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Summary Stress and fear conditioning processes are both important vulnerability factors in the
development of psychiatric disorders. In behavioral studies considerable sex differences in fear
learning have been observed after increases of the stress hormone cortisol. But neuroimaging
experiments, which give insights into the neurobiological correlates of stress � sex interactions in
fear conditioning, are lacking so far. In the current functional magnetic resonance imaging (fMRI)
study, we tested whether a psychosocial stressor (Trier Social Stress Test) compared to a control
condition influenced subsequent fear conditioning in 48 men and 48 women taking oral contra-
ceptives (OCs). One of two pictures of a geometrical figure was always paired (conditioned
stimulus, CS+) or never paired (CS�) with an electrical stimulation (unconditioned stimulus).
BOLD responses as well as skin conductance responses were assessed. Sex-independently, stress
enhanced the CS+/CS� differentiation in the hippocampus in early acquisition but attenuated
conditioned responses in the medial frontal cortex in late acquisition. In early acquisition, stress
reduced the CS+/CS� differentiation in the nucleus accumbens in men, but enhanced it in OC
women. In late acquisition, the same pattern (reduction in men, enhancement in OC women) was
found in the amygdala as well as in the anterior cingulate. Thus, psychosocial stress impaired the
neuronal correlates of fear learning and expression in men, but facilitated them in OC women. A
sex-specific modulation of fear conditioning after stress might contribute to the divergent
prevalence of men and women in developing psychiatric disorders.
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1. Introduction

Stress hormones strongly act on emotional and cognitive
processes and cause vivid remembrance of emotionally
arousing events (Wolf, 2008). In the case of traumatic experi-
ences, this can occasionally result in excessive fear and
anxiety such as in posttraumatic stress disorder (PTSD). Fear
conditioning is an emotional learning process critically con-
tributing to the development of PTSD and other psychiatric
disorders (e.g. phobias; Bonne et al., 2004). These disorders
occur to a much higher degree in women (Kessler et al.,
2005). However, the underlying neurobiological mechanisms
of stress, which potentially influence fear conditioning in
men and women differently, remain insufficiently under-
stood. A better comprehension of this crucial stress-related
and sex-dependent fear circuit might ultimately lead to
improved treatments.

An environmental threat triggers the stress response acti-
vating the sympathetic nervous system (SNS) as well as the
hypothalamus—pituitary—adrenal (HPA) axis. The SNS stimu-
lates the adrenal glands to release (nor)epinephrine, which
can be indirectly measured via salivary alpha-amylase (sAA;
Nater and Rohleder, 2009). Activation of the HPA axis leads to
a release of corticotropin-releasing hormone (CRH), adreno-
corticotropic hormone, and glucocorticoids such as cortisol,
the major stress hormones in humans. Cortisol readily enters
the brain and modulates cortical as well as subcortical
structures involved in learning and memory, e.g. the amyg-
dala, the hippocampus or the prefrontal cortex (for reviews:
Wolf, 2009; Joels et al., 2011). Such learning and memory
processes can be investigated using fear conditioning
designs. Typically, conditioned responses (CRs) are found in
the amygdala, anterior cingulate, hippocampus, and medial
prefrontal cortex (e.g. Büchel et al., 1998; LeDoux, 2000;
Mechias et al., 2010). Besides, the formation of relations
between conditioned (CS) and unconditioned stimuli (UCS)
was associated with activation of the nucleus accumbens
(Klucken et al., 2009). A prolonged activation of this fear
circuit along with the release of stress hormones during initial
association is proposed to be related to the development of
pathologic fears (for a review: Rodrigues et al., 2009).

A few psychophysiological studies in humans provided
evidence that stress hormones affect fear conditioning in
men and women differently, e.g. using psychosocial stress
(Jackson et al., 2006; Zorawski et al., 2006) or correlational
approaches (Zorawski et al., 2006). In these experiments,
stress hormones enhanced CRs in males, but reduced them in
females or did not exhibit any significant effect in females.
Neuroimaging studies from our groups used a pharmacologi-
cal administration of 30 mg hydrocortisone (cortisol) prior to
fear conditioning (Stark et al., 2006; Merz et al., 2010,
2012b; Tabbert et al., 2010): A reversed picture emerged
with cortisol attenuating CRs in the fear circuit (including the
amygdala, anterior cingulate, hippocampus, and medial pre-
frontal cortex) in men and in free-cycling women, but ele-
vating CRs at the neuronal level in women taking oral
contraceptives (OCs). The contribution of OCs on fear con-
ditioning processes is especially interesting in terms of their
common usage, but no studies are available on their possible
impact on mental health.

Taken together, stress effects on fear conditioning were
tested so far in humans at the electrodermal level only. To
translate neuroimaging findings with pharmacological corti-
sol concentrations (Stark et al., 2006; Merz et al., 2010,
2012b; Tabbert et al., 2010) to physiological stress-induced
cortisol concentrations, we used a psychosocial stressor prior
to differential fear conditioning. Thus, we mirrored real-life
stress with its concurrent activation of the SNS (assessed
indirectly by measurement of sAA) and the HPA axis (as
indexed by salivary cortisol). We were particularly interested
in men and OC women, because they exhibited the most
contrasting fear learning pattern in previous pharmacological
cortisol studies (Stark et al., 2006; Merz et al., 2012b). All
participants were instructed to pay close attention to any
regularities between CS and UCS to ensure complete con-
tingency awareness developing very early in the experiment.
Accordingly, we expected fear learning related activation (in
the amygdala, hippocampus, and nucleus accumbens) during
early acquisition and fear expression and regulation related
activation during late acquisition (in the amygdala, anterior
cingulate, and medial prefrontal cortex; cf. Sotres-Bayon and
Quirk, 2010). Based on our previous pharmacological neuroi-
maging studies (Stark et al., 2006; Merz et al., 2010, 2012b;
Tabbert et al., 2010), we predicted that psychosocial stress
leads to reduced CRs in men, but heightened CRs in OC
women at the electrodermal level as well as in the respective
brain regions involved in fear conditioning.

2. Materials and methods

2.1. Participants

We recruited 105 persons to ensure a total sample size of 96
participants (48 men). Two women were excluded because
they did not develop contingency awareness (see Section
2.4), two women and two men because of excessive head
movements, one man canceled the scanning session, one
woman fell asleep during the task, and one woman was
left-handed, which was an a priori exclusion criterion
(assessed by the Edinburgh Inventory of Handedness; Old-
field, 1971). Further exclusion criteria covered standard fMRI
exclusion criteria, somatic diseases, in particular endocrine
diseases, history of psychiatric or neurological treatment,
and regular medication usage except OCs. Women were
required to have been taking their birth control pill (only
monophasic preparations with an ethinylestradiol and a
gestagenic component) for at least the last three months;
we tested them during pill intake. Inclusion criteria com-
prised age between 18 and 35 and body mass index (BMI)
between 18 and 28 kg/m2.

All participants had normal or corrected vision. They
received a detailed explanation of the general procedure;
the conditioning schedule was not explained until the end. All
participants gave written informed consent and received 10
Euros per hour for their attendance. All procedures were in
accordance with the Declaration of Helsinki and approved by
the university’s local ethical review board.

2.2. Stress protocol, negative affect, salivary
cortisol, and alpha-amylase

Men and women were randomly assigned to the Trier Social
Stress Test (TSST; Kirschbaum et al., 1993) or a non-stressful
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control condition (Placebo-TSST; Het et al., 2009) resulting in
24 observations in each cell. The TSST was composed of a
short preparation time (5 min), a free speech (5 min), and a
subsequent challenging arithmetic task (serial subtraction of
the number 17 from 2043; 5 min) in front of a very reserved
acting panel (one man and one woman). The free speech and
the arithmetic task were recorded and the participant could
see this videotape during his/her performance at a large
screen behind the committee. The Placebo-TSST also con-
sisted of an oral presentation and an arithmetic task but
lacked the stress-inducing components of the TSST (nobody
else was present in the room during performance, no record-
ing took place, and the task was less demanding; cf. Het
et al., 2009).

We assessed the physiological stress response by measur-
ing salivary cortisol as well as sAA, an indirect marker for
noradrenergic activation (Nater and Rohleder, 2009). Indivi-
dual sessions were scheduled between 2 and 5 p.m. to
guarantee low and relatively stable endogenous cortisol
concentrations. We instructed all participants to refrain from
smoking, food intake, and drinking anything but water for at
least 2 h before the start of the experiment. After arrival,
they were given a resting phase of 45 min, in which partici-
pants filled out questionnaires on demographic variables as
well as written informed consent concerning the stress pro-
tocol and the fMRI procedure. Further, they were informed
about the course of the experiment (stress, saliva sampling,
SCR measurement, application of electrical stimulation,
fMRI) with the possibility to ask questions. After that, sub-
jects were prepared for scanning and scanner-compatible
glasses were prepared when needed. Then, the first saliva
sample was taken (baseline) by means of Salivette collection
devices (Sarstedt, Nümbrecht, Germany). After that, parti-
cipants attended either the stress or the control condition
after having received detailed instructions on the respective
condition. Shortly afterward (second sample, +20 min),
10 min later (third sample, +30 min), and after fear condi-
tioning (fourth sample, +60 min), they provided further saliva
samples.

All samples were stored at �20 8C until assayed. A com-
mercial available enzyme immunoassay (IBL International,
Hamburg, Germany) was used to measure free cortisol con-
centrations. For analysis of sAA, a quantitative enzyme
kinetic method was used as described in detail elsewhere
(Rohleder and Nater, 2009). Intra-assay coefficients of varia-
tions were below 5% for cortisol and below 10% for sAA with an
inter-assay coefficient of variation below 8% (cortisol),
respectively 10% (sAA).

To gain a measure of negative affect, which might be also
influenced by stress, participants completed the German
version of the positive and negative affect scale (PANAS;
Watson et al., 1988) parallel to each saliva sample. The
PANAS consists of 20 adjectives, half of them measuring
negative affect (e.g. upset) on a five point scale (ranging
from 1: ‘‘very slightly or not at all’’ to 5: ‘‘extremely’’). The
ten negative items were averaged to a negative affect score
for each of the four times of measurement.

We conducted analyses of variance (ANOVA) separately for
cortisol, sAA, and negative affect including the repeated
measurement factor time (first vs. second vs. third vs. fourth
time of measurement) as well as the between subjects
factors stress (stress vs. control) and sex (men vs. women).
Statistical analyses were performed in IBM SPSS Statistics for
Windows 21.0 with Greenhouse—Geisser correction and the
statistical significance level was set to a = .05.

2.3. Fear conditioning

Fear conditioning began 25 min after the TSSTor the Placebo-
TSSTwas finished. Two pictures of geometric figures (a rhomb
and a square) served as CS+ and CS� (cf. Stark et al., 2006).
Both figures had identical luminance, were gray-colored, and
were presented against a black background for 8 s. Through a
mirror mounted on the head coil, participants viewed the
stimuli projected onto a screen at the end of the scanner
(visual field = 188) using an LCD projector (EPSON EMP-7250).

A custom-made impulse-generator (833 Hz) provided
transcutaneous electrical stimulation (UCS; 100 ms) through
two Ag/AgCl electrodes (1 mm2 surface each) fixed to the
middle of the left shin. Intensity was set individually using a
gradually increasing rating procedure to be ‘‘unpleasant but
not painful’’. The UCS started 7.9 s after CS+ onset (100%
reinforcement). The CS� was never paired with the UCS. The
UCS omission 7.9 s after CS� onset was defined as the non-
UCS.

The experiment consisted of 42 trials (21 CS+ and 21 CS�),
starting with a CS+ for half of the participants, with a CS� for
the other half. Allocation of the two stimuli as CS+ was
counterbalanced between participants. The first two trials
(always a CS+ and CS�) were discarded from all analyses,
because learning could not yet have occurred and to avoid
orienting responses due to initial stimulus presentation. Each
participant received a pseudo-randomized stimulus order
with the following restrictions: no more than two consecutive
presentations of the same CS and an equal quantity of CS+
and CS� trials within ten trials (five each). Inter-trial inter-
vals (ITI) between two CS were randomly jittered (ITI dura-
tion: 9.75—14.25 s).

An early and a late phase of fear acquisition could be
investigated reflecting the gradual development of fear
learning and expression (cf. Schiller et al., 2008). Early
and late phases were defined as the first (3rd to 22nd trial;
10 CS+ and 10 CS�) and the second halves (23rd to 42nd trial;
10 CS+ and 10 CS�) of the experiment.

No prior habituation phase was conducted to ensure the
investigation of stress effects on fear acquisition during the
cortisol peak.

2.4. Contingency awareness

Before fear conditioning, we instructed participants to
attend to both geometrical figures and to watch out for
regularities (cf. Schiller et al., 2008) in order to reduce
differences in dependent variables due to contingency
awareness (Tabbert et al., 2011). Immediately after condi-
tioning, participants rated the contingencies between UCS
and CS+ as well as CS�. Next to the picture of the respective
CS, the question read always: ‘‘Please estimate how often
the electrical stimulation succeeded the following geome-
trical figure’’; with the answer to be chosen between
‘‘always’’, ‘‘sometimes’’, ‘‘never’’, or ‘‘I don’t know’’. We
classified participants as (at least partially) contingency
aware if they stated higher probabilities for the UCS
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occurrence after the CS+ than after the CS�. We also handed
a forced choice questionnaire, in which one of the two CS had
to be chosen as the stimulus preceding electrical stimulation.

Combinations for CS+ and CS� contingencies encom-
passed: always-never (n = 89); always-sometimes (n = 1);
always-I don’t know (n = 2); sometimes-never (n = 3); some-
times-I don’t know (n = 1); sometimes-sometimes (n = 2).
These last two participants also marked the wrong geome-
trical figure as CS+ in the forced choice questionnaire, con-
sequently, they were excluded from the entire sample
because of lacking contingency awareness. All of the other
participants marked the right geometrical figure as CS+, thus,
we declared the remaining sample (n = 96) was contingency
aware.

Further, participants had to indicate after how many
electrical stimulations they had noticed a relationship
between UCS and the geometrical figures. Importantly,
these subjective estimates revealed that all participants
in the final sample discovered the CS—UCS contingency in
early acquisition. This fact, together with the explicit
instruction to watch out for a contingency between CS
and UCS led us to analyze the CRs separately for early
and late acquisition as before (e.g. Schiller et al., 2008);
early acquisition mainly reflects contingency and fear
learning, whereas late acquisition rather reflects fear
expression.

2.5. Skin conductance responses (SCRs)

SCRs were sampled with an in-house built optical fiber SCR
coupler concurrently with fMRI scans using Ag/AgCl electro-
des filled with isotonic (0.05 M NaCl) electrolyte medium
attached hypothenar at the left hand. Raw SCR data were
low pass filtered with a cutoff frequency of 10 Hz. We defined
SCRs in three analysis windows (cf. Prokasy and Ebel, 1967):
the maximum amplitude within a window of 1—5 s after the
CS onset was counted as the first interval response (FIR),
within the time window of 5—8.5 s as the second interval
response (SIR), and within the time window of 8.5—13 s as the
unconditioned response. Data were transformed with the
natural logarithm to attain a normal distribution. Electro-
dermal data of five participants had to be discarded because
of technical issues or the complete absence of SCRs toward
the CS as well as the UCS.

Statistical comparisons of SCRs were conducted in SPSS via
ANOVA with the between subjects factors stress and sex.
Separately for early and late acquisition, mean differential
conditioned SCRs (CS+ minus CS� for the FIR and the SIR)
were entered as dependent variables.

2.6. Image acquisition and analyses

Brain images were acquired using a 1.5 Twhole-body tomo-
graph (Siemens Symphony with a quantum gradient system)
with a standard head coil. Structural image acquisition
comprised 160 T1-weighted sagittal images (MPRAGE,
1 mm slice thickness). For functional imaging, 348 volumes
were registered using a T2*-weighted gradient echoplanar
imaging sequence with 25 slices covering the whole brain
(slice thickness = 5 mm; 1 mm gap; descending slice order;
TA = 100 ms; TE = 55 ms; TR = 2.5 s; flip angle = 908; field of
view = 192 mm � 192 mm; matrix size = 64 pixel � 64
pixel). The first three volumes were discarded due to an
incomplete steady state of magnetization. The axial slices
were oriented parallel to the orbitofrontal cortex—bone
transition to minimize susceptibility artifacts in prefrontal
areas. A gradient echo field map sequence was measured
before the functional run to get information for unwarping
B0 distortions.

All imaging data were analyzed using Statistical Para-
metric Mapping (SPM8; Wellcome Department of Cognitive
Neurology, London, UK, 2009) implemented in MatLab
R2007b (Mathworks Inc., Sherborn, MA). We included the
following preprocessing steps: unwarping and realignment
(2nd degree b-spline interpolation to the first volume), slice
time correction (reference slice: 13), co-registration of func-
tional data to each participant’s anatomical image, segmen-
tation into gray and white matter, normalization to the
standard space of the Montreal Neurological Institute (MNI)
brain, and spatial smoothing (isotropic 3D Gaussian filter;
FWHM: 9 mm).

The statistical model for each participant included the
following experimental conditions: CS+ (early and late), CS�
(early and late), UCS, and non-UCS. An additional regressor
was introduced containing the first two geometrical figures.
All regressors were modeled by a stick function convolved
with the canonical hemodynamic response function in the
general linear model, without specifically modeling the dura-
tions of the different events (i.e. event-related design). The
six movement parameters from the realignment step con-
stituted covariates in the model. A high pass filter (time
constant = 128 s) was implemented by using cosine functions
in the design matrix.

The individual contrasts were analyzed in random effects
group analyses and focused on the contrasts CS+ minus CS�
separately for early and late acquisition. ANOVA was con-
ducted with the group factors stress and sex in the full
factorial model implemented in SPM8. In particular, we were
interested in the interaction between stress and sex as well
as the main effect of stress. For all statistical analyses, we
used region of interest (ROI) analyses including the following
ROI: amygdala, anterior cingulate gyrus, hippocampus,
medial frontal cortex (MFC), and nucleus accumbens. We
tested all ROI separately for the left and the right hemi-
sphere except the anterior cingulate gyrus and the MFC.
Thus, we tested a separate hypothesis for each ROI. The
required masks for these analyses were maximum probabil-
ity masks with the probability threshold set to 0.25 taken
from the Harvard-Oxford Cortical and Subcortical Structural
Atlases provided by the Harvard Center for Morphometric
Analysis (http://www.cma.mgh.harvard.edu/fsl_a-
tlas.html). Peak voxels were labeled using the SPM anatomy
toolbox (Eickhoff et al., 2005), which permits the mapping of
peak voxels to subregions of the ROI. However, results of this
labeling procedure are included only for the sake of com-
pleteness and have to be interpreted with great caution
because of the limited spatial resolution of data obtained
with a 1.5 T magnetic field strength. The intensity threshold
was set to a � .05 uncorrected, the minimal cluster size was
5 voxels, and the significance threshold was set to a � .05 on
voxel-level, family-wise error (FWE) corrected (using the
small volume correction options of SPM8). Besides, we also
conducted exploratory whole brain analyses (intensity

http://www.cma.mgh.harvard.edu/fsl_atlas.html
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threshold: a � .05 FWE-corrected; k = 10 voxels; signifi-
cance threshold: a � .05 on voxel-level, FWE-corrected).

3. Results

3.1. Sample description

Age of the final sample ranged from 19 to 33 years (M = 23.22,
SD = 2.87) and BMI from 18 to 28 kg/m2 (M = 22.32, SD = 2.22).
ANOVAwith the between subjects factors stress and sex did not
reveal any significant main or interaction effects concerning
BMI (all F(1;92) < 3.56; p > .062) or age (all F(1;92) < 2.05;
p > .15) with the exception that men overall (M = 24.33,
SD = 3.16) were slightly older than women (M = 22.10,
SD = 2.02; F(1;92) = 17.06; p < .001).

3.2. Stress induction

Salivary cortisol increased in the stress compared to the
control condition over time in men and women differently
(main effects: time [F (2.28;209.98) = 33.73; p < .001], stress
[F(1;92) = 20.88; p < .001], sex [F(1;92) = 23.16; p < .001];
interactions: time x stress [F (2.28;209.98) = 51.53; p < .001],
time � sex [F(2.28;209.98) = 19.55; p < .001], stress � sex
[F(1;92) = 7.08; p = .009], time � stress � sex
[F(2.28;209.98) = 16.67; p < .001]; Fig. 1A). In men, post hoc
t-tests indicated that cortisol concentrations were signifi-
cantly higher in the stress in comparison to the control group
in the second, third, and fourth sample (all T(46) > 2.97;
p � .002; no differences at baseline [T(46) = 1.09; p = .28]).
In women, salivary cortisol increased after stress compared
to the control condition in the third and fourth sample (both
T(46) > 3.26; all p � .005; no differences at baseline and in
the second sample [both T(46) < 1.11; p > .27]). In addition,
the stressor led to significantly higher cortisol increases
(compared to baseline) in stressed men compared to stressed
women in the second, third, and fourth sample (all
T(46) > 3.00; p � .005). No significant sex differences were
found in the control group (all T(46) < 2.00; p > .051).

For sAA, the stressor elicited higher levels in the stress
compared to the control condition over time (main effect:
time [F(2.65;241.36) = 7.32; p < .001]; interaction: time -
� stress [F(2.65;241.36) = 4.38; p = .007]; Fig. 1B); no other
main (all F (1,91) < 0.67; p > .41) or interaction effects were
found (all F (2.65;241.36) < 1.30; p > .27). Post hoc t-tests in
both sexes combined revealed that sAA concentrations com-
pared to baseline were higher in the stress compared to the
control group immediately after stress (T(94) = 3.17; p = .002)
and before fear conditioning (T(94) = 2.75; p = .007), but not
after fear conditioning (T(93) = 1.47; p = .15).

Negative affect was affected over the time of the experi-
ment and as a function of stress (main effects time
[F(2.77,254.95) = 15.43; p < .001]; stress [F (2.77,254.95) = 4.75;
p = .032]; interaction: time � stress [F(2.77,254.95) = 27.01;
p < .001]), but no interaction with sex occurred (all
F (2.77,254.95) < 1.33; p > .26). Post hoc t-tests in both sexes
combined revealed that negative affect was rated signifi-
cantly higher only immediately after stress (M = 1.66;
SD = 0.07) compared to the control condition (M = 1.20;
SD = 0.03; T(94) = 6.06; p < .001), but not at baseline or
before or after fear conditioning (all T(94) < 0.99; p > .32).
3.3. Differential skin conductance responses
(SCRs)

Differential CRs (i.e. main effect CS-type) were found in the
entire group in the FIR (early acquisition: F(1;87) = 80.44;
p < .001; late acquisition: F (1;87) = 27.49; p < .001;
Fig. 2A) and SIR (early acquisition: F(1;87) = 50.30;
p < .001; late acquisition: F (1;87) = 28.33; p < .001;
Fig. 2B). Additionally, stress differentially modulated fear
CRs in men and women in the SIR during early acquisition
(interaction: stress � sex [F(1;87) = 4.73; p = .032]; Fig. 2B).
Post hoc t-tests indicated that the stressor compared to the
control condition significantly reduced conditioned SCRs in
men (T(43) = 2.75; p = .009), more precisely the response to
the CS+ (T(43) = 2.10; p = .040), but not to the CS�
(T(43) = 0.56; p = .58); no differences emerged in women
(all T(44) < 1.02; p > .31). No other main or interaction
effects were observed (all F (1,87) < 2.44; p > .12).

Since OC women displayed lowered cortisol responses com-
pared to men (see Section 3.1), it could be argued that the
stress � sexinteractionresultsfromdifferentcortisolconcentra-
tions. To exclude this possibility, we included the covariate area
under the curve with respect to ground (AUCG; cf. Prüssner et al.,
2003) as a measure of total cortisol output in the ANOVA. After
adjustingtheresultsfordifferentialcortisolresponsesinmenand
OC women, the stress x sex interaction effect (F(1;86) = 3.06;
p = .084) and the stress effect in men (F(1;42) = 4.16; p = .048) in
early acquisition only dropped slightly.

To gain more insight into the stress x sex interaction in
early acquisition of the SIR, we correlated stress-induced
cortisol increases (third sample minus baseline; cf. Kirsch-
baum et al., 1995) with mean differential conditioned SCRs in
men and women separately. In contrast to the AUCG, cortisol
increase is independent of baseline concentrations and a
change over time is pronounced. No significant associations
emerged in women (r = �.14; p = .37), but in men, a signifi-
cant negative association was found (r = �.34; p = .021),
which did not reach statistical significance in the control
or stress group separately (both r < �.15; p > .48).

3.4. Differential neuronal activation

In early acquisition, the contrast CS+ minus CS� revealed a
significant stress x sex interaction in the right nucleus accum-
bens ( pcorr = .036; Table 1A, Fig. 3A): Stress impaired the
activation of the nucleus accumbens in men but facilitated it
in women. Independent of sex, stress compared to the con-
trol condition increased fear learning bilaterally in the hip-
pocampus (cornu ammonis; main effect: stress; left:
pcorr = .029; right: pcorr = .027; Table 1A; Fig. 4A). After
inclusion of the covariate AUCG, the stress effect in the right
hippocampus only remained significant (x = 33; y = �34;
z = �5; Tmax = 3.26; pcorr = .040).

To have a closer look at the interaction, a correlation
between stress-induced cortisol increases and differential
neuronal activation in the nucleus accumbens was conducted
in men and women separately. Cortisol increases were sig-
nificantly negatively correlated with the contrast CS+ minus
CS� in all men (x = 12; y = 17; z = �8; Tmax = 3.39;
pcorr = .013). This effect decreased to a statistical trend,
when the control (x = 6; y = 8; z = �5; Tmax = 2.70; pcorr = .078)



Figure 1 (A) Cortisol responses in the stress or the control condition are displayed for men (left) and OC women (right). (B) Concentrations of the enzyme alpha-amylase are shown for
men (left) and OC women (right). Error bars display standard errors of the mean. Both stress indicators revealed that the psychosocial stressor evoked a stress response in both men and
OCwomen. ***p � .005. During each of the four times of measurement, cortisol, sAA, and negative affect were assessed. Between psychosocial stress and the fear conditioning protocol,
all relevant electrodes were attached. Fear conditioning consisted of pairings between a picture of a geometrical figure (CS+) with an electrical stimulation as UCS, whereas another
picture was not paired (CS�). During the course of fear conditioning, BOLD responses and SCRs were measured in parallel.
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Figure 2 Mean differential (CS+ minus CS�) skin conductance responses (SCRs; transformed with the natural logarithm) for the first
(A) and second interval response (B) are shown separately for early and late acquisition in men and OC women. Error bars are standard
errors of the mean. Significant conditioned responses were found in men and OC women in early and late acquisition as well as both
experimental conditions. Additionally, in early acquisition of the second interval response, a significant stress � sex interaction
occurred. *p < .05; **p < .01 (compared to control men).
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and the stressed male group (x = 12; y = 14; z = �8;
Tmax = 2.79; pcorr = .065) were considered separately. In
women, no significant correlations between cortisol increases
and differential neuronal activation in the right nucleus
accumbens were found.

In late acquisition, the stress x sex interaction showed
that stress significantly influenced the CS+/CS� differentia-
tion in the left amygdala ( pcorr = .025; superficial complex)
and in the anterior cingulate ( pcorr = .035; middle cingulate
cortex as indexed by the SPM anatomy toolbox), again in a
sex-dependent fashion (Table 1B, Fig. 3B): Whereas stress
led to an attenuated neuronal activation in men, stressed
women exhibited larger differential responses in these
structures. In addition to these sex-dependent effects,
sex-independent effects were found in the MFC
( pcorr = .043; rectal gyrus). Here, controls relative to
Table 1 Localization and statistics of the peak voxels for the intera
condition (contrast CS+ minus CS�) in the first half of the experime

Brain structure x 

(A) First half
Stress � sex R nucleus accumbens 9
Control—stress No significant activations

Stress—control
L hippocampus �30
R hippocampus 30

(B) Second half

Stress � sex
Anterior cingulate gyrus �3
L amygdala �15

Control—stress Medial frontal cortex 0
Stress—control No significant activations

The significance threshold was a � .05 (FWE-corrected; small volume co
right.
stressed participants exhibited more differential activation
(main effect: stress; Table 1B, Fig. 4B). Effects in the left
amygdala (x = �15; y = �4; z = �20; Tmax = 3.32;
pcorr = .015) and MFC (x = �3; y = 50; z = �23; Tmax = 3.20;
pcorr = .043) remained significant even when the covariate
AUCG was included, whereas the interaction effect in the
anterior cingulate decreased to a statistical trend (x = 0;
y = �4; z = 31; Tmax = 3.32; pcorr = .073).

Correlation analyses between stress-induced cortisol
increases and the anterior cingulate as well as the left
amygdala did not reveal any significant associations, neither
in men, nor in women.

Exploratory whole brain analyses did not reveal any sig-
nificant effect in each sub-analysis. Non-significant results
concerning ROI testing can be found in Supplementary
Table S1.
ction stress � sex and the comparison between stress and control
nt (A) and the second half of the experiment (B).

y z Tmax pcorr

 8 �11 2.81 .036

 �37 �2 3.56 .029
 �34 �2 3.57 .027

 �4 31 3.81 .035
 �4 �20 3.32 .025

 50 �23 3.44 .043

rrection). All coordinates (x, y, z) are given in MNI space. L: left, R:



Figure 3 Neuronal activations (contrast CS+ minus CS�) for the stress � sex interaction are shown separately for early (A) and late acquisition (B). The depicted coronal and sagittal
slices were selected according to the reported activation in the right nucleus accumbens, the anterior cingulate gyrus, and the left amygdala. For demonstration purposes, data were
thresholded with T � 1.5 (see color bar for exact T values) and displayed on the standard MNI brain template. In the bar graphs mean differential contrast estimates (CS+ minus CS�) are
additionally given for the stress and the control group in the respective peak voxel separately for men and OC women. Error bars display standard errors of the mean. Stress significantly
attenuated the CS+/CS� differentiation in men, but enhanced it in OC women. *pcorr < .05. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of the article.)
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Figure 4 Neuronal activations (contrast CS+ minus CS�) for the main effect stress are shown separately for early (A) and late
acquisition (B). The depicted coronal and sagittal slices were selected according to the reported activation in the left and right
hippocampus and the medial frontal cortex. For demonstration purposes, data were thresholded with T � 1.5 (see color bar for exact T
values) and displayed on the standard MNI brain template. In the bar graphs, mean differential contrast estimates (CS+ minus CS�) are
additionally given for the stress and the control group in the respective peak voxel. Error bars are standard errors of the mean. Stress
significantly increased the CS+/CS� differentiation in the hippocampus, but reduced it in the medial frontal cortex. *pcorr < .05. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.psyneuen.2013.05.015.

4. Discussion

This neuroimaging study investigated acute effects of psy-
chosocial stress on subsequent fear conditioning. Our results
indicate that stress differentially influences correlates of
fear conditioning in men and women. Most importantly,
the stressor impaired fear conditioned responses in the
nucleus accumbens, the amygdala, and the anterior cingu-
late in men, but enhanced the neuronal differentiation in
women. Sex-independently, stress heightened the CS+/CS�
differentiation in the hippocampus, but attenuated CRs in
the MFC.

First of all, our stress induction was successful as indicated
by significantly elevated cortisol and sAA concentrations as
well as negative affect in men and women in the stress
condition. As could be expected, women showed a less
pronounced cortisol increase than men, most likely due to
the fact that we tested women using OCs. In response to
psychosocial stress, OC women show diminished free cortisol
concentrations, because OCs enhance cortisol-binding glo-
bulin, thus attenuating free cortisol (e.g. Kirschbaum et al.,
1999). Nevertheless and in contrast to previous studies
(Jackson et al., 2006), cortisol concentrations were substan-
tially higher during fear conditioning in the stress compared
to the control group in both men and OC women.

In early acquisition, psychosocial stress attenuated fear
CRs in the nucleus accumbens (and differential SCRs in the
SIR) in men, whereas the stressor facilitated it in women. This
structure has been implicated in the development of con-
tingency awareness (Klucken et al., 2009). Since all partici-
pants noticed the CS—UCS relationship in early acquisition
(because of explicit instructions and the 100% reinforcement
schedule, also reflected in the contingency ratings), it is very
reasonable that the nucleus accumbens is involved in this
initial part of the conditioning procedure. Stress reduced the
recruitment of the nucleus accumbens in men (in the group as
well as in the correlation analysis; also mirrored in the
differential SCRs in the SIR), potentially pointing to a less
rapid acquisition of the fear response on the neuronal level,
but not on the subjective level (as indexed by the contin-
gency ratings). More generally, the nucleus accumbens, as
part of the striatum, is associated with habitual responding
(Graybiel, 2008). A stress-induced shift to activation of the
striatum has been proposed to reflect maladaptive recruit-
ment of habitual actions as can be seen in drug abuse and
addiction (Schwabe et al., 2011). These disorders are char-
acterized by associative learning processes such as classical

http://dx.doi.org/10.1016/j.psyneuen.2013.05.015
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as well as instrumental conditioning (Everitt and Robbins,
2005). The present study might extend this view in under-
lining not only the relevant vulnerability factors stress and
conditioning processes, but also potential sex differences in
the response of striatum-based learning mechanisms to
stress.

The same sex-dependent stress effects emerged also in
late acquisition of the experiment in the amygdala and the
anterior cingulate. Accumulating evidence indicates that
both structures are related to fear learning and expression
(e.g. LeDoux, 2000; Mechias et al., 2010). In particular, the
anterior cingulate is involved in anticipation of threat and
aware fear conditioning (e.g. Büchel et al., 1998; Mechias
et al., 2010), which is reflected in late acquisition of the
current experiment. Besides, the anterior cingulate is also
involved in pain modulation (e.g. Rainville, 2002), which
integrates cognitive and emotional aspects of the fear con-
ditioning design as well. Previous studies from our laboratory
have already observed cortisol facilitating fear CRs in the
anterior cingulate in OC women, but impairing differentia-
tion in men (Stark et al., 2006; Tabbert et al., 2010). The
present study confirms these previous pharmacological
results and extends them to physiological stress-induced
cortisol concentrations.

Further, the fear module centers around the amygdala (for
a review: LeDoux, 2000), which orchestrates the stress
response in activating the HPA axis (for a review: Rodrigues
et al., 2009). High densities of stress, but also of sex hormone
receptors exist in the amygdala, the anterior cingulate and
the nucleus accumbens (for reviews: Östlund et al., 2003;
Joels et al., 2011), thus enabling an interplay of sex and
stress hormones in these regions. In the current paradigm,
sex differences in fear processing following psychosocial
stress emerged, particularly, differential amygdala responses
were impaired in men, but facilitated in OC women. In men,
acute cortisol administration led to reduced amygdala acti-
vation toward emotional input (Henckens et al., 2010),
supporting a guardian function of glucocorticoids. Accord-
ingly, hydrocortisone attenuated amygdala activation in rest-
ing participants (Lovallo et al., 2010). Besides, cortisol
inhibited pathological fear (which implicates an exaggerated
amygdala response) in spider and social phobia (Soravia
et al., 2006) as well as phobia for heights (De Quervain
et al., 2011) in men and women. However, information on
OC intake or menstrual cycle status is not given in these
publications. Our current results, together with our previous
pharmacological studies (Stark et al., 2006; Merz et al.,
2012b; Tabbert et al., 2010), indicate that stress or cortisol
administration increase fear conditioning in OC women. This
stress-induced mechanism might pave the way to exagger-
ated fear in OC women experiencing stress. A look into fear
extinction reveals that OC women exhibit heightened
responses in the neuronal extinction circuit, which might
make them also more vulnerable to develop and maintain
excessive fear (cf. Merz et al., 2012a; Graham and Milad,
2013). All in all, the critical impact of sex hormones on
emotional learning must not be neglected, particularly
regarding their implication in psychiatric disorders (Leb-
ron-Milad and Milad, 2012; Lebron-Milad et al., 2012).
Whether the effects of stress and sex hormones on fear
learning translate into pathological fear in OC women should
be elucidated in future clinical/epidemiological studies.
More precisely, it has to be determined if OC women,
free-cycling women and men differ from each other in terms
of prevalence, maintenance and treatment of psychiatric
disorders. For example, exposure therapy might be more
successful in specific phases of the menstrual cycle. Besides,
the differential influence of acute and chronic stress on
persons with varying sex hormone status needs to be explored
in more detail, both in clinical practice as well as in basic
research. For example, the interplay between sex hormones
and stress hormones affecting extinction learning, consolida-
tion and recall has been largely neglected.

It has to be mentioned that stress induction led to differ-
ent conditioning findings in rodents (for a review: Dalla and
Shors, 2009) as well as humans (at the electrodermal level:
Jackson et al., 2006; Zorawski et al., 2006). These studies
related stress to increased conditioning in males and to
impaired CRs in females. Along with important methodolo-
gical differences (e.g. single cue vs. differential condition-
ing; eye-blink vs. context vs. fear conditioning; neutral vs.
biological salient CS, cf. Merz et al., 2010, 2012a), OC usage
and menstrual cycle were not controlled for in the mentioned
human studies.

Nonetheless, our current results in men correspond to
preceding experiments exploring stress effects on eye-
blink conditioning and conditional discrimination learning
in humans (Wolf et al., 2009, 2012). Besides, pharmacolo-
gical studies using 30 mg hydrocortisone also consistently
revealed attenuated conditioned neuronal activation in
men and enhanced CRs in OC women (Stark et al., 2006;
Merz et al., 2010, 2012b; Tabbert et al., 2010). But admin-
istration of 30 mg hydrocortisone evokes supraphysiologi-
cal cortisol concentrations and only mimics activation of
the HPA axis, but not of the SNS. The use of a psychosocial
stressor is more appropriate to investigate real-life circum-
stances and the concerted action of both stress axes. The
highly similar results obtained with pharmacological corti-
sol administration and stress-induced cortisol elevations
support the notion that the effects observed in the current
study indeed reflect the impact of cortisol on the central
nervous system and are not secondary to stress-induced
changes in affect or in other central neurotransmitters
(e.g. CRH).

At first sight, it seems problematic that OC women did not
display the same salivary cortisol response to stress com-
pared to men, because the stressor might not be equally
effective in men and OC women. However, sAA concentra-
tions as well as negative affect were equally affected.
Besides, the altered pattern in salivary cortisol was fre-
quently observed in OC women (e.g. Kirschbaum et al.,
1999) and should therefore closely match real-life situations.
Apparently, our current data (also reflected in the results
after inclusion of the AUCG as a measure of total cortisol
concentrations) together with those using 30 mg hydrocorti-
sone (Stark et al., 2006; Merz et al., 2010, 2012b; Tabbert
et al., 2010) suggest that the exact amount of cortisol
increase (different rises in men and OC women after stress,
but comparable after cortisol administration) is not the
driver of the interaction effects, but rather OC intake per
se. This assumption should be tested in future dose—response
experiments.

Sex-independently, stress facilitated the CS+/CS� differ-
entiation in the hippocampus in early acquisition, but
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attenuated CRs in the MFC in late acquisition. These two
structures host a high density of stress hormone receptors
(e.g. Joels et al., 2011) and have been crucially implicated in
the regulation of conditioned fear (e.g. Shin and Liberzon,
2010). Notably, stress hormones reduced activation of the
hippocampus and medial prefrontal areas in rodents and
healthy humans (e.g. Oei et al., 2007; for reviews: Kim
and Diamond, 2002; Wolf, 2008). Our findings of enhanced
hippocampal differentiation after acute stress contradict
these reports; however, these previous studies tested effects
of stress hormones on hippocampus activation during mem-
ory retrieval. In contrast, fear conditioning refers to the
memory stage of encoding. Previously, psychosocial stress
led to enhanced hippocampal activation during encoding of a
working memory task, but to reduced hippocampal responses
during retrieval (Weerda et al., 2010). These results support
the temporal dynamics model of emotional memory proces-
sing (Diamond et al., 2007) proposing an initial enhancement
of hippocampal functioning after stress, which later switches
to an impairing mode. In contrast, medial prefrontal areas
are inhibited during high cortisol concentrations (e.g. Oei
et al., 2007), which is in line with our current results. A
hypoactive medial prefrontal cortex is assumed to play a role
in the pathogenesis of PTSD, potentially resulting from trau-
matic stress experience or reflecting a predisposing factor
increasing the risk for certain individuals to develop a psy-
chiatric disorder (Milad et al., 2009; for a review: Shin and
Liberzon, 2010). In the present study, acute stress attenuated
regulatory MFC activation; together with heightened BOLD
responses in the anterior cingulate and in the amygdala a
critical pathway might be open to exaggerated fear in OC
women, but not in men.

In addition to cortisol, the central effects of CRH should
be mentioned as well. CRH is produced in the paraventri-
cular nucleus (PVN) of the hypothalamus and the amygdala
and both regions also express CRH receptors. Previously, it
has been shown that estrogens activate, whereas andro-
gens inhibit CRH transcription (Bao et al., 2005, 2006; Bao
and Swaab, 2011). Consequently, the results of the present
study as well as our pharmacological results (Stark et al.,
2006; Merz et al., 2010, 2012b; Tabbert et al., 2010) could
partly reflect the involvement of CRH neurons on sex dif-
ferences after heightened cortisol concentrations. It
should be noted that at present, fMRI is not capable of
measuring reliably activation of the PVN, therefore we
refrained from including this further ROI. A further limiting
factor is that it remains to be shown if the current results in
OC women after psychosocial stress can be replicated in
free-cycling women. According to our previous report
regarding cortisol effects on fear conditioning (Merz
et al., 2012a,b), we speculate that free-cycling women
most likely exhibit reduced CRs after stress, i.e. a pattern
similar to men.

In conclusion, our data demonstrate that exposure to
the same stressor can have opposing effects on the
neuronal and electrodermal correlates of fear learning
in men and women using OCs. This might contribute to
the higher prevalence of several anxiety disorders in
women compared to men. The respective symptomatol-
ogies are connected to the formation of conditioned
fear during acute stress. Future studies are necessary
to investigate the role of sex hormones, in particular of
OCs, on the effect of psychosocial stress on fear con-
ditioning. Such studies may foster our understanding of
the factors underlying sex differences in the prevalence
of anxiety disorders.
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