adolescence is increasingly being viewed as a significant period of devel-
opmental vulnerabilities.””’ For instance, puberty is marked by an increase
in the morbidity and susceptibility to various psychological disorders, such
as anxiety and depression.®® However, it is presently unclear what central
mechanisms may mediate the pubertal increase in these events. Interestingly,
stressors in adulthood can lead to the onset and exacerbation of psychologi-
cal disorders.!® Furthermore, brain regions implicated in stress reactivity and
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emotionality, such as the hippocampus, medial prefrontal cortex (mPFC), and
amygdala (AMY) undergo profound changes in both structure and function
in response to stress.* Thus, stress-induced alterations in the pubertal ner-
vous system may contribute to an individual’s vulnerability to the onset of
psychopathologies during adolescence. There is presently a paucity of knowl-
edge regarding how stressors may affect the brain during adolescence. This is
quite surprising for two reasons. First, stress reactivity changes dramatically
depending on both the pubertal development and experience of an individual
(see below). Second, brain regions that are highly sensitive to stress hormones
play an important role in regulating emotionality and stress responsiveness
(i.e., hippocampus, mPFC, AMY) continue to mature during the peripubertal
period.!3:¢11-13 Tt is our hope that this review will provide a point of departure
for future experiments elucidating the role of stress on the developing pubertal
brain.

Pubertal Maturation of the Hypothalamic-Pituitary-Adrenal
(HPA) Axis

The release of stress hormones by the HPA axis is driven by the release of
corticotropin-releasing hormone (CRH) and vasopressin (AVP) from the me-
dial parvocellular division of the paraventricular hypothalamic nucleus (PVN).
CRH and AVP are released into the portal system of the pituitary, which in
turn causes the release of adrenocorticotropic hormone (ACTH) from the an-
terior pituitary. ACTH then stimulates the secretion of the glucocorticoids
(e.g., cortisol in primates and corticosterone in most rodent species) from the
adrenal cortex. The stress hormones secreted by the HPA axis indirectly con-
trol their own secretion through a classic neuroendocrine negative feedback
loop. That is, the glucocorticoids feedback on the PVN and many other ex-
trahypothalamic sites, in particular, the hippocampus and mPFC, to inhibit
further release of CRH'" (FiG. 1). In addition to extrahypothalamic sites of
negative feedback on the PVN, projections from the central nucleus of the
amygdala (CeA) can activate the PVN and modulate stress reactive behaviors'*
(Fig. 1).

Studies that have examined stress responsiveness in juvenile animals have
demonstrated that although basal and stress-induced ACTH and corticosterone
secretion are similar in prepubertal and adult animals, prepubertal animals have
a much more prolonged ACTH and corticosterone stress response compared
to adults. For example, in males exposed to either intermittent foot shock, '’
ether vapors,'® or restraint,!” corticosterone levels of prepubertal males take at
least 45 to 60 min longer to return to baseline compared to adults (FIG. 2). It is
important to note that this extended response exhibited by prepubertal animals
is to both total and free corticosterone,'® indicating that corticotropin-binding
globulin (CBG) is not upregulated to “buffer” the prepubertal animal from this
prolonged exposure to corticosterone.
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FIGURE 1. A diagram of the HPA axis and various extrahypothalamic sites that play
a role in modulating stress hormone secretion. Abbreviations, A = adrenal; ACTH =
adrenocorticotropic hormone; AVP = vasopressin; CeA = central nucleus of the amygdala;
CORT = corticosterone; CRH = corticotropin-releasing hormone; Hipp = hippocampus;
H = hypothalamus; mPFC = medial prefrontal cortex; P = pituitary; PVN = paraventricular
nucleus; (4), positive drive; and (—), negative feedback.

The above-mentioned studies examined the hormonal stress response in
prepubertal and adult animals only in the context of a single, acute stressor.
However, it is well documented that experience with a stressor can also influ-
ence stress reactivity. For instance, in adults, repeated exposure to a stressor
leads to habituation of the stress response, such that peak stress hormone levels
are blunted.'*? Interestingly, we found that experience and pubertal matura-
tion interact to affect HPA axis plasticity.'® Specifically, we showed that, in
contrast to the extended response observed after acute stress, chronic stress re-
sulted in prepubertal males exhibiting a higher peak ACTH and corticosterone
(free and total) response immediately following the stressor, but a faster return
to baseline, compared to adults (FIG. 3).

In addition to these endocrine differences in stress reactivity, we have also
found that this differential response to acute and chronic stress is associ-
ated with differential neuronal activation in the PVN of prepubertal and adult
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FIGURE 2. Plasma ACTH and corticosterone concentrations in prepubertal and adult
males before and after a 30-min session of restraint stress.!”

animals.'® Moreover, we have established that a significantly larger proportion
of CRH, but not AVP, cells are activated in the PVN in response to both acute
and chronic stress in prepubertal compared to adult animals.'® Together, these
data indicate that experience-dependent plasticity of the HPA axis is markedly
influenced by pubertal development, and that CRH neurons of the PVN are at
least one neural locus involved in these changes.

The physiological and behavioral implications of these differential stress
responses in prepubertal compared to adult animals are currently unknown.
However, two factors may render the prepubertal brain especially vulnerable to
stress. First, the prepubertal brain may be more sensitive to corticosterone, as a
recent study showed an equivalent dose of corticosterone increased hippocam-
pal N-methyl-D-aspartate (NMDA) receptor subunit expression (e.g., NR2A
and NR2B) to a greater degree in prepubertal than adult males.?* Second, brain
regions that continue to mature during adolescence, such as hippocampus, 242
PFC," 127 and AMY,'?28 are also the most sensitive to corticosterone.*
Thus, upon encountering a similar stressor, the immature, and possibly more
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FIGURE 3. Plasma corticosterone concentrations in prepubertal and adult males ex-
posed to a single 30-min session of restraint (acute stress) or a daily 30-min session of
restraint for 1 week (chronic stress).!®

sensitive, prepubertal brain experiences differential exposure to corticosterone
compared to the more fully developed adult brain.

Stress and the Adolescent Brain: What We Can
Learn from the Adult Brain

Though few experiments have examined the effects of stress on the structure
of the pubertal brain, it is widely recognized that stressors experienced during
adolescence can have long-lasting and profound consequences for the future
behavioral and psychological function of an individual. For instance, human
studies clearly demonstrate that stress burden during adolescence is strongly
correlated with the subsequent onset of depressive and/or anxiety disorders
in adulthood.?® Similarly, studies in rodents indicate that animals exposed to
stress during puberty show increases in basal and stress-induced anxiety-like
behaviors upon reaching adulthood.?**! The neural correlates associated with
these long-lasting changes in emotionality and behavior remain unknown.
However, the effects of stress on the structural remodeling of the adult brain
have been relatively well studied.* Thus, we will next discuss stress and struc-
tural remodeling of the adult brain, namely in the hippocampus, PFC, and
AMY, to highlight current and future directions regarding the influence of
stress on the adolescent brain.

Hippocampus

The hippocampus is critically important in learning and memory,’? and
continues to develop well into adolescence.?*3? In adult male rats, chronic re-
straint (6-h per day of restraint stress for 3 weeks) or social stress significantly
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FIGURE 4. Schematic diagrams of dendritic remodeling in the adult hippocampus
(top), mPFC (middle), and basolateral amygdala (bottom). Note that the dendritic remodel-
ing of both the hippocampus and mPFC are reversible, while basolateral amygdala dendritic
hypertrophy is longer lasting.
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reduces branching of the apical dendrites of the CA3 region of hippocam-
pus**36 (Fic. 4). The apical dendrites of CA3 neurons receive inputs from the
granule neurons of the dentate gyrus.>’ The stress-induced remodeling in the
hippocampus is dependent on corticosterone as cyanoketone, a corticosterone
synthesis inhibitor, blocks the stress-induced atrophy of the CA3 dendrites,’
while chronic injections of corticosterone mimic the stress-induced atrophy.®
Interestingly, these effects of stress on hippocampal structure are reversible
such that 10 days after the last stress session dendritic branching reverts to
prestress levels®® (FIG. 4).

Parallel to these morphological studies, it was found that chronic stress
results in spatial memory impairment.*’ Furthermore, chronically stressed
animals pretreated with tianeptine, an antidepressant that blocks stress-induced
CA3 dendritic atrophy,*! showed spatial abilities similar to nonstressed con-
trol animals.*® Together, these data indicated that stress potently affects the
adult hippocampus and suggests that the stress-induced dendritic atrophy
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demonstrated by the CA3 pyramidal cells adversely affects spatial cognition.
It is important to note, however, that these effects of stress are reversible.

A recent study aimed at understanding stress and puberty showed that male
rats exposed to variable physical and social stressors throughout adolescence
exhibited volumetric deficits in CA1 and CA3 pyramidal cell layers as well
as the dentate gyrus of the hippocampus.?® The authors suggested that the
reduction in hippocampal volume was due to stress blocking the normal mat-
urational increase in hippocampal volume.?® Interestingly, these effects on the
hippocampus were not observed until 3 weeks after the stress sessions were
terminated, indicating these effects of chronic stress on the developing ado-
lescent hippocampus are delayed. Furthermore, the decrease in hippocampal
volume was associated with deficits on the Morris water maze, a commonly
used task to assess spatial memory.?> Thus, these data indicate that, similar
to the adult, the pubertal hippocampus is sensitive to stress. However, unlike
the reversibility of the effect of stressors on the adult hippocampus, it appears
that the effects of pubertal stress may be long-lasting, and perhaps permanent.
Future studies will need to assess whether pubertal stress affects the structure
and function of the hippocampus months after the stressors have been termi-
nated, and whether behavioral effects persist into adulthood and aging. It will
also be interesting to examine whether various pharmacological interventions
shown to block stress-induced remodeling of the adult hippocampus, such as
tianeptine,*! phenytoin,*? or lithium,** mitigate stress-induced changes in the
pubertal hippocampus.

Prefrontal Cortex

The PFC is a key brain region involved in the regulation of emotional behav-
iors, executive function, and fear extinction.** In adults, chronic restraint stress
(6-h per day of restraint stress for 3 weeks) results in reductions in both apical
dendritic branching and spine density of medial prefrontal cortical pyramidal
neurons in layer II/III of the anterior cingulate cortex and prelimbic area®>+4¢
(F1G. 4). As chronic injections of corticosterone mimic the effects of chronic
stress on the prefrontal cortex it appears that stress-induced release of corticos-
terone is involved in the mechanism for these morphological changes.*” The
remodeling of the mPFC in response to stress is reversible such that animals
allowed to recover for 3 weeks after exposure to chronic stress show dendritic
branching similar to nonstress controls*® (FiG. 4). The stress-induced remod-
eling in the PFC is associated with impairment of attention set-shifting,** an
adaptive behavior that is also impaired by lesions of the mPFC.° Moreover,
whereas mPFC neurons show atrophy with chronic stress, neurons in the or-
bitofrontal cortex show growth as a result of repeated stress.*” These data
indicate the structure of the prefrontal cortex is sensitive to the remodeling
effects of stress and these morphological changes may mediate, at least in part,
the changes in emotionality after prolonged exposure to stress.*
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Similar to the hippocampus, the prefrontal cortex continues to mature
throughout adolescence.!'!! However, it is presently unknown whether expo-
sure to stress during puberty affects the structure and function of the prefrontal
cortex. Given that the pubertal mPFC expresses glucocorticoid receptors
(R. D. Romeo, unpublished observation), it seems likely that this brain area
would be sensitive to stress. Based on the accumulating evidence that exposure
to stressors during adolescence can lead to an increased propensity to develop
emotional and psychological disorders (i.e., depression and anxiety),? it is
imperative to understand the influence of stress and stress hormones on such
an important node in the neuronal circuitry of emotional regulation.

Amygdala

The AMY plays a central role in emotional memory and fear conditioning.>!
Unlike the stress-induced dendritic atrophy exhibited by the adult hippocam-
pus and mPFC, adults show dendritic hypertrophy in the basolateral, but not
central nucleus, of the amygdala after chronic immobilization stress (2-h per
day of immobilization stress for 10 days; FiG. 4).%2-33 This chronic immobiliza-
tion stress paradigm also results in elevated anxiety-like behaviors, suggesting
that the dendritic hypertrophy influences anxiety levels.>* Dissimilar to the
reversibility of dendritic atrophy of the hippocampus®® and mPFC,*® stress-
induced dendritic hypertrophy in the amygdala and increased levels of anxiety-
like behaviors remain even after 3 weeks of stress-free recovery®> (FIG. 4). It is
presently unknown whether these effects of stress on amygdalar morphology
are dependent upon stress-induced release of corticosterone. However, as glu-
cocorticoid receptors are expressed in the amygdala,> it would appear likely
that the effects of stress on the amygdala are, at least in part, due to the actions
of corticosterone.

Pubertal development is marked by changes in the structure and function of
the AMY.?%33 However, the effects of stress on AMY during pubertal devel-
opment remain unknown. Like the mPFC, the adolescent amygdala expresses
abundant glucocorticoid receptors (R. D. Romeo, unpublished observation),
indicating corticosterone sensitivity in this area. Future studies will need to ex-
amine the impact of stress on the developing AMY during puberty, and whether
any effects on the structure and function of this brain region are transient or
permanent.

Adolescence as a Period of Interventions and Opportunities

Puberty is marked by profound changes in an individual’s nervous system,
physiology, and behavior.'?>7-3% Although this may render an individual espe-
cially vulnerable to harm during this period, it may also allow for interventions
to mitigate earlier or concurrent emotional and/or physical trauma.’
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A stunning example of puberty as a period of opportunity to diminish the
impact of an earlier, negative trauma comes from a classic paper by Twiggs,
Popolow, and Gerall.>® In this study, prepubertal males were housed alone (soli-
tary) or in groups (social) and then given lesions of the medial preoptic nucleus
ofthe anterior hypothalamus (MPN), an area of the brain critical for the display
of male reproductive behavior.®® Although MPN lesions in adulthood lead to
irreversible deficits in male mating, males receiving a lesion prior to puberty
were able to show copulatory behaviors upon reaching adulthood.*® Interest-
ingly, however, only the animals raised in the social groups during adolescence
demonstrated substantial behavioral reversal of the effects of MPN lesions.>”
These data indicate that pubertal development and the social environment can
interact to diminish or even reverse prior brain damage.

Recent studies have also explored the ability of environmental enrichment
during adolescence to offset the negative influences of perinatal stress. For in-
stance, animals derived from stressful pregnancies show increases in anxiety-
related behaviors and HPA reactivity and depressed play behavior later in
life.®!:%2 However, animals raised in an enriched environment (larger housing,
toys, running wheel) during puberty do not show these negative physiological
and behavioral effects of prenatal stress compared to prenatally stressed off-
spring raised under normal laboratory conditions.®!:%? In addition to prenatal
stress, postnatal stress in the form of suboptimal maternal care and maternal
separation leads to increased HPA reactivity and emotionality and reduced
cognitive function in adulthood.®*®* Similar to the studies mentioned above,
animals exposed to postnatal stress, but raised in enriched environments dur-
ing puberty, show less HPA reactivity and emotionality and greater cognitive
abilities compared to their postnatally stressed counterparts that were raised
in standard laboratory environments.%>-¢7 Taken together, these studies clearly
demonstrate that the pubertal period of development can serve as a time of
interventions and opportunities to reduce or reverse the adverse effects accu-
mulated from earlier insults.

CONCLUSIONS

The literature reviewed above indicates that stress reactivity is markedly
influenced by both the pubertal maturation and the experience of the individual.
Furthermore, although stress affects key regulatory nuclei related to stress
responsiveness, emotional behavior, and cognitive function in adulthood, scant
information exist about the effects of stress on the pubertal nervous system.
Finally, it is important to note that despite the possible vulnerabilities of the
pubertal brain to stress, adolescence may also provide opportunities to alleviate
adverse effects of stress experienced earlier in development. Although much
research remains to be done regarding the effects of stress on the structure
and function of the adolescent brain, the vast body of stress research on adults
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may aid in honing our potential hypothesis and provide a point of departure
for future experiments.
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