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a b s t r a c t
Fear-related disorders are signiﬁcantly more prevalent in women than in men. Stress may modulate the
neurocircuitry of fear and is a critical factor in the pathogenesis of fear-related disorders. Therefore, we tested
in the present experiment the hypothesis that noradrenaline and glucocorticoids, two major stress mediators, have differential effects on fear processing in men and women. In a placebo-controlled, double-blind
between-subject design, 80 healthy men and women were administered orally the α2-adrenoceptor antagonist yohimbine and/or the synthetic glucocorticoid hydrocortisone before they rated images of neutral and
fearful faces with respect to the degree of fearfulness of the facial expression. During presentation of facial
expressions, functional magnetic resonance images were collected. Yohimbine increased subjective ratings
of the fearfulness of the faces in women but reduced fearfulness ratings in men. Neuroimaging data showed
that yohimbine increased amygdala activity in response to fearful faces in women, whereas it attenuated
amygdala responsivity to fearful faces in men. Moreover, yohimbine decreased orbitofrontal activity while
viewing fearful faces in women. Hydrocortisone did not affect fear processing, neither in men nor in
women. Our ﬁndings suggest that noradrenergic arousal may have opposite effects on fear processing in
men and women. These sex differences may represent a biological mechanism that contributes to the differential prevalence of fear-related disorders in men and women.
© 2013 Elsevier Inc. All rights reserved.

Introduction
Aberrant fear is at the heart of many psychiatric disorders, including
panic disorder, post-traumatic stress disorder (PTSD) and phobias.
Across cultures and countries, women are at least twice as likely as
men to suffer from such fear-related disorders (Kessler et al., 2005;
Wittchen et al., 2011). Despite this striking sex difference and great interest in that area, neural mechanisms that contribute to the differential
prevalence of fear-related disorders in men and women remain largely
elusive.
The key structure in the processing of fear is the amygdala
(LeDoux, 2000). Bilateral damage to the amygdala impairs the processing of fearful facial expressions and the acquisition of conditioned fear responses (Adolphs et al., 1994). Neuroimaging data
from healthy subjects conﬁrm the critical role of the amygdala in
fear processing and learning (Büchel et al., 1998; Morris et al., 1998).
In line with the view that altered fear processing is related to psychopathology, exaggerated amygdala activity during the processing of fearful
information has been noted in PTSD, depression and social anxiety
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(Birbaumer et al., 1998; Rauch et al., 2000; Shin et al., 2005; Stein et
al., 2002). Moreover, there is considerable evidence for sex differences
in amygdala responding during fear-related activities (Cahill, 2006),
with some studies reporting stronger amygdala activation in response
to fearful information in women than in men (Williams et al., 2005).
Animal and human studies indicate that amygdala activity can be
modulated by neurotransmitters and hormones, such as noradrenaline
and glucocorticoids (mainly cortisol in humans), that are released in response to stress (Cahill and McGaugh, 1998; Henckens et al., 2010;
Rasch et al., 2009; Roozendaal et al., 2009; Strange and Dolan, 2004;
van Stegeren et al., 2005). Stressful experiences are also critically involved in the pathogenesis of PTSD and other fear-related disorders
(Horowitz, 1997). It is therefore tempting to hypothesize that sex differences in the prevalence of fear-related disorders are (at least partly)
related to sex differences in the impact of stress (hormones) on amygdala processing of fear.
The present experiment addressed this hypothesis in a large sample
of men and women and examined potential sex differences in the inﬂuence of noradrenaline and glucocorticoids on neural processing of fear.
We administered healthy men and women orally the α2-adrenoceptor
antagonist yohimbine, which leads to increased noradrenergic stimulation, the synthetic glucocorticoid hydrocortisone, or a combination of
both drugs in order to assess potential interaction effects of noradrenaline
and glucocorticoids on fear processing. After drug intake, participants
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saw, while lying in a 3 Tesla scanner, pictures of fearful (and neutral) facial expressions, which are known to reliably recruit the amygdala and
other fear relevant structures such as the medial prefrontal cortex, the
insula or the anterior cingulate cortex (Breiter et al., 1996; Stein et al.,
2007; Vuilleumier et al., 2001). Given that stress- and fear-related disorders are signiﬁcantly more prevalent in women than in men and that
amygdala activity is often increased during fear processing in these disorders, we expected that yohimbine and glucocorticoids would result in
stronger amygdala activation during viewing of fearful faces in women
than in men.

Material and methods
Participants
In a placebo-controlled, double-blind between-subject design, 80
healthy, normal weight, right-handed nonsmokers (40 men, 40 women;
age: 23.53±0.34 years; body-mass-index (kg/m2): 23.29±0.33) with
normal or corrected-to-normal vision were randomly assigned to
one of four experimental groups (n = 20/group): placebo/placebo
(PLAC), yohimbine/placebo (YOH), hydrocortisone/placebo (CORT),
or yohimbine/hydrocortisone (YOH + CORT). Exclusion criteria for
participation were checked by a psychologist (LS) in a standardized interview and included medication intake, hormonal contraceptive use,
any current or chronic medical condition, current or lifetime history of
any psychiatric or neurological disorder, and any contraindications for
MRI. Women were tested only during the late follicular and luteal
phase of their menstrual cycle when estrogen and progesterone levels
were relatively high in order to reduce variability in sex hormone variations; menstrual cycle phase was determined based on participants'
reports. The study protocol was approved by the Review Board of the
Medical Faculty of the Ruhr-University Bochum. All participants provided written informed consent.

Procedure
Because of the diurnal rhythm of the stress hormone cortisol, all
testing took place in the afternoon between 1.00 and 6.30 pm.
After their arrival at the laboratory, all participants completed the
State-Trait-Anxiety Inventory (STAI; Spielberger, 2010) to control
for potential group differences in state or trait anxiety. Moreover,
participants gave a ﬁrst saliva sample before they received placebo,
yohimbine (20 mg) or hydrocortisone (20 mg) pills, depending on
the experimental group. After a 30-minute break during which
they remained in a quiet room, participants gave another saliva sample and were prepared for the MRI session. About 45 min after pill intake, participants gave another saliva sample immediately before the
MRI session started. After a short anatomical scan, participants saw
images of 36 fearful and 36 neutral faces that were presented in randomized order at the center of a computer screen (Fig. 1). Each picture was presented for 4 s. Participants were instructed to rate on a
scale from 1 (“not at all fearful”) to 4 (“very fearful”) the degree of
fearfulness of the facial expressions by pressing the corresponding
button on a four-button response box. Between trials, participants
were presented a ﬁxation cross for 5 to 7 s (random jitter: 0–2 s).
In total, the face rating task took about 13 min. After scanning, participants gave a ﬁnal saliva sample out of the scanner.
Image acquisition
Imaging was conducted on a 3.0 Tesla Philips Achieva scanner
equipped with a 32-channel head coil. For each participant, one
high-resolution T1-weighted anatomical scan was acquired with
the following parameters: 220 slices, slice thickness 1 mm, repetition time (TR) = 8.2 ms, echo time (TE) = 3.8 ms. During the face
rating task, functional scans (370 volumes) were acquired parallel to
the AC–PC plane (30 slices, slice thickness 3 mm, TR= 2.0 s, TE=
30 ms, ﬂip angle = 90°, 64× 64 matrix, 2 mm× 2 mm pixel size, ﬁeld
of view = 200 × 200 mm). The ﬁrst 3 images were discarded to allow
T1 equilibration.

Drug administration and manipulation check
Data analysis
Participants were administered 20 mg Yohimbine (Desma) and/or
20 mg Hydrocortisone (JenaPharm) orally about 45 min before the
MRI session. Drug dosage and timing of drug administration were
chosen according to previous studies using these drugs (Buchanan
and Lovallo, 2001; Schwabe et al., 2010; van Stegeren et al., 2010).
In order to verify the action of the drugs, we collected saliva samples
at several time points before and after drug administration. From saliva, we analyzed the biologically active, free fraction of the stress
hormone cortisol, the major glucocorticoid in humans, and the enzyme alpha-amylase, an indicator of adrenergic activity (Chatterton
et al., 1996). Cortisol concentrations were determined by a luminescence immunoassay (IBL, Hamburg, Germany; Westermann et al.,
2004). Mean intra- and inter-assay coefﬁcients of variation are less
than 8% and 12%, respectively. Levels of salivary alpha-amylase
were determined from the saliva samples using a commercially
available kinetic reaction assay (Salimetrics, Penn State, PA;
Granger et al., 2007). Mean intra- and interassay coefﬁcients of variation of the salivary alpha-amylase analyses are less than 8% and
6%, respectively.

Stimuli
Stimuli consisted of frontal view images of 36 neutral and 36 fearful
faces (18 male and 18 female faces per category) taken from the
Radboud Faces Database, a validated set of pictures of models displaying
different emotional expressions (Langner et al., 2010). Examples of the
face stimuli are shown in Fig. 1.

Cortisol and alpha-amylase data were analyzed by sex × yohimbine
(placebo vs. yohimbine)×hydrocortisone (placebo vs. hydrocortisone)×
time point of measurement analyses of variance (ANOVAs). The
face rating data were subjected to a mixed-design ANOVA with the
factors sex, yohimbine, hydrocortisone and facial expression (neutral vs. fearful). Signiﬁcant main or interaction effects were followed
by appropriate post-hoc tests. All reported p-values are two-tailed.
Preprocessing and analysis of the event-related fMRI data were
performed using SPM8 (Wellcome Trust Center for Neuroimaging,
University College London). Functional imaging data were corrected
for slice-timing and head motion. Structural images were segmented
into gray matter, white matter, and cerebrospinal ﬂuid. Gray matter
images were normalized to the MNI template image. Functional images were co-registered with the structural image and combined
with normalization parameters of the gray matter image in the
ﬁnal warp. Finally, data were spatially smoothed using an 8 mm
full width half-maximum Gaussian kernel and ﬁltered in the temporal domain using a nonlinear high-pass ﬁlter with a 128 s cut-off.
Functional data were analyzed using a general linear model with
the regressors neutral face and fearful face. In addition, we included
button presses and the six movement regressors counting information about motion correction into our model. Regressors of interest
were constructed by a stick function convolved by a hemodynamic
response function (HRF). The data were ﬁltered in the temporal domain using a nonlinear high-pass ﬁlter with a 128 s cut-off. Contrast
estimates were calculated for fearful face–neutral face and neutral
face–fearful face.
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Fig. 1. Task procedure. Participants saw front view images of neutral and fearful facial expressions and were asked to rate the fearfulness of the facial expressions. Images of faces
were shown for 4 s; between images there was a ﬁxation period of 5 to 7 s.

Linear contrasts were used to obtain subject-speciﬁc estimates for
each effect of interest, which were then entered into a second-level
(group) analysis, treating subject as a random effect and using a full factorial model with the factors yohimbine (placebo vs. yohimbine), hydrocortisone (placebo vs. hydrocortisone), and participants' sex. We used
explorative whole brain analyses as well as region of interest (ROI) analyses. For the explorative whole brain analyses, the signiﬁcance threshold
was set to pb 0.05 on voxel-level, corrected for multiple testing (familywise error (FWE) correction). ROI analyses were performed using the
small volume correction options of SPM8 (pb 0.05). A priori ROIs included
the amygdala, the insular cortex, the medial prefrontal and orbitofrontal
cortex, the anterior cingulate cortex, and the fusiform cortex which
were identiﬁed in previous neuroimaging studies on emotion and face
processing (Stein et al., 2007; Vuilleumier et al., 2001). The respective
ROI masks were taken from the Harvard–Oxford cortical and subcortical
atlases.

of noradrenergic activity (Chatterton et al., 1996), increased after yohimbine intake (time×yohimbine: F(3,210)=3.89, p=0.01, η2 =0.05) but
not after hydrocortisone intake (time×hydrocortisone: F(3,210)=0.38,
p=0.76; Fig. 2A). Conversely, salivary cortisol increased signiﬁcantly
after hydrocortisone intake (time×hydrocortisone: F(3,210)=33.77,
pb 0.0001, η2 =0.33) but not after yohimbine intake (time×yohimbine:
F(3,210)=0.53, p=0.66; Fig. 2B). There were no interaction effects between yohimbine and hydrocortisone, neither for alpha-amylase nor for
cortisol (all Fb 1, all p>0.42). Furthermore, men and women did not differ
in their alpha-amylase or cortisol levels (all main and interaction effects:
Fb 2.10, p>0.11).
Moreover, experimental groups did not differ in their state and
trait anxiety scores, nor did men and women (all main and interaction effects: F b 1.61, p > 0.20; Supplementary Table S1).
Yohimbine increases fearfulness ratings in women but decreases
fearfulness ratings in men

Results
Changes in cortisol and alpha-amylase after hydrocortisone and
yohimbine intake
Signiﬁcant changes in salivary cortisol and alpha-amylase conﬁrmed the action of the drugs. Salivary alpha-amylase, an indicator

As expected, participants rated fearful facial expressions as signiﬁcantly more fearful than neutral facial expressions (F(1,72) = 1852.93,
p b 0.0001, η 2 = 0.96). Interestingly, however, fearfulness ratings
were modulated by yohimbine intake and participants' sex. In a
sex × yohimbine × hydrocortisone × facial expression ANOVA, we
obtained a main effect of sex (F(1,72) = 5.77, p = 0.019, η 2 = 0.07),
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Fig. 2. Alpha-amylase and cortisol levels across the experiment. (A) Salivary alpha amylase increased in the groups that had received yohimbine (YOH and YOH+CORT, respectively) but
not in the groups that had received a placebo (PLAC) or hydrocortisone only (CORT). (B) Conversely, salivary cortisol levels were elevated in participants that were administered hydrocortisone but not in those that were administered a placebo or yohimbine only. ** pb .01; * YOH+CORT vs. PLAC and CORT, respectively: both pb .05. Data represent means and standard
error of the mean.

a sex × yohimbine interaction (F(1,72) = 6.19, p = 0.015, η 2 = 0.08),
a sex ×facial expression interaction (F(1,72)=5.34, p=0.024, η2 =
0.07), and, most importantly, a three-way interaction between sex, yohimbine, and facial expression (F(1,72)=11.03, p=0.001, η2 =0.13).
Whereas sex and yohimbine did not affect participants' ratings of the
neutral facial expressions (all main and interaction effects: Fb 1.40,
p>0.40), yohimbine had opposite effects on the ratings of fearful faces
in men and women (sex ×yohimbine interaction: F(1,72)=10.93, p=
0.009, η2 =0.13). As shown in Fig. 3, yohimbine increased fearfulness
ratings in women (t(38)=2.45, p=0.019) but reduced the ratings of
fearfulness in men (t(38)=2.22, p=0.032). Hydrocortisone did not inﬂuence the ratings of the facial expressions (all main and interaction
effects: Fb 2.52, p>0.15).
Although the absence of any interaction effects with hydrocortisone suggests that hydrocortisone did not modulate the yohimbine
effects, we ran an additional sex × group (PLAC, CORT, YOH, and
YOH + CORT) × facial expression ANOVA to rule out the possibility

that the effects of yohimbine were affected by hydrocortisone (as
the observed main effect of yohimbine collapsed across the YOH
and YOH + CORT groups). This analysis conﬁrmed the opposite effects of yohimbine in men and women and showed that these effects
were independent of hydrocortisone. We obtained a signiﬁcant
sex×group×facial expression effect (F(3,72)=6.25, p =.001, η2 =.21)
showing a differential effect of the pharmacological treatment in
men and women for negative (sex × group: F(3, 72) = 6.92, p b .001,
η 2 = .22) but not for neutral faces (p >.50). Follow-up analyses revealed that women in the YOH and YOH+ CORT groups rated the fearful faces as more fearful than women in the PLAC and CORT groups
(group effect: F(3, 36)= 4.13, p = .01, η 2 = .26; LSD post-hoc tests: all
p b .07). In men, the fearfulness ratings of the YOH and YOH+ CORT
groups were reduced compared to the PLAC and CORT groups (group
effect: F(3, 36) =3.00, p = .04, η 2 = .26; LSD post-hoc tests: all p b .08).
Importantly, there were no differences between the YOH and the
YOH + CORT groups (neither in men nor in women; both p > .38),
nor were there any differences between the PLAC and CORT groups
(both p > .63).
Yohimbine has opposite effects on amygdala responses to fearful faces in
men and women

Fig. 3. Opposite effect of yohimbine on fearfulness ratings in women and men. Fearful facial expressions were rated as signiﬁcantly more fearful than neutral facial expressions.
Administration of the α2-adrenoceptor antagonist yohimbine increased fearfulness ratings in women whereas yohimbine administration decreased fearfulness ratings in men.
Facial expressions were rated on a scale from 1 (“not at all fearful”) to 4 (“very fearful”).
* pb .05, ** pb .01. Data represent means and standard error of the mean.

In line with earlier studies on fearful face processing (Stein et al.,
2007; Vuilleumier et al., 2001), our imaging data showed that, compared to viewing of neutral faces, viewing of fearful faces was associated with signiﬁcant activation of the amygdala, the anterior
cingulate cortex, the insular cortex, the orbitofrontal cortex and the
fusiform cortex. In addition to these ROI, exploratory whole brain
analyses revealed activations in a number of other frontal, parietal, temporal, and occipital regions (Supplementary Table S2). In order to assess
whether yohimbine, hydrocortisone and participants' sex modulated
the neural structures involved in processing of fearful faces, we
analyzed brain activations associated with viewing fearful versus
neutral faces with a full factorial model. This analysis revealed a significant (bidirectional) interaction of yohimbine administration and participants' sex in the amygdala ([−30, 0, −16]; Z = 3.72, p = 0.011;
FWE corrected; Figs. 4A and B). To pursue this analysis, we assessed
the inﬂuence of yohimbine on brain activations for the contrast fearful
minus neutral faces in men and women, separately. We found that yohimbine reduced amygdala activity in men (no-yohimbine–yohimbine:
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Fig. 4. Modulation of brain activity during viewing of fearful (versus neutral) facial expressions by yohimbine and sex. (A) Interactive effect of yohimbine and participants' sex on
brain activity associated with viewing of fearful faces. (B) Parameter estimates are shown for the peak voxel in the amygdala. Values are mean ± SEM. (C) In men, yohimbine intake
reduced amygdala activity during viewing of fearful faces. (D) In women, however, yohimbine increased amygdala activity but decreased activity in the orbitofrontal cortex during
viewing of fearful facial expressions. Coronal, sagittal, and transverse sections are shown, superimposed on a T1 template image. Increased activations after yohimbine intake are
shown in red/yellow; deactivations after yohimbine intake are shown in green.

[−30, 0, −16], Z = 3.35, p = 0.034, FWE corrected; Fig. 4C; yohimbine–
no-yohimbine: no suprathreshold activations). In women, however, yohimbine increased amygdala activity during viewing of fearful faces
(yohimbine–no-yohimbine: [−30, 0, −16], Z = 3.10, p = 0.057, FWE
corrected; Fig. 4D). At the same time, yohimbine reduced activity in
the orbitofrontal cortex in women (no-yohimbine–yohimbine: [−20,
30, −22], Z = 3.62, p = 0.05, FWE corrected). In contrast to yohimbine,
hydrocortisone did not affect brain activity during viewing of fearful
faces. There were no signiﬁcant main effects of hydrocortisone, nor
any interaction effects with yohimbine or participants' sex. Moreover,
we did not obtain any effects of yohimbine, hydrocortisone or sex
for the reverse contrast neutral minus fearful faces. The exploratory
whole brain analyses revealed a signiﬁcant sex × yohimbine interaction in the superior orbital lobe ([24, 30, − 12], Z = 3.61, p b 0.001,
cluster size: 384 voxel) when the threshold was set to p b .001 in 10
contiguous voxels. Follow-up tests showed that this effect was
owing to reduced superior orbital activation after yohimbine intake
in men ([24, 32, − 10], Z = 3.33, p b 0.001, cluster size: 169 voxel)
whereas yohimbine did not affect superior orbital activation in
women.
Because the reported main effects of yohimbine in men and
women include both the YOH and the YOH + CORT groups, we
contrasted these two groups (both in men and women) in an additional analysis directly to rule out the possibility that there were
any modulatory inﬂuences of hydrocortisone. We did not ﬁnd any differences in brain activation between these groups, neither in men nor in
women. Even when the statistical threshold was set to the much more
lenient level of p = .005 (uncorrected), no differences occurred. Similarly, we obtained no differences in brain activation between the PLAC and
CORT groups. Thus, the observed effects of yohimbine were not modulated by hydrocortisone. Moreover, we compared brain activation during viewing of fearful (vs. neutral) faces in men and women
separately in the YOH and YOH + CORT groups. These analyses showed
that women had reduced amygdala activity compared to men, both in
the YOH ([−30, 0, −16]; Z = 3.44, p = 0.034; FWE corrected) and
YOH + CORT group ([−16, −4, −14]; Z = 3.19, p = 0.056; FWE
corrected). In addition to these differences in amygdala activation, we
obtained further differences between men and women, mainly in

frontal areas, when the statistical threshold was set to the more lenient
level of p = .005 (uncorrected; see supplementary Table S3).
In order to assess whether the interactive inﬂuence of participants'
sex and yohimbine on amygdala activation was mediated by subjective
ratings of fear (Dyck et al., 2011; Williams et al., 2006), we performed
ﬁrst a regression analysis in which we regressed fear ratings on brain
activity, including participants' sex as an additional factor. This analysis,
however, revealed no signiﬁcant associations between fear ratings and
brain activation. Nevertheless, we entered in a next step subjective fear
ratings as a covariate into our sex × yohimbine× hydrocortisone full factorial model. This ANCOVA showed that the sex × yohimbine interaction
effect in the amygdala ([−30, 0, −16]; Z= 3.66, p = 0.014; FWE
corrected) remained when we controlled for differences in subjective
fear ratings. Even when controlling for subjective fear ratings, yohimbine increased amygdala activation in men ([−30, 0, −16]; Z = 3.53,
p = 0.020; FWE corrected) and tended to decrease amygdala activation
in women ([−30, −2, −16]; Z = 2.72, p = 0.145; FWE corrected).
However, the decrease in orbitofrontal activation after yohimbine intake in women disappeared when we controlled for the inﬂuence of
fear ratings (p >.001, uncorrected), suggesting that activation in the
orbitofrontal cortex was associated with explicit fear in women.
Discussion
Stress modulates fear processing networks in the brain (Roozendaal
et al., 2009; van Stegeren et al., 2005) and is a key factor in the pathogenesis of fear-related disorders (Horowitz, 1997). Most of these
fear-related disorders are signiﬁcantly more prevalent in women than
in men (Kessler et al., 2005; Wittchen et al., 2011). We therefore hypothesized that stress may, mediated by noradrenergic arousal and/or
glucocorticoid stress hormones, have a differential effect on fear processing in men and women. To test this hypothesis, healthy subjects received the α2-adrenoceptor antagonist yohimbine, which leads to
increased noradrenergic stimulation, or the synthetic glucocorticoid hydrocortisone before they viewed pictures of fearful facial expressions in
the scanner. Our results indicate that noradrenergic arousal, but not glucocorticoids, had indeed a differential impact on fear processing in men
and women. Yohimbine increased subjective fearfulness ratings in
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women, whereas it decreased fearfulness ratings in men. At the neural
level, this sex-dependent inﬂuence of yohimbine was reﬂected in opposite changes in amygdala activity during viewing of fearful faces, with
increased amygdala activity after yohimbine intake in women and reduced amygdala activity after yohimbine intake in men.
Sex differences have been reported in a variety of emotion-related
behaviors and neuroimaging studies suggest that these differences
are closely linked to differences in amygdala responsivity (Cahill,
2006; Hamann, 2005). These functional differences may be related
to structural and developmental sex differences that have been
found for the amygdala (Newmann, 1999). Most interestingly for
the present study, ﬁrst evidence points to possible sex differences
in amygdala responsivity to fear-related stimuli which are associated
with autonomic arousal (Williams et al., 2001, 2005). Previous pharmacological studies that addressed the role of noradrenergic arousal on
amygdala activity in response to emotional stimuli directly found that
beta-adrenergic blockade reduced amygdala responsivity to emotional
material (Hurlemann et al., 2010; van Stegeren et al., 2005), whereas
the noradrenaline reuptake inhibitor reboxetin increased amygdala activity (Onur et al., 2009). These studies, however, tested only relatively
moderate sample sizes that did not allow focusing on possible sex differences. To the best of our knowledge, the present study is the ﬁrst
that examined noradrenaline (and glucocorticoid) effects on fear processing in a large sample of men and women. We found increased fear
ratings and amygdala responsivity after yohimbine intake in women
but decreased fear ratings and amygdala responsivity after yohimbine
intake in men. How can these opposite effects of noradrenergic arousal
in men and women be explained? Some authors argued that women
have developed a more sensitive fear detection system during evolution
that can be activated more easily (Campbell, 1999). According to this
view, one might speculate that women have a higher density or sensitivity of adrenergic receptors in the amygdala than men. However, as
far as we know, direct evidence to support this claim is missing.
Another, more likely, explanation takes the role of sex hormones
into account. Major female sex hormones (estrogen and progesterone)
have a strong impact on amygdala functioning. For example, estrogen
increases synaptogenesis and spontaneous activity in the amygdala
(Matsumoto, 1991; Scheiss et al., 1988) and interacts with catecholaminergic systems to increase amygdala activity (McEwen and Alves,
1999). Male sex hormones (in particular, testosterone), however, may
have the opposite effect than estrogen, they may counterbalance the effects of arousal on the amygdala. For instance, it has been shown that
stress increases fear responses and α2-adrenergic binding sites in the
amygdala and that the injection of testosterone decreased emotional responses and α2-adrenoceptor expression in the medial amygdala
(Flügge et al., 2001). These data suggest a critical inﬂuence of sex hormones in the impact of noradrenergic arousal on amygdala activity. In
the present study, women were tested only in the late follicular and luteal phase when both estrogen and progesterone were relatively high.
Future studies, however, should also directly measure or manipulate
experimentally estrogen, progesterone and testosterone levels to elucidate the role of sex hormones in the effect of arousal on fear processing.
In addition to the alterations in amygdala activity, yohimbine decreased in women also activity in the orbitofrontal cortex while viewing
images of fearful faces. This ﬁnding is in line with other studies showing
reduced orbitofrontal cortex functioning after noradrenergic stimulation (Schwabe et al., 2012; Sun et al., 2010). The orbitofrontal cortex
is another key region for the processing of emotional information. However, its role in emotion processing appears to differ from the role of the
amygdala. Whereas the amygdala is implicated in rather automatic, ‘reﬂexive’ responding to emotional stimuli (Whalen et al., 2004), the
orbitofrontal cortex is related to a more thorough analysis of emotional
information (Schwabe et al., 2011). Thus, the ﬁnding that yohimbine increases amygdala activity but decreases orbitofrontal activity suggests
that noradrenergic arousal alters fear processing in women in two
ways: by enhancing the ‘reﬂexive’ fear system and by impairing the

system involved in the more elaborative evaluation of emotional stimuli. Interestingly, the same pattern of results, i.e., increased amygdala
activity and decreased orbitofrontal activity, has been observed in several fear-related disorders (Shin et al., 2004, 2006).
Whereas the α2-adrenoceptor antagonist yohimbine had a signiﬁcant impact on fear processing, glucocorticoids did not affect
brain activity while viewing fearful faces nor did they modulate the
effect of noradrenergic stimulation, neither in men nor in women.
It is well-known that glucocorticoids interact with noradrenergic
arousal to enhance memory consolidation (Roozendaal et al.,
2009). These effects, however, are presumably mediated by genomic
glucocorticoid actions that develop over hours. In addition to genomic actions, glucocorticoids may also exert rapid non-genomic actions via membrane-bound receptors (de Kloet et al., 2008). A
recent study contrasted the rapid, non-genomic vs. slow, genomic effects of glucocorticoids on the processing of fearful faces in men
(Henckens et al., 2010). The results showed that slow glucocorticoid
actions reduced amygdala responsivity to fearful faces, whereas
rapid glucocorticoid action had no emotion-speciﬁc effect on amygdala processing. Another neuroimaging study showed that slow glucocorticoid actions may also interact with noradrenaline to
modulate amygdala reactivity to fearful stimuli (Kukolja et al.,
2008). Here, we administered glucocorticoids about 45 min before
stimulus presentation, when genomic glucocorticoid actions had
most likely not yet developed. Although glucocorticoids may rapidly
modulate amygdala activity in general (Lovallo et al., 2010), our results suggest that these rapid glucocorticoid effects are not speciﬁc
to the processing of fearful information. At this point, it is to be
noted however, that the hydrocortisone dose that was used in the
present study was relatively moderate. It cannot be ruled out that,
at a higher hydrocortisone dose, even non-genomic glucocorticoid
actions might alter fear processing.
In summary, our ﬁndings show that noradrenergic arousal has
opposite effects on fear processing in men and women, with increased
fear processing in women and reduced fear processing in men. Such
sex differences in fear processing in times of high arousal may represent
a biological mechanism that contributes to the differential prevalence of
fear-related disorders in men and women.
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