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Objective: Adolescence is a critical period in the development of lifelong patterns of
responding to stress. Understanding underpinnings of variations in stress reactivity in
adolescents is important, as adolescents with altered stress reactivity are vulnerable to
negative risk-taking behaviors including substance use, and have increased lifelong risk for
psychopathology. Although both endocrinological and corticolimbic neural system mecha-
nisms are implicated in the development of stress reactivity patterns, the roles of these systems
and interactions between the systems in reactivity to social stimuli in adolescents are not clear.
We investigated the relationship between cortisol response to a laboratory-based social stressor
and regional brain responses to emotional face stimuli in adolescents. Method: Changes in
cortisol levels following the Trier Social Stress Test—Child version (TSST-C) were measured in
23 disadvantaged and chronically stressed adolescents who also participated in functional
magnetic resonance imaging during processing of emotional faces and structural magnetic
resonance imaging. The relationships between changes in cortisol following the TSST-C with
regional brain activation during face processing, as well as with regional brain morphology,
were assessed. Results: Cortisol change on the TSST-C showed a significant inverse rela-
tionship with left hippocampus response to fearful faces (p � .05, corrected); significant
associations with volume were not observed. Conclusions: Increased cortisol response to
the Trier social stressor was associated with diminished response of the left hippocampus to
faces depicting fear. This suggests that HPA–corticolimbic system mechanisms may underlie
vulnerability to maladaptive responses to stress in adolescents that may contribute to
development of stress-related disorders. J. Am. Acad. Child Adolesc. Psychiatry, 2012;51(3):
304–312. Key Words: adolescent, psychological stress, cortisol, hippocampus, magnetic
resonance imaging
A dolescence is a critical period in the de-
velopment of lifelong patterns of re-
sponding to stress.1 Although both endo-

crinological and corticolimbic neural system
mechanisms are implicated, the roles of these
systems and interactions between the systems in
reactivity to social stimuli in adolescents are not
clear. Understanding the underpinnings of these
variations in stress reactivity in adolescents is
important, as adolescents with altered stress-
reactivity may be vulnerable to a range of nega-

This article is discussed in an editorial by Dr. Cecile D. Ladouceur

on page 235.
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tive risk-taking behaviors including substance
use, as well as increases in lifelong risk for
developing psychopathology.

Converging evidence supports important in-
teractions between a frontal–mesial temporal sys-
tem that subserves responses to emotional stim-
uli and responses of the hypothalamic pituitary
adrenal (HPA) axis to stress. The prefrontal cor-
tex (PFC), and mesial temporal hippocampus
and amygdala, have each shown modulatory
effects on the HPA-axis,2-5 affecting levels of
cortisol secretion in response to stress. Rodent
and nonhuman primate models support neu-
roendocrine relationships that are phylogeneti-
cally conserved across species with important

roles for the PFC and hippocampus in inhibition
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STRESS REACTIVITY IN ADOLESCENTS
of, and for amygdala stimulation of, cortisol
secretion.2-9 Neuroimaging studies largely sup-
port similarities in neuroendocrine stress re-
sponses in humans for the hippocampus and
PFC; however, discrepant findings have been
observed, particularly for amygdala, for which
increases or decreases paired with hippocampus
and PFC decreases were observed in response to
cortisol elevations.10-12

Cortisol excesses have been shown to have del-
eterious effects on the structure and function of
frontotemporal structures, in turn altering their
regulation of the HPA axis. For example, rodent
and nonhuman primate studies show that chronic
cortisol increases lead to decreases in dendritic
spines and volume in PFC and hippocampus.8,9

This suggests cortisol increases may lead to gray
matter decreases in humans; however, this relation-
ship has received little study. This self-regulatory
stress system develops during puberty.3 The fron-
totemporal corticolimbic brain structures mature
during adolescence.13 In particular, PFC matures in
adolescence, increasing its regulation of limbic
structures to provide more mature and adaptive
control over responses to emotional stimuli.13 This
suggests alterations in the development of the
corticolimbic–HPA system may contribute to vari-
ation in stress responsivity in adolescents.

There has been little previous study in adoles-
cents to investigate the relationship between en-
docrinological responses to social stressors and
corticolimbic neural system responses to social
emotional stimuli. There have been several recent
studies in adults. One functional magnetic reso-
nance imaging (fMRI) study of adults demon-
strated associations between cortisol responses to
fear-related images and responses in the PFC,
amygdala, and hippocampus.12 A second study
used a modified version of the Trier Social Stress
Test (TSST) as a social emotional stressor to study
adults.14 In the TSST, individuals deliver a
speech and perform arithmetic in front of judges,
which elicit robust changes in the HPA axis.15-17

The imaging study revealed cortisol increases
after the TSST task associated with decreased
responses of rostral medial PFC.14 A third study
found an inverse association between cortisol re-
sponses and PFC and hippocampus responses to a
modification of the TSST arithmetic component.11

We previously reported increased HPA axis
responses to the TSST—Child version (TSST-C),
adapted to adolescents.18 Being evaluated in a

social setting, on speech and mathematics tasks
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by two unfamiliar adult “judges” can be espe-
cially stressful for adolescents, given the height-
ened sensitivity to social evaluation experienced
during adolescence15,19 and simulation of com-

on school experiences of the speech and math
asks.16-18 Recent research showed the TSST-C to
e robust in stimulating physiological aspects of
tress in adolescents, in the HPA axis and sym-
athetic nervous system, and emotional aspects
f stress.20,21

This study included a sample from a popula-
tion that has received little previous similar
study, from an urban inner city environment
facing economic hardship and psychosocial stres-
sors that can be associated with it including
maltreatment. The children are at high risk for
developing substance use, mood, and anxiety
disorders. We studied children who did not meet
criteria for these disorders, as it is important to
investigate mechanisms that may underlie risk.
The association between cortisol responses on the
TSST-C and regional brain responses to emo-
tional stimuli was assessed. We hypothesized
heightened cortisol response to the TSST-C stres-
sor would be associated with altered frontotem-
poral corticolimbic responses to fearful face stim-
uli, anticipating inverse associations with PFC
and hippocampus responses, and positive asso-
ciations with amygdala responses. Given the
putative neurotoxic effects of cortisol, the rela-
tionship between cortisol responses and regional
gray matter volume was also assessed to inves-
tigate whether cortisol response might also be
inversely associated with volumes in these corti-
colimbic structures.

METHOD
Subjects
Participants were 23 healthy adolescents (ages 14-17
years, mean � SD 15.3 � 1.0 years; 10 females and 13

ales; 18 African American, 2 white, 1 Hispanic, 1
ative American and African American, 1 African
merican and white) recruited from a sample of
isadvantaged children from families living at or be-

ow the federal poverty line, followed longitudinally
y L.C.M. since birth. These children were at risk for
hronic exposure to high levels of stress from multiple
ources, although the sample varied in the types of
tressors they were exposed to. For example, on the
hildhood Trauma Questionnaire (CTQ),22 18% of the

adolescents denied any maltreatment. The remainder
endorsed one or more items describing some form of
past maltreatment, with mean subscale scores (each

from 5 to 25 points) of 6.0 (physical abuse), 5.4 (sexual
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LIU et al.
abuse), 7.1 (emotional abuse), 6.0 (physical neglect),
and 9.5 (emotional neglect). Of their mothers, 29% had
less than a high school education and 71% had grad-
uated from high school. All subjects were attending
school from eighth to twelfth grade. The Family His-
tory Screen for Epidemiologic Studies was adminis-
tered to a parent or guardian.23 This screen was
positive for biological parents of 14 children (61%),
including alcohol and/or substance abuse for 13, six of
whom also had anxiety and/or depressive symptoms,
and anxiety and depressive symptoms for one. Sub-
jects were without history of medical or neurological
illness or head trauma. The presence or absence of
DSM-IV Axis I diagnoses were confirmed by semi-
structured interviews of the revised Schedule for Af-
fective Disorders and Schizophrenia: Present and Life-
time version (KSAD-PL),24 of the child and her/his
guardian, performed by highly experienced, reliable
research personnel as well as psychiatrists or psychol-
ogists expert in assessment of both adults and chil-
dren. Subjects were excluded for psychotic, mood, and
anxiety disorders and did not meet diagnostic criteria
for these or other major Axis I Disorders with the
exception of one subject with a history of cannabis
dependence in remission for more than 1.5 years.
Pubertal maturation was assessed by self-report on the
Pederson Pubertal Development Scale.25 Two girls
were postpubertal. The remaining subjects were in
early to mid puberty. Written informed consent was
provided by a guardian, and written informed assent
was obtained for the subject, in accordance with a
University Institutional Review Board.

Trier Social Stress Test
The TSST-C laboratory session began at 4:15 PM. For
the first 40 minutes, the adolescents adapted to the
environment, including 5 minutes of guided muscle
relaxation followed by instructions to continue practicing
relaxation. At 4:55 PM, pre-stress salivary cortisol sam-
ples were obtained. Adolescents then participated in the
TSST-C, following procedures by Buske-Kirschbaum et
al.26 adapted slightly for adolescents.18 In brief, at 5
PM, two unfamiliar adult “judges” entered the room
and told adolescents that they would have to finish
writing a story and to “make the story as exciting as
possible” because they will be “competing against
other teenagers.” The adolescents had 5 minutes to
prepare the story. The judges then asked the adoles-
cents to stand and recite the story for 5 minutes in front
of the judges while being audio and video taped. The
adolescents were then asked to perform an arithmetic
task for 5 minutes.

Salivary cortisol samples were collected pre-
stressor, just before story preparation, immediately
after the stressor, and then at 15 minutes, 30 minutes,
45 minutes, and 60 minutes post-stress. Samples were
placed immediately on ice and stored at �20°C. As-

says for cortisol were performed in duplicate in accor- f
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dance with standard procedures for the radioimmuno-
assay kits (Coat-A-Count Cortisol Kit, Diagnostic
Products Corporation, Los Angeles, CA) at a univer-
sity laboratory. The measure used for analyses was
“cortisol change”, i.e., cortisol levels at pre-stress sub-
tracted from cortisol levels at the timepoint of the
typical peak for salivary cortisol at 15 minutes post-
stress.27 This difference score approach is commonly
used when interested in looking at associations be-
tween various outcomes with stress response variables
in youth.28 We also calculated the area under the curve
AUC) with respect to cortisol increases29 and ex-
lored this measure in analyses. At 15 minutes post-
tress, adolescents also completed ratings to assess
heir subjective evaluation of the stressfulness of the
SST-C. A story-related item (“How stressful was it

or you to tell the story?”) and a math-related item
“How difficult/stressful was it to do the math
roblem?”) were each assessed on an 11-point scale (0

east and 10 most stressful, with a score of �5 consid-
red stressful).26

MRI Data Acquisition and Emotional
Face Paradigm
MRI data were obtained using a 3-Tesla Siemens Trio
MR scanner (Siemens Erlangen, Germany). FMRI data
were acquired with a single-shot echo planar imaging
sequence. Thirty-two slices were acquired in align-
ment with the anterior commissure–posterior commis-
sure plane with parameters TR � 2000 milliseconds,
TE � 25 milliseconds, matrix � 64 � 64, field of view �
240 mm2, flip angle � 80°, thickness � 3 mm without
gaps. In the same imaging session, high-resolution
T1-weighted MRI images were acquired in the sagittal
plane with a three-dimensional magnetization pre-
pared rapid acquisition gradient echo T1-weighted
sequence with parameters TR � 1500 milliseconds, TE �
2.83 milliseconds, field of view � 256 mm2, slice
thickness � 1.0 mm without gaps.

An event-related emotional faces paradigm was
conducted as described previously.30,31 In brief, sub-
ects viewed fearful, happy, and neutral human faces
rom the Ekman and Friesen series.32 Each face stim-
lus was displayed for 2 seconds during which partic-

pants were instructed to make a gender judgment
sing a two-response button box. Between face stimuli
ubjects viewed a fixation cross-hair for varying inter-
als of 4 seconds, 8 seconds, or 12 seconds. Each of
our runs lasted 4 minutes 50 seconds and included 30
ace stimuli. The order of face stimuli was counterbal-
nced for the actor, facial expression, gender, and
nterstimulus interval length.

The mean time interval between TSST and fMRI
as 3.7 months (SD � 3.0 months). The two tests were

ot performed the same day to minimize carry-over
ffects between stressful tasks; the time interval was

easible in this population.
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STRESS REACTIVITY IN ADOLESCENTS
fMRI Data Processing
Images were processed using Statistical Parametric Map-
ping (SPM5) software (http://www.fil.ion.ucl.ac.uk/
spm). The fMRI data were first corrected for slice
timing and movement, then spatially coregistered to
the standard EPI template from the Montreal Neuro-
logical Institute (MNI) using a 12-parameter affine
transformation followed by a nonlinear warping.33

The fMRI data were resampled to 3 mm3 during the
normalization. Finally, images were spatially
smoothed with a Gaussian filter of 8 mm full-width-
at-half-maximum (FWHM). Low-frequency noise was
removed via a high-pass filter (128 seconds).

fMRI Data Analyses
SPM5 was used for model specification and estima-
tion. At the individual subject level, event-related
response amplitudes were estimated by using the
general linear model for each of the three event types:
fearful, happy and neutral expressions as compared to
baseline fixation. In the second-level analyses, whole-
brain analyses included data for all adolescents using
random-effects simple regression analyses in SPM5,
with the TSST-C cortisol changes as continuous inde-
pendent variables.

Consistent with previous publications, findings in
hypothesized frontal and mesial temporal regions
were considered as significant for p � .001 (uncor-
rected) and a 20-voxel extent threshold.34,35 To adjust
for multiple comparisons, we also performed small
volume correction (SVC) in SPM5 to confirm the
findings (p � .05, corrected for multiple comparisons
using false discovery rate [FDR]) in a priori hypothe-
sized regions.36 The frontal and medial temporal regions
of interest (ROIs) were defined with the WFU PickAtlas
Tool (http://www.fmri.wfubmc.edu/download.htm).
Specifically, the frontal ROI included Brodmann areas
(BAs) 9-12, 24/25/32, 44-47, and medial temporal ROIs
included hippocampus and amygdala. For remaining
brain regions, for associations between cortisol mea-
sures and brain activation to emotional faces, findings
were considered as significant for p � .05 corrected for
FDR and a 20-voxel extent threshold.

Structural Data Processing and Analysis
High-resolution structural images were processed
with SPM5. Protocol details are described in our pre-
vious publications.30,37 Briefly, the SPM5 segmentation
function was implemented for bias correction, spatial
normalization and segmentation of the original struc-
tural images in the same model.38 Bias correction
produced images that had more uniform intensities.
SPM5 tissue probability maps (voxel size 2 mm3) were
used to guide the normalization and segmentation.
During the spatial normalization, a “modulation” step

was used to ensure that the overall amount of each
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issue class was not altered.39 Finally, the segmented,
ormalized, and modulated gray matter images
ere smoothed with an 8 mm FWHM isotropic
aussian kernel. Whole-brain linear regression anal-
sis in SPM5 was implemented with the TSST-C
hanges in cortisol as the continuous independent
ariables. Significance levels for the structural data
nalyses were analogous to those for the fMRI analy-
es.

RESULTS
Consistent with previous studies, adolescents
found the TSST-C task stressful. After the task,
mean scores were elevated for items assessing
story and the math task stressfulness with mean
scores of 7.0 (SD � 2.99) and 7.0 (SD � 2.82),
espectively. Mean cortisol levels were 0.147

�g/dL (SD � 0.069) before the TSST-C and 0.202
ug/dL (SD � 0.185) 15 minutes after the TSST-C
stressor. There were no significant effects of
menstrual cycle stage in the girls.

Corticolimbic regions that subserve emotional
processing were robustly activated in this subject
group by the fearful, happy, and neutral face task
conditions, including the amygdala, hippocam-
pus, and PFC, surviving SVC using FDR. Cortisol
change scores were negatively correlated with
responses to faces depicting fear in the left hip-
pocampus (maximum in MNI coordinates of x �
�24 mm, y � �7 mm, z � �23 mm, cluster � 41
voxels, T � 5.69) and in left rostral PFC (BA 10)
(x � �15 mm, y � 56 mm, z � 22 mm, cluster �
9 voxels, T � 4.16) (Figure 1). The finding in
ippocampus survived SVC. On inspection of

ndividual data, one subject had values greater
han 3 SD above mean values. After removal of
hat subject from analyses, correlations remained
ignificant for parametric (Pearson) (Figure 2)
nd nonparametric (Spearman) analyses for the
ippocampus but not for the PFC. Findings for

he AUC were similar to cortisol change findings.
he relationships above were not detected for
appy or neutral face conditions for change or
UC measures. There were no significant effects
f gender on the findings.

Whole-brain analysis identified two additional
rain regions with significant inverse correla-
ions between fear-related brain activation and
ortisol change scores: left inferior parietal lobule
maximum x � �63 mm, y � �43 mm, z � 28

m, cluster size � 46 voxels, T � 5.98) and left
precentral gyrus (x � �60 mm, y � �4 mm, z �

34 mm, cluster size � 28 voxels, T � 6.77).
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There were no significant associations be-
tween cortisol change scores and regional brain
volume. Analyses were also performed with gen-
der, pubertal stage and age as covariates; how-
ever, no significant results were detected.

DISCUSSION
The findings indicate an inverse association be-
tween cortisol responses to a social stressor and

FIGURE 1 Inverse association between cortisol and hip
sagittal images display the regions of left hippocampus (l
Institute system) and left rostral prefrontal cortex (right im
showed an inverse relationship with cortisol level changes
threshold of p � .001 and extent of 20 voxels. The color
small volume correction.

FIGURE 2 Association between cortisol change and
activation during fearful face processing. Note: The
scatterplot shows the inverse relationship between
cortisol change on the Trier Social Stress Test and the
parameter estimate of mean signal change to fearful
faces in the left hippocampus (r � �0.79, p � .001).
JOURN
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corticolimbic responses to faces depicting fear in
adolescents. Specifically, the more elevated the
cortisol responses to the stress, the more reduced
the responses in the left hippocampus and rostral
PFC to fear stimuli. Only hippocampus findings
survived SVC. There were no associations de-
tected between cortisol responses to stress and
neural responses to faces of positive or neutral
valence, or regional gray matter volume.

Extensive evidence supports a central role of
the hippocampus, and role of the PFC, in the
negative feedback regulation of the HPA axis
system’s glucocorticoid response to stress, and
deleterious effects of excessive glucocorticoids
have been shown in the hippocampus and
PFC.3,40 The hippocampus and PFC provide in-

ibitory innervation to the paraventricular nu-
leus of the hypothalamus (PVN) that in turn
egulates the pituitary and its control of the
elease of cortisol by the adrenal glands to stress.
ctivation of the hippocampus and PFC lead to

nhibition of the PVN, curtailing the HPA axis
esponse to stress.2,41 The hippocampus and PFC
ontain abundant glucocorticoid receptors3 and
xcessive glucocorticoids have been shown by
ultiple research groups to exert deleterious

ffect on the hippocampus and PFC.6,42 Acute
rises in glucocorticoids have been associated with
functional problems in the hippocampus and
PFC,43,44 and prolonged glucocorticoid exposure

ith frontotemporal neuron loss and proliferation
ecreases.4,7 Thus, cortisol excesses and decreased

mpus and prefrontal cortex responses. Note: The
age, x plane �24 mm in the Montreal Neurological
x � �14 mm) in which response to fearful face stimuli
the Trier Social Stress Test. Results are displayed at a
shows the T values. The hippocampus finding survived
poca
eft im
age,

on
bar
response of the hippocampus and PFC could lead
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STRESS REACTIVITY IN ADOLESCENTS
to a self-reinforcing cycle and the development in
adolescents of altered responses to socially
stressful and fear-related stimuli. Although find-
ings in the hippocampus were robust, findings in
PFC did not survive SVC and were influenced by
a subject with high values. It will be important to
follow the adolescents, especially during the crit-
ical adolescent period of PFC maturation, to
assess whether the PFC alterations progress.

Decreases in the ability to respond adaptively
to fear stimuli, especially during critical develop-
mental periods, could have serious implications
for youths. We speculate that these could lead to
difficulties in processing and learning from fear-
ful experiences, and to abnormalities in the de-
velopment of the ability to regulate and cope
with negative emotional situations. Alterations in
processing of emotional stimuli are implicated in
the development of anxiety and mood disorders.
Cortisol dysregulation, and hippocampus and
PFC structural and functional abnormalities,
have been linked to psychiatric disorders.45-50 For
example, hippocampus changes in structure and
function after stress have been associated with
increased vulnerability to PTSD.51 Elevated cor-
tisol levels have been found in some individuals
with depression,52 and HPA axis hyperactivity
and smaller hippocampal volume have been re-
ported in adolescent girls with high familial risk
for depression.51,53 Increased stress reactivity has
been associated with both substance initiation
and progression to addiction and relapse.47 Thus,
we speculate that adolescents who are more
highly reactive to stress and who show decreased
hippocampal and PFC response to stress may be
more vulnerable to the development of these
disorders; however, longitudinal studies are
needed to fully address this issue.

As a caveat, it must be noted that elevated stress
reactivity may be adaptive for some individuals54

and the diminished hippocampus and PFC re-
sponses associated with high cortisol response to
stress may represent adaptive compensatory mech-
anisms that may enhance resilience. Future longi-
tudinal research examining links between HPA
axis stress response, hippocampal and PFC func-
tion, and the development of social functioning and
psychopathology are needed to fully examine this.

Our findings show some consistencies with
studies in adults that show an inverse association
between cortisol reactivity with hippocampus
and rostral PFC responses,11,14 suggesting that

some patterns may have been established by i
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adolescence, especially in hippocampus, whereas
others may continue to progress, such as in the
PFC as above. Adult neuroendocrine–neuroimaging
studies of stress have also shown increases or
decreases in the amygdala11,12; however, we did
not find associations for the amygdala. This
could relate to methodological differences among
studies. The responses of the amygdala on this
task were quite robust. It may be that there was a
ceiling effect, and that future studies that use face
stimuli with differing levels of intensity of emo-
tional expressions may facilitate detection of
amygdala effects. However, a study that did
elicit amygdala differences used emotional stim-
uli highly salient to the subjects (images of the
World Trade Center terrorist attacks) that may
have enhanced the ability to detect differences.12

Of note, this sample was largely non-Caucasian;
however, the Ekman and Friesen faces are all
Caucasian, and previous studies have found dif-
ferences in neural responses, especially in the
amygdala, depending on whether faces were of
the same race as study participants.55,56 It is also

ossible that there are age-dependent regional
ffects. For example, preclinical studies suggest
hat in adolescence cortisol excesses decrease
ortisol receptors in the hippocampus but not in
he amygdala.57 However, the absence of a find-
ng in amygdala could also result from decreased
ensitivity given the small size (Type II error).

Notably, the neuroendocrine–fMRI correlations
ere observed only during processing of fearful

timuli, not during happy or neutral stimulus pro-
essing. This was anticipated, as cortisol increases
articularly in response to threatening situations,
nd as the cortisol change measure was obtained
fter a stressful social situation and so was expected
o be most closely associated to neural responses to
aces depicting fear. The findings were observed in
he anterior region of the hippocampus, related to
he ventral hippocampus in rodent models, which
as extensive hypothalamic projections and impor-

ant roles in fear responses.58,59 The rostral PFC has
oles in appraisal and conditioned responses to
earful stimuli, attending to the emotions of oneself
nd others and in guiding adaptive behavioral
esponses.60,61 The PFC appears to be especially

sensitive to effects of stress62 and associated disrup-
ions in adaptive behavioral control. An inverse
elationship was also found between cortisol
esponse and response in both the left inferior
arietal lobule and the precentral gyrus, also
mplicated in emotional processing and fear con-

309www.jaacap.org
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ditioning.63,64 Future studies are warranted to
examine behavioral dysfunction mediated by the
corticolimbic differences observed, including ex-
amination of fear conditioning and the ability to
regulate responses in the face of negative social
stimuli.

A significant relationship between cortisol re-
activity on the TSST-C and corticolimbic volume
was not observed, suggesting associations are at
the level of function and not gross structure in
adolescents. It is possible that we could not detect
the latter owing to limitations in the resolution of
our structural imaging methods; however, struc-
tural differences may accumulate with increasing
age and longer duration of the self-reinforcing
cortisol–corticolimbic pattern, and with the accu-
mulation of exposure to highly stressful situa-
tions. It is also possible there are interactions
with age, and that structural differences are not
found in this adolescent age group. Corticolimbic
sensitivities to cortisol do change over the course
of development.1

There are limitations to this initial study, and
findings should therefore be considered prelimi-
nary. For example, the sample size was modest,
and the adolescents were chronically stressed by
multiple environmental stressors. The latter may
limit generalizability of the study findings to pop-
ulations with differing types of high stress expo-
sures and to populations with lower stress expo-
sure. Studies with larger samples sizes are needed,
as well as studies that investigate interactions with
specific types of stressors that occurred at specific
times in development, and studies that compare
chronically stressed groups to lower-risk groups
exposed to less stress. Although we did not detect
effects of pubertal stage or menstrual cycle phase,
our ability to do so was limited by the sample size.
The data are cross-sectional. To understand the
impact of HPA–corticolimbic system alterations on
development, longitudinal studies are needed. It is
also unclear whether the HPA or the corticolimbic
effects are primary. Studies that include younger
subjects are needed.

In summary, this study provides preliminary
evidence for an association between higher HPA

axis responses to social stress and decreased corti-

hypothalamo-pituitary-adrenocortical responsiveness. Front
Neuroendocrinol. 2003;24:151-180.

JOURN

310 www.jaacap.org
colimibic responses to negative emotional stimuli
in adolescents. These findings suggest that chronic
disturbances in the corticolimbic–HPA system re-
sponses to stress may alter development, leading to
altered ability to adaptively respond to negative
emotional stimuli in adolescence. Future longitudi-
nal studies, with increased sample sizes, are
needed to identify causal associations between cor-
tisol increases and corticolimbic response de-
creases. Identification of corticolimbic–HPA system
alterations underlying higher stress reactivity could
contribute to understanding of mechanisms that
make highly reactive adolescents vulnerable to
developing stress-related psychopathology. Longi-
tudinal follow-up may also identify mechanisms
underlying resilience. Such studies could inform
the development of methods for early identification
and for prevention programs with the potential to
reduce the risk of developing stress-related sub-
stance use disorders and other psychopathology. &
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