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Abstract

Hormonal imbalances during development may have long-lasting effects. Using functional
magnetic resonance imaging (fMRI), we compared 14 youths with Congenital Adrenal
Hyperplasia (CAH), a genetic disorder of hormonal dysfunction, with 22 healthy controls on
memory encoding of emotional faces. Patients remembered fewer faces than controls, particularly
fearful faces. FMRI data to successfully encoded fearful faces revealed that males with CAH
showed significant activations in amygdala, hippocampus, and anterior cingulate relative to
unaffected males, while females with CAH demonstrated deactivations relative to unaffected
females in these regions. Findings indicate that steroid abnormalities during development can have
important effects on neural correlates of emotional memory.

A growing body of research documents the influence of steroid hormones, such as
glucocorticoids and androgens, on development (Hertsgaard, Gunnar, Larson, Brodersen, &
Lehman, 1992; Perez-Edgar, Schmidt, Henderson, Schulkin, & Fox, 2008). Perturbations in
hormonal levels 7n utero or during critical periods of development may have organizational
effects, that is, create permanent changes in brain structures, organization, or function
(Hines, 2008; Owen, Andrews, & Matthews, 2005). These changes may confer vulnerability
for psychopathology (Hines, 2008; Owen et al., 2005) and cognitive deficits, especially
declarative memory impairments (Cherrier, 2005; Owen et al., 2005). Declarative memory
refers to the conscious and voluntary recollection of previously learned information (Milner,
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Squire, & Kandel, 1998). Glucocorticoids and androgens may influence emotion regulation
and declarative memory through their interactions with a large number of their receptors
located in the frontal cortex, hippocampus, and amygdala (de Kloet, Joels, & Holsboer,
2005; Nunez, Huppenbauer, McAbee, Juraska, & DonCarlos, 2003; Wilson & Davies, 2007;
Handa, Burgess, Kerr, & O’Keefe,1994; Lupien et al., 2005; Roozendaal, 2003), three

brain structures implicated in declarative memory function and the processing of emotional
information (Davidson, 2002; Milner et al., 1998; Phelps, 2006).

Studies of animal models of pre-natal and early life chronic alterations in glucocorticoids
have shown a number of neural alterations in medial temporal structures and prefrontal
cortex, as well as on affective and cognitive function. The majority of studies

have focused on chronic elevations of glucocorticoid. Briefly, these findings included
hippocampal neuronal degeneration, reduced corticosteroid gene expression in amygdala
and hippocampus, reduced spine and dendritic density of neurons in the anterior cingulate
and orbito-frontal cortices, and diminished corticosteroid gene expression in the prefrontal
cortex of rodent or monkey offspring (Matthews, 2001; Patel, Katz, Karssen, & Lyons,
2008; Weinstock, 2008; Welberg & Seckl, 2001). In addition, chronic pre-natal and early life
glucocorticoid elevations were also associated with increased anxious-like and depressive-
like behaviors and declarative memory deficits in young rodents (Owen et al., 2005;
Weinstock, 2008; Welberg & Seckl, 2001). Fewer studies with animals have investigated the
effects of chronic glucocorticoid depletion. These studies used a rodent model of early life
adrenalectomy (ADX; removal of glucocorticoid). Findings paralleled those of abnormally
elevated glucocorticoid, and showed hippocampal neuronal degeneration (Gould, Woolley,
& McEwen, 1991; Hashimoto, Marystone, Greenough, & Bohn, 1989; Sloviter, Sollas,
Dean, & Neubort, 1993) and impaired fear expression (Moriceau, Roth, Okotoghaide, &
Sullivan, 2004; Takahashi, 1994) in juvenile rats. Although no studies have examined the
influence of early life ADX on the prefrontal cortex, ADX performed in adult rodents

was associated with decreased dendritic length and spine density in the prefrontal cortex
(Cerqueira, Taipa, Uylings, Almeida, & Sousa, 2007). Adrenalectomy in adult rodents

has also been associated with working memory impairment (Mizoguchi, Ishige, Takeda,
Aburada, & Tabira, 2004).

Animal data documenting the organizational effects of androgens are scarcer, but pre-natal
and early life levels of androgens were found to influence hippocampal cell function

in rodent offspring (Hebbard, King, Malsbury, & Harley, 2003). Pre-natal and early life
androgen levels were also shown to influence sex differences in amygdala shape and
synaptic function in juvenile rats (Cooke, Hegstrom, Villeneuve, & Breedlove, 1998; Cooke
& Woolley, 2005; Wilson & Davies, 2007). Behaviorally, pre-natal and early life androgen
levels were reported to reduce social memory function (Hebbard et al., 2003), and to
sexually differentiate visual discrimination learning and spatial memory performance in
mammal offspring (Hagger & Bachevalier, 1991; Roof, 1993). Unfortunately, no study has
assessed the influence of prenatal or early-life levels of androgens on the prefrontal cortex,
or on prefrontal cortex-related behaviors.

Despite the large body of animal literature on the organizational effects of glucocorticoids
and androgens on neural systems (hippocampus, amygdala, and prefrontal cortex), and on
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affective/cognitive processes (emotion regulation and declarative memory), very few studies
have investigated these effects in humans. Therefore, the neural mechanisms underlying the
associations between the organizational effects of steroid abnormalities and the increased
risk for emotional dysregulation and declarative memory deficits remain unclear in children.
The aim of the present work was to address this gap.

The approach adopted in the present work was to examine the neural substrates of affective
and declarative memory processes in children with a history of steroid endocrinopathy and
healthy age-matched controls. Alterations in declarative memory and in discrete neural
structures (prefrontal cortex, amygdala, and hippocampus) are not only consequences

of steroid perturbations (Kuhlmann, Kirschbaum, & Wolf, 2005; Maheu, Merke, et al.,
2008; Wolf, 2008), but they also characterize depression and anxiety (Bar-Haim, Lamy, &
Glickman, 2005; Bradley, Mogg, & Williams, 1995; Pine et al., 2004; Roberson-Nay et
al., 2006). For example, Cushing disease, a syndrome of hypersecretion of glucocorticoid,
has been associated with amygdala and hippocampal hyperactivation in youths (Maheu,
Mazzone et al., 2008) and affective disturbances, both of manic and depressed types
(Haskett, 1985; Hudson, Hudson, Griffing, Melby, & Pope, Jr., 1987; Kelly, 1996; Sonino &
Fava, 2001).

Classic Congenital Adrenal Hyperplasia (CAH) is another endocrine disease that can

serve as a natural model of the organizational effects of steroid abnormalities (Merke

& Bornstein, 2005). Classic CAH is an autosomal recessive genetic disorder consisting

of impairment of cortisol biosynthesis and androgen excess. Absence of cortisol leads

to the lack of cortisol negative feedback, resulting in overproduction of corticotrophin-
releasing hormone (CRH) and adrenocorticotropic hormone (ACTH). Treatment is lifetime
glucocorticoid replacement; however periods of over- or under-treatment may occur. This
alteration of the hypothalamic-pituitary-adrenal (HPA) axis is similar in both sexes. In
addition, overproduction of ACTH leads to adrenal androgen excess, which primarily affects
females. Previous studies have shown that young girls with CAH exhibit male-like behaviors
(aggressive play behaviors, enhanced spatial abilities) compared to their healthy counterparts
(Berenbaum, 2001; Cohen-Bendahan, van de Beek, & Berenbaum, 2005). These findings
suggested that pre-natal androgen excess masculinizes CAH female brain. We recently
demonstrated emotional memory impairments in adolescents with CAH (Maheu, Merke et
al., 2008). In addition, we found that children with CAH showed structural (Merke et al.,
2003) and functional (Ernst et al., 2007) abnormalities of the amygdala, a key structure in
emotion processing. The amygdala was found to be smaller in the CAH group compared to
the control group in both males and females (Merke et al., 2003), and, in an independent
sample, to be hyper-responsive to negative facial expressions in females, but not in males
(Ernst et al., 2007). The present study extends these neuroimaging findings by examining
emotional memory to facial stimuli.

Based on the four lines of evidence indicating (1) impaired memory for negative stimuli
in adolescents with CAH (Maheu, Merke et al., 2008), (2) the role of the hippocampus
and amygdala in emotional memory (LaBar & Cabeza, 2006), (3) structural abnormalities
of the amygdala in patients with CAH (Merke et al., 2003), and (4) modulation by sex

of amygdala functional alterations in the CAH group (Ernst et al., 2007), we made three
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predictions. We expected the following: first, impaired emotional memory in patients with
CAH relative to healthy controls particularly for negative (i.e., fearful faces) stimuli; second,
altered hippocampal and amygdala activations in response to fear-related stimuli in the CAH
group relative to healthy controls; and third, a modulation of the neural findings by sex.
However, although these previous data may suggest a hyper-functionality in the present
study, we did not want to predict the directionality of the effect for three reasons: (1) group
differences depend on the specific function being tested (attentional processing vs. memory),
(2) previous research indicating an inverted U-function effects of glucocorticoids on memory
(Lupien & McEwen, 1997) suggesting either hyper or hypo-functionality, and (3) scarcity of
data in this patient group.

Fourteen adolescents with CAH and 22 healthy subjects completed the study. The present
work was an extension of the study by Ernst et al. (2007). Here, we focused the research
question on emotional memory rather than on exposure to negative stimuli. We also enlarged
the control sample from /7= 14 to n= 22 to enhance statistical power and stability of the
results. The patient sample was not modified.

Patients with CAH and healthy adolescents did not differ with respect to mean age (CAH
group: 13.98 + 2.76 years; Healthy group: 13.76 + 2.14 years), sex distribution (CAH:

7 boys, 7 girls; Healthy: 11 boys, 11 girls), puberty level, or Wechsler 1Q (CAH: 104 +
12.79; Healthy: 107 + 15.63; see Table 1). Patients were initially recruited as part of an
ongoing study of the National Institute of Child Health and Human Development/National
Institutes of Health and subsequently consented to participate in the current National
Institute of Mental Health study. Participants for the healthy control group were recruited by
advertisement in the local news-papers. The Institutional Review Board of the NIH approved
the study. Parents signed consent forms and adolescents signed assent forms.

All subjects completed a physical examination as well as neurological and psychiatric
assessments. Structured psychiatric interviews were conducted using the structured
interview Kiddie Schedule for Affective Disorders and Schizophrenia—Present and Lifetime
version (K-SADS-PL) (Kaufman et al., 1997).

Experimental Paradigm

Emotional memory was assayed by a well-established face-emotion task (Nelson et al.,
2003; Roberson-Nay et al., 2006; Maheu et al., 2008). This task comprises face stimuli of
56 actors with different facial expressions, which were derived from standardized sets of
gray-scale photographs (Ekman & Friesen, 1976; Tottenham et al., 2009). Each participant
viewed 32 different actors, half of these actors were female and the other half male.

Each actor was randomly assigned to display one of four facial expressions (happy, angry,
fearful, and neutral). For instance, while a given actor might be randomly selected to
portray “fear” for one participant, she might be randomly chosen to portray “happiness” for
another subject, or “anger” for yet another participant. This design allowed us to control for
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variability in non-emotional features of the actors (e.g., ethnicity, hair color). A total of 32
“null-event” fixation crosses were included to facilitate data analysis.

Participants saw each actor four times across the paradigm, and each time in a different task
condition. However, the emotion displayed by the actor to a given subjects was always the
same throughout the task. Each task condition probed a distinct attention condition: In the
“threat” attention condition, participants were asked to rate the hostility of the presented
face. In the “fear” attention condition, participants were asked how afraid they were of the
presented face. In the “non-emotional judgment” condition, participants were asked to rate
the width of the nose of the presented face. Finally, in the passive attention condition, the
instruction was to simply look at the pictures without making any rating. Responses (1-5
level) were collected on a five-key button box developed by magnetic resonance imaging
(MRI) Devices (Waukesha, WI).

Each attention condition was presented in blocks of 10 randomly-ordered stimuli (8 faces
and 2 fixation crosses), and each block was presented four times. Order of presentations

of condition and facial expression was randomized across participants. The experiment was
presented in a single run of 160 trials (4 conditions x 4 block-repeats x 10 stimuli per
block) that lasted 14.2 minutes and utilized a rapid event-related design. Each of the four
task conditions began with a 3,000 msec instruction screen. Following the instruction screen,
the 10 randomly ordered stimulus event trials (8 faces, 2 fixation crosses) each appeared
for 4,000 msec. The inter-stimulus interval was displayed as a blank screen that varied
from 750 to 1,250 msec (averaging 1,000msec within a 10-trial block). Prior to scanning
participants were trained in a MRI simulator to become familiar with the environment and
response device. Participants were trained in a practice block prior to scanning and were
shown neutral expressions not presented during the MRI version of the task.

After the scanning session, a surprise post-scan memory test was performed outside of

the scanner (Nelson et al., 2003). The test allowed data acquired during scanning to

be binned based on the memory performance of the subject. In order to avoid explicit
mnemonic strategies or other meta-memaory processes that might differentially influence the
approach to the task, we used an implicit memory task, with subjects being unaware of the
post-MRI memory test. This strategy has been used successfully by previous neuroimaging
studies designed to examine neural aspects of memory encoding (Alkire, Haier, Fallon, &
Cahill, 1998; Buckner, Wheeler, & Sheridan, 2001; Canli, Zhao, Brewer, Gabrieli, & Cahill,
2000; Wagner et al., 1998). In addition, this design mirrors more closely memory-encoding
processes elicited during attending to emotionally salient stimuli encountered in everyday
life.

Participants viewed 24 previously seen faces during the fMRI acquisition and 24 novel
faces not seen previously. However, in contrast to the faces seen during fMRI scanning,

all faces in the post-scan memory task were presented with neutral facial expressions. In
order to avoid a response bias to faces that were already presented as neutral during the
MRI task, and may elicit stronger recognition, these eight images were excluded from
presentation during the post-scan memory task. Prior studies find variants of this paradigm
difficult, with subjects generally showing better abilities to correctly identify novel faces as
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novel, possibly since all photographs viewed at recognition are indeed novel. By contrast,
identifying photographs of previously seen actors, now depicting neutral expressions, is
more difficult (Nelson et al., 2003; Perez-Lopez & Woody, 2001; Pine et al., 2004). Given
this tendency to “miss” old actors, measures derived from signal detection theory provide a
more precise summary of subjects’ ability to perform the task, as opposed to raw rates of
“false-alarms” or “hits.” Specifically, d prime (&) provides an index of subjects’ ability to
separate “signal from noise,” with higher ¢’ values indicating increasing ability (&’ values
range from negative to positive) and positive values signifying higher true signal reporting
than false alarm reporting.

Performance Analysis

Accuracy was assessed by computing a signal detection threshold (d”) score. The d” index
is based on the number of correctly (hits) and incorrectly (false alarms) recognized actors.
An item was counted as a false alarm when a participant reported remembering an actor
that was not previously displayed. Individual d’ indices were calculated for each subject by
subtracting z-score for hits from zscore for false alarms (Snodgrass & Corwin, 1988). Thus
a higher d” value reflects better memory retrieval. For the statistical analysis, we conducted
a repeated-measures ANOVA with the within subjects factor of emotion (fearful, angry,
happy) and the two between-subject factors of group (CAH vs. control) and sex (male vs.
female) resulting in a 3 x 2 x 2 factorial design. For-post-hoc comparisons, independent
ttests were used. In addition, in order to obtain a measure of the size of the effect of group
differences, Cohen’s dwas also computed for the behavioral data (Cohen, 1992).

fMRI Data Acquisition

Whole brain oxygen level dependent (BOLD) functional MRI data were acquired on a

3 Tesla General Electric Signa Scanner (Waukesha, Wisconsin). Head movement was
restricted using foam padding. Stimuli were presented to subjects through goggles (Avotec
Silent Vision Glasses Stuart, FL). Following sagittal localization and manual shimming,
functional T2*-weighted images were acquired using an echo-planar single-shot gradient
echo pulse sequence with a matrix size of 64 x 64 mm, repetition time (TR) of 2,000 msec,
echo time (TE) of 40 msec, field of view (FOV) of 240 mm, and voxels of 3.75 x 3.75

x 5 mm providing whole brain coverage. Images were acquired in 23 contiguous 5-mm
axial slices per brain volume positioned parallel to the anterior commissure and posterior
commissure (AC-PC) line. All functional data were gathered in a single 14.2-min run for
each subject.

After echo-planar imaging (EPI) acquisition, a high-resolution T1-weighted anatomical
image was acquired to aid with spatial normalization. A standardized magnetization-
prepared gradient echo sequence (180 1-mm sagittal slices, FOV = 256, humber of
excitations (NEX) =1, TR = 11.4 msec, TE = 4.4 msec, matrix = 256 x 256, time to
inversion (TI) = 300, bandwidth = 130 Hz/pixel, 33khz/256 pixels) msec was used to
facilitate spatial normalization.
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fMRI Processing

All subsequent analyses were conducted with SPM 99 (Wellcome Department of Imaging
Neuroscience, University College of London, London, UK) and Matlab 6.1 (The Mathworks
Inc., Natick, Massachusetts) in order to more reliably compare the findings to previously
published studies using this version of SPM and this specific task (Mueller et al., 2008;
McClure et al., 2007, Nelson et al., 2003; Guyer et al., 2008). Preprocessing steps for

the functional imaging data included slice time and motion correction, coregistration to

the anatomical data and spatial normalization to a Montreal Neurologic Institute (MNI)
T1-weighted template image supplied with SPM99. After preprocessing, fMRI images were
visually inspected to evaluate the quality of the normalization procedure. Head movement
of subjects was analyzed with MedX software (Medical Numerics, Sterling, Virginia) and
subjects who moved more than 3.0 mm in any direction were removed from further analysis.

fMRI Analysis

Individual subject-level, event-related response amplitudes were estimated using a general
linear model (GLM) for each event type. This study was focused on neural responses to
faces that were successfully encoded (remembered on the post-task memory test) and faces
that were not successfully encoded (not remembered on the post-task memory test). Given
our a priori hypothesis of sex-influenced neural responses to emotional material, sex was
modeled in the analysis. A long-standing dilemma regarding fMRI data analyses, or any
other functional imaging methodology, is the problem of how best to reconcile behavioral
and imaging data. We adopted the strategy that consists of examining functional imaging
data only in conditions which showed behavioral group effects. We chose this strategy for
two reasons. First, the presence of group differences in behavior reflects the relevance of
the task to the condition under study. Second, this strategy limits the number of analyses,
which reduces type I errors. In the present work, fearful faces but not angry face, were
chosen because of the significant behavioral effects seen between the patient and control
groups for the fearful faces only (CAH remembered significantly fewer fearful faces).
Moreover, to increase statistical power and to have sufficient trials to compare remembered
versus forgotten faces, all emotional faces of a particular type were taken from all attention
conditions. Consequently, the main contrast of interest was centered on [remembered fearful
faces versus forgotten fearful faces across all attention conditions] influenced by group and
sex. Fixation trials served as the implicit baseline.

To further clarify any significant interactions, that is, whether activations resulted from
either correctly remembering fearful faces or forgetting them, post-hoc analyses were
conducted on remembered fearful faces versus fixation, and forgotten fearful faces versus
fixation.

The waveform used to model event-related responses was a rectangular pulse of 4 sec
duration (i.e., the duration of each face presentation) convolved with the hemodynamic
response function specified in SPM99. Contrast images were created for each subject
using pair-wise comparisons of the different event-related BOLD response amplitudes.
Before performing group-level analyses, each contrast image was divided by the subject-
specific voxel time series mean, generating values proportional to percentage fMRI signal
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change (Zarahn, Aguirre, & D’Esposito, 1997). These normalized contrast images were
then smoothed with an isotropic Gaussian kernel (full-width half-maximum = 11.4) to
reduce non-stationarity in the spatial auto-correlation structure produced by the previous
step (Friston et al., 2000). For all group-level analyses, the contrast images produced for
each participant were fit to a second-level random effects model.

Based on our a priori hypotheses, we used an regions of interest (ROI) approach for the main
analysis. Three bilateral ROIs were included: the amygdala, the anterior hippocampus, and
the posterior hippocampus. These ROIs were defined using standard, previously validated,
anatomical criteria. They were hand-traced on the single MNI template, to which fMRI

data were normalized, and then applied to all normalized brains at the group level (Szeszko
etal., 1999). We performed voxel-wise tests in these anatomically defined volumes of
interest. Consistent with the current standard (Hariri, Tessitore, Mattay, Fera, & Weinberger,
2002; Winston, Strange, O’Doherty, & Dolan, 2002), we utilized the Gaussian random field
threshold (alpha = .05, corrected) with small volume correction (SVC) implemented in
SPM99 (Worsley et al., 1996). Statistical significance of activation in regions of interest was
set at p corrected <.05 and cluster size >30 voxels. MNI X, y, z coordinates are reported for
significant activation peaks.

Correlations were performed to assess the contribution of memory performance (d’) to the
amygdala and anterior and posterior hippocampus activations. Given that we hypothesized
effects of sex, these correlations were conducted separately for CAH males, CAH females,
control males, and control females.

For completeness, the whole brain analysis is also presented using an uncorrected statistical
threshold level of p< .001.

Behavioral Data

Imaging

The analysis of the behavioral data indicated a significant effect of emotion (AH2,60) = 3.29,
p<.05) and a main effect of diagnosis (A1,30) = 5.49, p<.05) on d’ scores, indicating
lower memory scores for the CAH group relative to controls (Table 2). Although there was
no emotion by diagnosis interaction, independent #test comparisons for each emotion type
were conducted because of the a priori hypothesis of deficits for negative stimuli in the CAH
group versus the control group. In line with predictions, the data indicated significantly
fewer remembered items for fearful faces by CAH than by control adolescents (33) = 2.04,
p<.05,d’” =.73). No other emotion type showed a significant group effect (o> .16). There
was no significant interaction of sex with diagnosis, sex with emotion, or main effect of sex
(all ps > .21).

Primary (ROI) Analyses

Remembered fearful faces versus forgotten fearful faces.: The primary contrast of
interest was centered on remembered versus forgotten fearful faces. In this contrast we
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found a significant interaction of sex by diagnosis in all a priori ROIs: the left amygdala
[MNI: -8 -4 -14], ¢t=2.40, p= .01, right amygdala [MNI: 22 0 -16], ¢=2.12, p= .02,

left anterior hippocampus [MNI: -12 -6 -16], ¢= 2.32, p= .01, left posterior hippocampus
[MNI: =30 —-26 -10], #= 2.49, p< .01, right anterior hippocampus [MNI: 32 -18 -14], ¢
=2.63, p< .01, and right posterior hippocampus [MNI: 32 -24 -14], t=2.81, p<.01. In
order to parse out whether the contribution of activations stemmed predominantly from the
remembered or the forgotten items, additional analyses were performed on the remembered
versus baseline and forgotten versus baseline contrasts. The data revealed that the significant
findings were due to group differences in remembered fearful faces versus baseline. No
significant findings emerged related to forgotten items. There was no significant main effect
of sex or diagnosis.

Remembered fearful faces versus baseline.: With regard to the amygdala, activation

reflecting sex by diagnosis interaction was found to be significant (o < .05) in the right
amygdala [MNI: 22 2 —20] and near significant (p=.085) in the left MNI: [-8 -4 -14]
amygdala, after correction for multiple comparisons.

With regard to the hippocampus, sex by diagnosis interaction was found to be significant
in all four hippocampal regions: left anterior [MNI: =30 —14 -16] #= 3.94, p< .005, left
posterior [MNI: =30 —20 -16] ¢=3.12, p< .05, right anterior [MNI: 30 -8 —24] t=2.86, p
< .05, and right posterior [MNI: 32 =36 2] #=3.05, p< .05 (Table 3, Figures 1 and 2).

In order to clarify the sex by diagnosis interaction, direct analyses of BOLD signal changes
were performed between males with CAH and healthy males, and between females with
CAH and healthy females. These analyses revealed that CAH males had significantly higher
BOLD signal changes than healthy males in all the ROIs sampled: left amygdala [MNI:

-10 -2 -14] ¢= 2.10, right amygdala [MNI: 36 0 —24] = 2.58, p < .05, left anterior
hippocampus [MNI: =32 =12 -14] ¢= 2.82, p< .05, left posterior hippocampus [MNI:

-32 -20 -14] t=2.11, p< .05, right anterior hippocampus [34 -6 —24] ¢t=2.51, p< .05,
and right posterior hippocampus [MNI: 40 =24 -8] ¢= 2.70. Conversely, relative to healthy
females, females with CAH exhibited lower BOLD activations in the hippocampal ROIs:
left anterior hippocampus [MNI: —=28 —18 —20] 7= 2.42, p< .05, left posterior hippocampus
[MNI: -14 -34 -2] t= 2.64, p < .05, right anterior hippocampus [MNI: 18 -8 -16] ¢=
1.72, p< .05 and right posterior hippocampus [MNI: 16 -32 -2] ¢=1.86, p< .05. The
amygdalae did not differ by diagnosis in the female group. Finally, there were no significant
main effects of diagnosis or sex in any of the ROIs examined.

Correlations—Several significant correlations (o < .05) were found between scores of
memory performance for fearful remembered faces (d”) and ROI activations. The pattern,
however, was mixed.

Healthy females showed a negative correlation between memory performance and
hippocampal activation (left anterior (¢= 2.57, MNI: —32 -18 -20), left posterior (=

2.37, MNI: —32 —20 -18) and right posterior hippocampus (¢=3.79, MNI: 34 —36 -6)).

The higher the hippocampal activation was, the worse was memory performance in healthy
females. CAH females showed no significant correlations with performance in these regions.
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CAH males, similarly to healthy females, showed a negative correlation between memory
performance and activation of hippocampal ROIs, including left posterior (£=2.03, MNI:
—-24 -26 -8), right anterior (= 4.49, MNI: 28 —18 -2), and right posterior (£= 3.76,MNI: 28
-20 -12) regions. They also showed a negative correlation with the right amygdala (¢= 3.24,
MNI: 26 -2 —24). In contrast, healthy males showed that better encoding of fearful faces
was associated with greater activation of the left anterior (¢= 4.41, MNI: —24 -14 -12) and
posterior (£=4.83, MNI: —12 -38 8) hippocampus.

Whole Brain Imaging Analysis

Remembered fearful faces versus forgotten fearful faces.—Whole brain analysis
of the remembered fearful faces versus forgotten fearful faces contrast did not show any
significant effects at the uncorrected threshold level of p< .001.

Remembered fearful faces versus baseline (Table 3).—At the uncorrected
threshold of p < .001, whole brain analysis of the contrast of remembered fearful faces
versus baseline revealed a number of significant areas of activations to the interaction sex
by diagnosis. In addition to those of the medial temporal cortex that included amygdala and
hippocampus, these activations included left pregenual cingulate cortex [MNI: 12 48 10] ¢=
5.83 and the right medial temporal lobe [MNI: 46 —54 0] ¢= 4.33.

With regards to main effects, control adolescents relative to patients with CAH showed
stronger activations in the left fusiform gyrus [MNI: =34 66 —16] = 4.84 and the left
superior parietal lobule [MNI: =24 =74 42] t= 3.75. There were no significant regions more
activated by the CAH than by the control group.

To clarify the sex by diagnosis interaction, follow-up analyses were conducted in the male
group separately from the female group. Compared to healthy males, males with CAH
showed higher BOLD signal changes in left [MNI: —12 48 10] ¢= 3.88, p<. 05 and right
[MNI: 054 4] t=1.85, p< .05 pregenual cingulate cortices. Compared to healthy females,
females with CAH exhibited lower BOLD changes in left [MNI: =8 46 10] = 2.57, p< .05
and right [MNI: 0 54 10] ¢=1.86, p < .05 pregenual cingulate cortices.

DISCUSSION

Adolescents with CAH, characterized by /n utero absence of cortisol in both males and
females, and by /n utero excessive testosterone in females, showed impaired memory
recall particularly of fearful faces. This memory impairment was not influenced by sex.
Furthermore, in line with predictions, the key findings revealed abnormal responses of the
subcortical neural network underlying emotional memory in the CAH group. Amygdala
and hippocampus responses to successfully encoded fearful faces were influenced by
CAH status as a function of sex. Girls with CAH showed abnormally low amygdala and
hippocampal responses to remembered fearful faces, whereas boys with CAH showed
abnormally high responses in these regions relative to their healthy counterparts. Finally,
an exploratory whole brain analysis indicated a similar pattern of activation in the pregenual
ACC, a structure bridging cognitive and emotional processes.
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This is the first study to address the neural correlates of emotional memory in CAH.
Previous research has examined neurocognitive function of women with CAH, and found
no impairment on verbal or short-term memory (Malouf, Migeon, Carson, Petrucci, &
Wisniewski, 2006). However, this research did not extend cognitive testing to emotional
material. The prediction of a hormonal impact on emotional features of cognitive function
is supported by (1) the well-recognized modulation of mood by sex and stress (i.e.,
glucocorticoid) steroids (McEwen, 2008; Shively & Bethea, 2004); (2) the presence of
steroid receptors in structures involved in emotional processes (de Kloet et al., 2005;
Lupien et al., 2005; Wilson & Davies, 2007); (3) findings of alterations of hippocampal
structure and function following exposure to chronic early life steroid dysfunctions (excess
or depletion) in offspring (Hebbard et al., 2003; Owen et al., 2005; Welberg & Seckl, 2001);
(4) and finally evidence of abnormalities within the amygdala in youths with steroid-related
endocrine disorders including CAH (Ernst et al., 2007; Merke et al., 2003) and Cushing
Syndrome (Bourdeau, Bard, Forget, Boulanger, Cohen, & Lacroix, 2005; Maheu, Mazzone,
et al., 2008).

Consistent with this notion, we recently reported, in a sample of adolescents with CAH,
memory impairments influenced by the emotional valence of stimuli (Maheu, Merke, et al.,
2008). This deficit affected negative stimuli but not positive stimuli. In the present work,

we also found memory impairment predominantly to negatively valenced stimuli (fearful
faces), even though we employed stimuli that were different from those used by Maheu et al.
(expressive faces vs. International Affective Picture System, IAPS). In both studies, memory
performance was affected by CAH status, that is, worse performance for CAH relative to
controls, but this CAH-related effect was not influenced by sex. Although the relatively

low hit rate of about 30-45% should be viewed with caution, the findings are in line with
previous studies in healthy adult and adolescent volunteers using the same task (Nelson et
al., 2003) as well as CAH and age-matched controls using the IAPS stimuli set (Maheu et
al., 2008) for emotional stimuli.

This absence of sex effect on performance is in contrast to the neuroimaging findings.
Indeed, the direction of abnormal activation in regions of interest differed between males
and females with CAH. Females with CAH, who are exposed to high androgens in utero,
showed hypoactivation, whereas males with CAH showed hyperactivation in the amygdala,
hippocampus and pregenual cingulate cortex relative to their respective healthy counterparts.
The fact that both hyper- and hypo-activation of these ROIs are associated with abnormal
performance suggests that the relationship between memory function and neural activation
may follow an inverted U curve. Too low or too high activation of these regions may

be associated with impaired memory. This sex effect also suggests that /n utero androgen
excess, the hormonal difference between affected females and males, may alter the neural
consequences of /in utero glucocorticoid deficiency.

Our data suggest that steroid imbalances have organizational effects on the brain, defined
as permanent alterations in brain structure, organization, or function. We observed
perturbations in the amygdala, hippocampus, and pregenual cingulate cortex in adolescents
with CAH. All three brain structures possess androgen and glucocorticoid receptors (Handa
et al., 1994; Nunez et al., 2003; Roozendaal, 2003; Lupien & Lepage, 2001; Wilson &
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Davies, 2007). In addition, pre-natal and early-life steroid (glucocorticoid and androgen)
excesses or depletions have been shown to be associated with neuronal degeneration,
alterations in steroid gene expression, and dendritic and synaptic deteriorations in these
regions (Cerqueira et al., 2007; Cooke et al., 1998; Hashimoto et al., 1989; Owen et al.,
2005; Weinstock, 2008). Moreover, pre-natal and early-life androgen and glucocorticoid
levels were also shown to influence emotion regulation and memory performance in
mammal offspring (Moriceau et al., 2004; Owen et al., 2005; Weinstock, 2008; Hebbard et
al., 2003), as well as in youths with CAH (Maheu, Merke, et al., 2008; Mueller et al., 2008).
Thus, pre-natal excess in androgen levels and/or prenatal depletion in glucocorticoid levels
may have influenced the functional development of amygdala, hippocampus and pregenual
cingulate cortex, and associated memory for threat stimuli in patients with CAH.

Pre-natal and early life alterations in CRH and ACTH could also explain our findings.
Patients with CAH show hypersecretion of CRH and ACTH, due to lack of glucocorticoid
feedback on the hypothalamus-pituitary-adrenal (HPA) axis (Merke & Bornstein, 2005).
CRH and the melanocortin-4 receptors (MC4R), to which ACTH binds, are abundantly
expressed in the amygdala, hippocampus, and frontal cortex (Aguilera, Nikodemova, Wynn,
& Catt, 2004; Chaki & Okuyama, 2005; Gantz & Fong, 2003), and acute elevations

in CRH and cerebral ACTH levels were shown to influence emotional learning as

well as anxiety-like and depression-like behaviors (Chaki, Ogawa, Toda, Funakoshi, &
Okuyama, 2003; Chaki & Okuyama, 2005; Croiset, Nijsen, & Kamphuis, 2000; Gulpinar &
Yegen, 2004; Jaferi & Bhatnagar, 2007; McGaugh, 1983; Roozendaal, Brunson, Holloway,
McGaugh, & Baram, 2002; Yamano et al., 2004). Finally, the possible influence of

lifetime glucocorticoid treatment on neuronal function in the patients with CAH must

be acknowledged. Intermittent periods of over- or under-treatment may have influenced

the functional development of the frontal cortex, amygdala, and hippocampus, leading to
memory deficits and neuronal dysfunctions in the CAH group.

Similarly to previous work (Ernst et al., 2007), findings were qualitatively different

for males and females. In the present work, girls with CAH showed hypoactivation

and boys with CAH showed hyperactivation in all three structures. The direction of

these abnormalities detected during memory encoding is opposite to that reported in our
previous work during exposure to negative stimuli, which examined neural processes during
attentional processing (Ernst et al., 2007). Indeed, during exposure to negative stimuli, girls
with CAH showed abnormally high activation of the amygdala relative to healthy girls,
whereas boys with CAH did not differ from healthy boys. These opposite findings suggest
that the direction of functional perturbations depend on the process being challenged.

More work will be needed to confirm these findings. Together with our previous findings
of reduction of amygdala volume in both male and female CAH patients compared to
healthy children (Merke et al., 2003), the present study supports amygdala dysfunction in
CAH, particularly in females, and suggests that early disturbances in the steroid hormonal
milieu may affect emotional processing. The modulation by sex status of CAH-related
neural abnormalities is important as it suggests a contribution of androgen imbalance to

the observed dysfunctions. The dearth of data on the relative effects of sex and stress
steroids on amygdala function makes further interpretations highly speculative. However,
recent data have reported that supraphysiological levels of androgens were associated with
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decreased amygdala activation and deficits in declarative memory (Maki et al., 2007).
However, these findings were observed in elderly men (66-86 years), and may not be
relevant to findings in adolescents with early exposure to excess androgen. However, they
hint to detrimental effects of androgen excess on the functioning of key memory-related
structures during memory encoding. Finally, considering that amygdala has been shown to
influence hippocampus activity during the emotional memory process (Richardson, Strange,
& Dolan, 2004; Roozendaal, 2003), the alteration in the hippocampus observed here could
be partially explained through its interaction with the amygdala. However the increase in
activation of hippocampus in CAH male could be also a compensatory effect to try to reach
better performance during the memory task.

In addition to the a priori regions, the left anterior pregenual cingulate (ACC) also presented
a significant sex by diagnosis interaction for remembered fearful faces. Liberzon et al.
(2007) showed that the same rostral ACC area was activated in combat patients with
posttraumatic stress disorder (PTSD) but not in controls in response to emotional challenges.
PTSD has previously been linked to perturbed cortisol levels in adult (Liberzon et al.,

2007) and pediatric (Carrion et al., 2002) patients. Moreover, Kennedy et al. (2006) reported
reduced ACC activation (pregenual, BA32) in women with Major Depression who did not
respond to antidepressant treatment, but elevated ACC activation in healthy females during
mentalizing about sad personal events. Although the study by Kennedy et al. (2006) did not
examine the impact of the processing of negative emotional events in males, her findings are
consistent with the current data in that female patients showed decreased neural responses

in this region relative to healthy females. Our findings thus suggest a potential impact of
steroid dysfunction on the pregenual ACC in CAH and point to a potential link to psychiatric
disorders.

A number of limitations should be mentioned. First, the sample of patients with CAH was
relatively small. However, group differences were detected at both behavioral and neural
levels, suggesting that the findings are robust. A second shortcoming of the study is that
the model of CAH cannot unequivocally dissociate effects of glucocorticoids from effects
of androgens, although /n utero androgen excess primarily affects females. The present
work stands as a first attempt to study early steroid abnormalities and their consequences
on neural development in humans. This work is important to follow because of studies
indicating a contribution of early steroid abnormalities to the development of mood and
anxiety disorders (Goodyer, Herbert, Tamplin, & Altham, 2000a, 2000b; Herbert et al.,
1996). A third shortcoming is that despite the use of an age- and sex-matched control
group, the healthy group does not permit to control for the effects of a chronic illness on
brain development. Fourth, it is possible that structural differences may have influenced the
functional imaging findings. However, given that morphological changes were observed in a
previous study in both males and females (Merke et al, 2003), it appears unlikely that these
morphological changes would account for the differences in sex-related perturbations.

Despite these limitations, this is the first study, to our knowledge, to address the
neurobiological network involved in emational memory for social threat cues, that is,
fear faces, in children with CAH, a congenital disorder of steroid dysfunction. Memory
for socially negative cues is critical for avoiding potentially dangerous situations, and
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deficits in memorizing such cues can be deleterious for adaptive behaviors. Major questions
remain regarding the hormonal mechanisms responsible for the findings. With the help of
animal models, future work can help clarify these mechanisms. Research in humans with
organizational hormonal disturbances is warranted to map the neural deficits and associated
neurocognitive processes resulting from early steroid imbalance.
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FIGURE 1.
Figure shows the significant sex by group interaction in the anterior cingulate and anterior

and posterior hippocampus (left side) and the BOLD signal changes (%) associated with it
for each group separately (right side) for the remembered fear faces versus baseline contrast.
Bar graphs display peak voxel activations. Error bars denote S.E.M.

Dev Neuropsychol. Author manuscript; available in PMC 2024 November 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mazzone et al.

0.0015 - Left
0.001
0.0005 e
o4
. N
NN
-0.0005 1
-0.001 )
FIGURE 2.

0.0015 4

0.001

Page 20

B CAH male H Control male
CAH female O Control female

Right

0.0005

—

0.0005

-0.001 4

Amygdala mean peak voxel activations (S.E.M.) for the remembered fear faces versus
baseline contrast in each group separately. These peak activations were identified previously

in the contrast of sex by group interaction.
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TABLE 1
Demographic Characteristics of Patients With Congenital Adrenal Hyperplasia and Healthy Adolescents
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CAH Control Children

n=14 n=22 Statistic
Age (Mean + SD) 13.98 +2.76 13.76 £ 2.14 t=.28,ns
1Q (Mean + SD) 104.08 + 12.79 107.18 + 15.62 t=.23,ns
Tanner stage 31414 3.25+1.33 t=.61,ns
Gender (17, % Female) 7 (50%) 11 (50%)

CAH = Congenital Adrenal Hyperplasia; ns = not significant.
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Predictors of Memory Performance (d’ Values, Hits, Misses, Correct Rejections, and False Alarms) Split by
Group and Emaotion and the Corresponding Effect Sizes of Group Differences

Face Emotion Type  Recognition Memory = CAH Patients

Control Children

Effect Size (Cohen’s d)

Fearful hits
misses
d
Angry hits
misses
d
Happy hits
misses
d
correct rejections
false alarms

hits total

3.64 (.36)
4.36 (.36)
28 (.13)
3.36 (52)
464 (52)
.06 (.17)
3.64 (.44)
4.36 (.44)
33(12)
15.50 (.91)
8.50 (.91)
10.64 (.98)

473(.32)
3.27(32)
67(12)
4,05 (.25)
3.95 (.25)
37(.10)
4,55 (.26)
3.45 (.26)
62(12)
15.45 (.79)
8.55 (.79)
13.32 (.55)

0.73

0.54

0.58

0.85

CAH = Congenital Adrenal Hyperplasia; All values are mean + SEM. Higher d’ and hits values indicates higher number of successfully
remembered items shown for each emotion type and their statistical effect size.
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