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Neuronal correlates of extinction learning
are modulated by sex hormones
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In emotional learning tasks, sex differences, stress effects and an interaction of these two moderators have often been observed.
The sex hormones estradiol (E2) and progesterone (P4) vary over the menstrual cycle. We tested groups with different sex
hormone status: 39 men, 30 women in the luteal phase (LU, high E2+P4) and 29 women taking oral contraceptives (OC, low
E2-+P4). They received either 30 mg cortisol or placebo prior to instructed differential fear conditioning consisting of neutral
conditioned stimuli (CS) and an electrical stimulation (unconditioned stimulus; UCS). One figure (CS-+) was paired with the UCS,
the other figure (CS—) never. During extinction, no electrical stimulation was administered. Regarding fear acquisition, results
showed higher skin conductance and higher brain responses to the CS+ compared to the CS— in several structures that were not
modulated by cortisol or sex hormones. However, 0C women exhibited higher CS+/CS— differentiations than men and LU women
in the amygdala, thalamus, anterior cingulate and ventromedial prefrontal cortex during extinction. The suppression of endogen-
ous sex hormones by OC seems to alter neuronal correlates of extinction. The observation that extinction is influenced by the

current sex hormone availability is relevant for future studies and might also be clinically important.
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INTRODUCTION

Anxiety disorders are the most common mental diseases
with a lifetime prevalence of ~28.8%. Of note, women are
more prone to develop an anxiety disorder than men
(Kessler et al., 2005). The neurobiological understanding of
this phenomenon is still incomplete. Sex hormones such as
estradiol (E2), progesterone (P4) and testosterone (T) are
considered as potential mediators of the observed sex differ-
ences in susceptibility (Toufexis et al, 2006; Solomon and
Herman, 2009). Altered fear acquisition and extinction
during classical fear conditioning are well-established
models for the etiology and the maintenance of anxiety dis-
orders (Mineka and Zinbarg, 2006; Mineka and Oechlberg,
2008). In the present study, we investigated activational
effects of sex hormones on fear extinction that could
potentially contribute to the sex differences in the prevalence
of anxiety disorders.

Differential fear conditioning paradigms typically consist
of a stimulus, which is paired with an aversive event
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(unconditioned stimulus; UCS) and becomes a conditioned
stimulus (CS+), whereas another stimulus is never paired
(CS—). Higher responses toward the CS+ compared to the
CS— indicate successful fear acquisition. On the neuronal
level, activations of the amygdala, the anterior cingulate
cortex (ACC), the hippocampus, the insula, the orbitofrontal
cortex (OFC) and the thalamus have been identified as cor-
relates of fear acquisition and fear expression (Rolls, 1999;
LeDoux, 2000; Knight et al., 2004a, 2004b; Sehlmeyer et al.,
2009).

In extinction learning, the CS+ is no longer paired with
the UCS, so conditioned behavior diminishes. This mechan-
ism comprises a new learning process including neuronal
activation of the amygdala, the hippocampus and the ventro-
medial prefrontal cortex (vmPFC; Myers and Davis, 2002;
Quirk and Mueller, 2008; Sotres-Bayon and Quirk, 2010).
Hence, the amygdala is involved in the acquisition as well as
in the extinction of fear, with fear extinction probably being
modulated by the inhibitory activation of the vmPFC leading
to reduced conditioned responses (CRs; Knight ef al., 2004b;
Phelps et al., 2004; Delgado et al., 2006). In rodents, sex
differences in extinction have been frequently reported
(Dalla and Shors, 2009). In detail, E2 and P4 administration
facilitated extinction, whereas blockade of their receptors led
to decreased extinction (Milad et al, 2009). Besides, it has
been shown that higher E2 levels enhanced fear extinction
(Markus and Zecevic, 1997) by involving the estrogen recep-
tor B (Chang et al, 2009). In humans, low levels of E2 have
been associated with heightened fear recall (Milad et al,
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2006, 2010). All in all, sex hormones (in particular E2) seem
to impact extinction processes. Especially in women, this
fact is highly relevant because of fluctuating E2 levels over
the course of the menstrual cycle and the frequent use of
oral contraceptives (OC) suppressing endogenous E2
concentrations.

In addition to sex hormones, several studies have found
cortisol application facilitating extinction, which could sup-
port psychotherapy (e.g. Bentz et al, 2010; de Quervain
et al., 2011). But it has also been shown that stress, with
its accompanying release of cortisol, might impair extinction
processes by shifting the activation from the vmPFC to the
amygdala (Izquierdo et al., 2006; Miracle ef al., 2006; Akirav
and Maroun, 2007). Stress types and exact protocols with
timing of stress seem to be crucial (Sandi and Pinelo-Nava,
2007; Rodrigues et al, 2009; Wolf, 2009; Schwabe et al.,
2010).

A possible interaction between stress and sex has also been
proposed in extinction learning (Jackson et al., 2006; Baran
et al., 2009) with stress reducing extinction in males, but
enhancing extinction in females. The relevance of differing
E2 levels on extinction learning in humans when stress hor-
mones are heightened has been neglected so far. To address
this issue in more detail, we investigated men and women
characterized by different endogenous sex hormone levels.
Women in the luteal phase of the menstrual cycle (LU; high
endogenous E2 and P4) and women taking OC (low en-
dogenous E2 and P4) were included. Half of the participants
received an oral dose of cortisol to explore possible effects of
this stress hormone on CRs.

A differential fear conditioning paradigm was employed
with an instructed fear acquisition phase to ensure that all
participants were aware of the contingencies between the CS
and UCS. The acquisition phase was immediately followed
by an extinction phase. Contingency awareness has a con-
siderable impact on fear acquisition (Tabbert et al, 2006,
2011; Klucken et al., 2009). In our previous fear acquisition
studies, we observed an interaction of cortisol and sex in a
mixed sample comprising participants who learned the con-
tingencies during the experiment (learned aware) and par-
ticipants who did not notice the CS-UCS contingencies
(unaware; Stark et al., 2006). The same interaction effect
was found in a sample of unaware participants (Merz
et al., 2010). Enhancing effects of cortisol in learned aware
OC women have also recently been reported in fear acqui-
sition and extinction (Tabbert et al., 2010). In the present
independent sample, we extend these observations to in-
structed fear conditioning, which probably more closely re-
flects fear expression rather than fear learning, because fear is
experienced already at the first presentation of the CS+. To
the best of our knowledge, this is the first fMRI study explor-
ing extinction learning with respect to a possible interaction
between stress (cortisol) and sex (E2, P4, T) hormones.
Congruent with previous studies on the impact of E2 on
fear conditioning, it was hypothesized that LU women
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would display facilitated extinction processes because of
heightened E2 concentrations. In OC women, low endogen-
ous E2 levels were expected to interfere with extinction
learning. In line with the stress literature mentioned above,
cortisol was hypothesized to enhance extinction in women
but impair it in men.

MATERIALS AND METHODS
Subjects

In total, 99 participants completed the study, 92 were under-
graduate students and 7 had already graduated. None of
them was taking regular medication except OCs or had a
history of neurological or psychiatric treatment. Exclusion
criteria were somatic diseases, in particular endocrine dis-
eases, which can influence hormone concentrations.
Inclusion criteria were an age between 18 and 35 years and
a body mass index (BMI) between 18 and 28 kg/m”. All par-
ticipants had normal or corrected vision and were right
handed as assessed by the Edinburgh Inventory of
Handedness (Oldfield, 1971). To assess different sex hor-
mone statuses in women, we invited free-cycling women
and OC taking women. Free-cycling women were required
to report having a regular menstrual cycle and were invited
in the luteal phase of their individual menstrual cycle (3rd to
9th day before the onset of their next menses; Buffet et al.,
1998). OC women were required to have been taking their
birth control pill (only monophasic preparations with an
ethinylestradiol component) for at least the last 3 months
and were tested during the pill intake phase. All subjects were
instructed to refrain from smoking, food intake and drinking
anything but water for at least 2 h before the experiment.

At the beginning, participants received a detailed explan-
ation of the procedure in general. The cover story was the
investigation of the impact of cortisol and several distractors
on memory performance. All participants were informed
about the relationship between CS and UCS in advance of
the experiment, but received no details about the absence of
the UCS in extinction. One OC woman fell asleep during
extinction; her data were removed from all analyses. Thus,
the final sample consisted of 98 participants subdivided into
six groups according to sex hormone status and treatment:
20 men, 15 LU and 14 OC women in the placebo group; 19
men, 15 LU and 15 OC women in the cortisol group. The
mean age for the six groups ranged from 22.4 to 25.3 years
and the mean BMI from 21.5 to 23.2kg/m?. All participants
gave written informed consent and received 25 Euros for
their attendance. The study was approved by the ethics com-
mittee of the German Psychological Society.

An analysis of a subsample of the present data (n=49
from the placebo group combined with additional 68 par-
ticipants) has been published previously (Tabbert et al,
2011). But this prior study was concerned with the differen-
tial impact of contingency awareness on fear acquisition. The
remaining 50 participants receiving cortisol have not been
analyzed separately or are part of any other study. In the
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present report, we concentrate on the effects of cortisol and
sex hormone status on fear extinction in instructed aware
participants only. As a side analysis, we were able to extend
previous effects of stress and sex hormones in learned and
unaware persons (Stark et al, 2006; Merz et al., 2010;
Tabbert et al., 2010) to instructed fear conditioning.

Conditioned visual stimuli, UCS and experimental
procedure

Three pictures of geometric figures (thomb, square and tri-
angle) served as CS+, CS— and as distractor stimulus (non-
CS; always the triangle). All figures were gray in color, had
identical luminance and were presented with a duration of
8 s against a black background. Stimuli were projected onto a
screen at the end of the scanner (visual field = 18°) using an
LCD projector (EPSON EMP-7250) and were viewed
through a mirror mounted on the head coil. A custom-made
impulse-generator (833 Hz) provided transcutaneous elec-
trical stimulation (UCS) for 100 ms through two Ag/AgCl
electrodes (1 mm? surface each). Electrodes were fixed to the
middle of the left shin and stimulus intensity was set indi-
vidually using a gradually increasing procedure to achieve an
‘unpleasant but not painful’ level of sensation. The onset of
the UCS presentation started 7.9s after CS+ onset (delay
conditioning; 100% reinforcement). Non-UCS was defined
as the UCS omission 7.9 s after the CS— onset. The CS— and
the non-CS were never paired with the UCS. No electrical
stimulation was given in the extinction.

The conditioning experiment consisted of an acquisition
phase, an extinction phase and an implemented two-back
task (cf. Merz et al., 2010 for further details). The condition-
ing procedure was adapted from prior studies in our labora-
tory (Tabbert et al., 2005, 2006; Stark et al., 2006) with an
additional extinction phase as described previously (Merz
et al., 2010; Tabbert et al,, 2010, 2011). In short, 20 trials
of CS+ as well as CS— and ten trials of non-CS were pre-
sented in the acquisition phase (total duration: ~20 min;
starting 45 min after tablet administration). During extinc-
tion, 11 trials of CS+4 and CS—and 5 trials of non-CS were
presented (total duration: ~11min; starting 70 min after
tablet intake). Inter-trial intervals (ITIs) between the num-
bers and the geometrical figures lasted 5 s and were ran-
domly jittered between 0 and 2.5s (i.e. ITI of 5-7.5s). For
each participant, pseudo-randomized stimulus orders were
used (cf. Merz et al., 2010).

Participants were told precisely which geometrical figure
will precede the electrical stimulation (i.e. instructed fear
conditioning; see Tabbert et al., 2011). Immediately after
the acquisition, participants had to rate the contingencies
between the UCS and CS4-, CS— and non-CS, which were
presented in random order. Next to the picture of the re-
spective CS, the question was always: ‘Please estimate how
often the electrical stimulation succeeded the following geo-
metrical figure’ with the possible answers: ‘I do not know’,
‘never’, ‘sometimes’ and ‘always’. Contingency awareness
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was confirmed in all participants by indication that the
CS+ ‘always’ and the CS— ‘never’ preceded the UCS.

Treatment, hormone analyses and skin conductance
responses

This study was conducted as a double-blind, randomized
and placebo-controlled experiment. Forty-nine participants
(see ‘Subjects’ section for further allocation to sex hormone
status group) received three 10 mg tablets of cortisol (30 mg
hydrocortisone; Hoechst) 45 min before the start of the fear
conditioning protocol. Visually identical placebos (tablettose
and magnesium) were given to the other 49 participants.
Each experiment started between 2 and 5 p.m. to guarantee
low and relatively stable endogenous cortisol concentrations.

Saliva samples for the analyses of free cortisol, E2, P4 and
T were collected from the participants by use of glass tubes.
Samples were taken directly before as well as 25 min (imme-
diately before the fMRI run) and 90 min after tablet intake
(immediately after the fMRI run). Directly after sampling,
the saliva was stored at —20°C until assayed. All hormones
were analyzed within one lot and in duplicates by use of
commercial enzyme immunoassays (IBL International,
Hamburg, Germany). Inter-assay coefficients of variations
(CVs) for all analyses were below 8% with an inter-assay
CV below 11%.

Skin conductance responses (SCRs) were sampled with an
in-house built optical fiber SCR coupler especially designed
for measuring SCRs concurrently to fMRI. Ag/AgCl elec-
trodes were used filled with isotonic (0.05 M NaCl) electro-
lyte medium placed hypothenar at the non-dominant hand.
Raw SCR data were low pass filtered with a cutoff frequency
of 10Hz. SCRs were defined in three analysis windows
(cf. Prokasy and Ebel, 1967): the maximum amplitude
within a window of 1-5s after the CS onset was counted
as the first interval response (FIR), within the time
window of 5-8.5s as the second interval response (SIR),
and within the time window of 8.5-13s as the uncondi-
tioned response (UCR). The baseline was the skin conduct-
ance level immediately preceding the inflexion point.
Electrodermal data of seven participants (for extinction:
11) had to be discarded because of several problems (fallen
off electrodes, malfunction of the SCR coupler, or random
noise in the dataset). Data were transformed with the natural
logarithm in order to attain a normal distribution.

All statistical analyses were conducted in PASW for
Windows 18.0 via analyses of variance (ANOVA) with the
between-subjects factors sex hormone status (men vs LU
women vs OC women) and treatment (placebo vs cortisol).
Greenhouse—Geisser correction was applied when the spher-
icity assumption was not met and statistical significance was
set at P<0.05. Statistical analyses of cortisol included the
repeated measurement factor time (first vs second vs third
sample). E2, P4 and T were analyzed without the repeated
measurement factor time. Sex hormones were only deter-
mined in the first and the third saliva sample and their
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concentrations were averaged to check for expected differ-
ences between men, LU and OC women. Statistical compari-
sons of SCRs were performed separately for the acquisition
and the extinction with the within-subject factors stimulus
type (CS+ and CS— for the FIR and SIR) and trial (20 for
fear acquisition; 10 for fear extinction). Results of the UCR
can be found in the Supplementary Data. Only main effects
or interactions with the factor stimulus type will be reported
to emphasize fear learning-related modulations.

Image acquisition and analyses

Brain images were acquired using a 1.5 T whole-body tomo-
graph (Siemens Symphony with a quantum gradient system)
with a standard head coil. Data were analyzed using Statistical
Parametric Mapping (SPM5, Wellcome Department of
Cognitive Neurology, London, UK, 2005) implemented in
MatLab R2007b (Mathworks Inc., Sherborn, MA). Standard
preprocessing steps were used as described before (cf. Merz
et al., 2010; Tabbert et al., 2010, 2011, also for details con-
cerning structural and functional image acquisition).

Fear acquisition and extinction were integrated as separate
sessions in one model in SPM5 including the following ex-
perimental conditions: CS+, CS—, non-CS, UCS, non-UCS,
targets and non-targets (excluding UCS and non-UCS for
extinction). The linear temporal trend of the CS+, CS—,
non-CS, UCS and non-UCS were added as regressors in
the statistical design to account for possible habituation or
sensitization effects. An additional regressor was introduced
containing the first two numbers and the first two geomet-
rical figures of the extinction, because learning could not
have yet occurred (Phelps et al., 2004). All regressors were
modeled by a stick function convolved with the canonical
hemodynamic response function in the general linear model,
without specifically modeling the durations of the different
events. Six regressors counting information about motion
correction were introduced as covariates in the model sep-
arately for the acquisition and the extinction. The high pass
filter was set at 128s.

The individual contrasts were analyzed in random effects
group analyses in SPM8 (Wellcome Department of Cognitive
Neurology, London, UK, 2009) and focused on the contrasts
CS+ minus CS— and CS+ by time minus CS— by time
during acquisition and extinction. Results of the contrast
UCS minus non-UCS during acquisition can be found in
the Supplementary Data. ANOVA was conducted with the
group factors sex hormone status and treatment in the full
factorial model implemented in SPM8. F-contrasts will be
reported for main effects and interactions with subsequent
post hoc t-tests for significant results.

For statistical analyses, we used region of interest (ROI)
analyses: ACC, amygdala, insula and thalamus were included
as ROI for the UCS and CS analyses. In addition, for CS
analyses in the acquisition, the hippocampus and the OFC
were included. For CS analyses in the extinction, the hippo-
campus and the vmPFC were additionally tested. The
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structural masks were designed using the software-program
MARINA (Walter, 2002). The significance threshold was set
to «=0.05 on voxel level, corrected for multiple testing
(family-wise error (FWE) correction using the small volume
correction options of SPM8) with P, <0.05. Trends in the
amygdala will also be reported at a more liberal level
(Peorr. <0.10) due to its prominent role in fear learning.

RESULTS
Endocrinological data and SCRs

A small number of participants (six men, one LU and one
OC woman) showed extremely high cortisol concentrations
(>1000 nmol/1) 25min after hydrocortisone intake. These
subjects were excluded from cortisol analyses, because these
high levels most likely reflect micro hydrocortisone residues
of the uncoated tablet in the mouth of the participants.
ANOVA revealed a significant main effect of time [F(1.1,
91.9)=32.1; P<0.001], treatment [F(1, 84)=58.5;
P<0.001] and a time X treatment interaction [F(1.1,
91.9) =33.3; P<0.001]. In the cortisol compared to the pla-
cebo group, cortisol levels were elevated in the second and
third sample (both Ps < 0.001; first sample: P=0.55; Table 1)
pointing to a successful treatment. No other main effects or
interactions occurred. Further, no differences in baseline
cortisol concentrations (first sample) with respect to treat-
ment, sex hormone status, or an interaction of these factors
were observed. A cortisol response resulting from the para-
digm was tested in the placebo group only, because cortisol
levels were too high in the group receiving 30 mg hydrocor-
tisone to detect slight changes due to the experimental pro-
cedure. Comparing cortisol levels of the second and third
sample (which might reflect a cortisol response due to the
paradigm most adequately), no significant effect of time was
found.

Analyses of sex hormones revealed implausibly high levels
for some participants (larger than 3 s.d. from the mean of
the respective sex hormone status group), which could be a
sign of sample contamination. These subjects (E2: one man,
one LU and one OC woman; P4 and T: one OC woman)
were excluded from sex hormone analyses. There was a
significant main effect of sex hormone status for E2 [F(2,
89) =6.6; P=0.002], P4 [F(2, 91)=56.0; P<0.001] and
T [F(2, 91)=29.6; P<0.001; Table 2]. LU women had

Table 1 Mean (s.e.) cortisol concentrations (in nmol/l) before, 25 min after
and 90 min after the administration of 30 mg hydrocortisone or placebo

Cortisol (nmol/l) Before 25 min after 90 min after
treatment treatment treatment

Cortisol 7.12 (0.85) 224.17 (37.02)° 100.96 (10.31)°

Placebo 6.51 (0.59) 4.47 (0.44) 5.25 (0.45)

Unrealistically high hormone concentrations (>1000 nmol/l) were excluded from the
analyses and the descriptives of this table.
“Significant increase compared to the placebo group (P < 0.001).
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higher E2 and P4 concentrations than OC women and men
(all Ps<0.005). Concerning T, men had higher levels than
LU and OC women (both Ps <0.001); LU women had higher
concentrations than OC women (P=0.01). No other main
effects or interactions emerged. Recruiting of the present
sample was successful, because sex hormone levels of the
three sex hormone status groups were in the expected range.

Concerning SCRs in the acquisition, ANOVA demon-
strated a main effect of stimulus type for the FIR [F(1,
85)=98.2; P<0.001] and the SIR [F(1, 85)=59.1;
P<0.001]. These effects were based on higher SCRs toward
the CS+ than toward the CS—. Moreover, a significant inter-
action between stimulus type and trial could be detected for
the FIR [F(11.1, 945.8) =5.3; P<0.001] and the SIR [F(11.3,
957.3) =4.4; P<0.001] indicating that stimulus processing
differed over time. Further, ANOVA revealed a stimulus
type x trial x sex hormone status interaction in the SIR
[F(22.5, 957.3) =1.6; P=10.048]. Post hoc tests could not
detect differences between the sex hormone status groups.
Presumably, this interaction effect is due to differences in
single trials; for an illustration of these results, time courses
of the differential SCRs in the SIR are depicted in Figure 1A.
It appears that LU women had initially higher differential
SCRs, which habituated more rapidly compared to those of

Table 2 Mean (s.e.) estradiol, progesterone and testosterone concentrations
(in pmol/l) for men, LU and 0C women

Sex hormone Estradiol Progesterone Testosterone
(pmol/1)

Men 7.45 (0.82) 175.06 (16.24) 322.13 (36.23)°
LU women 11.93 (0.82)* 61697 (59.93)" 99.65 (12.02)*
0C women 7.71 (0.90) 141.80 (12.56) 61.13 (8.00)

Unrealistically high hormone concentrations (>3s.d. from the mean of the respective
sex hormone status group) were excluded from the analyses and the descriptives of
this table.

*Significant difference compared to 0C women (largest P < 0.01).

bSignificant difference compared to men (P < 0.002).
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men and OC women. In the extinction, no main or inter-
action effects with stimulus type were found. In particular,
sex hormone status did not influence extinction learning (see
Figure 1B). Additional tests in the six groups separated for
the acquisition and the extinction phase can be found in the
Supplementary Data (see Supplementary Table S1).

Hemodynamic responses

In all analyses of the acquisition and the extinction, the
factor treatment (placebo vs cortisol) did not result in sig-
nificant main or interaction effects.

Fear acquisition

In the contrast CS+ by time minus CS— by time, we found
significant neuronal activation in the right ACC (x=6,
y=48, z=27, F.x=16.42 and P, = 0.023) and the right
insula (x=33, y=9, z=6, Fy,c=15.92 and P, =0.038).
These differentiations were based on linear increases toward
the CS— and linear decreases toward the CS+.

In the contrast CS+ minus CS—, ANOVA revealed sig-
nificant neuronal activations in all ROI (all Ps < 0.008) with
higher responses to the CS+ than to the CS—.

Thus, in fear acquisition, reliable CRs could be found
without a modulation by cortisol or sex hormone status.

Fear extinction

In the contrast CS+ by time minus CS— by time, we found a
significant linear CS+/CS—differentiation in the right amyg-
dala (x=21, y=3, z=—21, F.x=16.34 and P, =0.005)
revealing a linear increase toward the CS— and a linear de-
crease toward the CS+ in all participants.

In the F-test for the main effect sex hormone status in the
contrast CS+ minus CS—, ANOVA revealed significant
CS+/CS— differentiations in the right ACC, the right amyg-
dala, bilaterally in the thalamus as well as in the vmPFC
(Table 3 and Figure 2). Subsequent t-tests in these structures
revealed that OC women had significantly higher CS+/CS—
differentiation than men and LU women in all regions

A I B s
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Fig. 1 Mean differential SCRs (CS+ minus CS— in the SIR) in (A) the fear acquisition and (B) the fear extinction phase separated for men, LU and OC women. A moving average
over three trials is illustrated to enhance temporal smoothness. Error bars are standard errors of the mean.
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Table 3 Localization, cluster size (k) and statistics of the peak voxels within the respective ROI resulting from the contrast (S+ minus (S— in the extinction

Group Brain region X y z k Frnax Peorr.

Al participants R ACC 3 54 12 166 10.42 0.021
R amygdala 33 0 —24 65 6.72 0.060
L thalamus —15 =21 12 147 8.84 0.032
R thalamus 6 —15 15 124 9.13 0.026
L vmPFC -3 48 —15 192 14.16 0.001
R vmPFC 9 57 -3 220 10.68 0.014

Group Brain region X y z k Tmax Peorr.

0C women minus men R ACC 6 45 6 285 4.12 0.012
R amygdala 30 -3 =21 122 420 0.002
R thalamus 21 -2 3 172 3.54 0.029
L vmPFC —6 48 —15 269 491 0.001
R vmPFC 9 51 -12 305 3.9 0.014

Men minus 0C women No significant activations

0C women minus LU women R ACC 3 54 12 191 3.94 0.023
R amygdala 33 0 —15 76 2.77 0.082
L thalamus —15 =21 12 254 431 0.005
R thalamus 9 -9 15 182 3.97 0.01
L vmPFC -3 48 —15 227 4.65 0.002
R vmPFC 3 51 -9 264 441 0.005

LU women minus OC women
Men minus LU women
LU women minus men

No significant activations
No significant activations
No significant activations

Here, the undirected F-tests revealed a main effect of sex hormone status. Further, results for the post hoc directed t-tests between the sex hormone status groups (men vs LU

women versus 0C women) are shown.

The significance threshold was Py, < 0.05 (FWE-corrected according to SPM8; small volume correction); for neuronal activation in the amygdala P, <0.10 was chosen.

All coordinates (x, y,z) are given in MNI space. L = left and R =right.

(except the left thalamus for the comparison OC women
minus men; Table 3). As shown in Figure 2, this pattern re-
sulted from higher responses to the CS— compared to the
CS+ in men and LU women, whereas OC women had higher
neuronal activation to the CS+ in comparison to the CS—.
Additionally, plots of the time courses of differential neuron-
al activation in the peak voxels showed rather steady CRs in
the left and the right vmPFC in OC women (Figure 3). In the
right amygdala and the right ACC, OC women showed
increasing CRs at first; these decreased over time leading to
a low level comparable to men and LU women. Time courses
of the thalamus activation seem to be quite unspecific.

To gain further insights into the potential association be-
tween electrodermal activity (showing no sex hormone
status effect) and neuronal activation in fear extinction
learning, we correlated differential SCRs with the contrast
CS+ minus CS— in all significant ROI (cf. Table 3). The
mean differential SCR (separately for the FIR and the SIR)
was included as regressor in simple regression models for
all participants as well as separately for men, LU and OC
women. Significant #-values identify brain activation signifi-
cantly correlating with differential SCRs. Results in the SIR
revealed no associations. However in the FIR, positive cor-
relations were found in the right ACC, the right amygdala,
the right thalamus and the right vimPFC in OC women only
(see Table 4).

DISCUSSION

This fMRI study with a large sample size investigated how
sex and stress hormones influence instructed fear acquisition
(probably more closely reflecting fear expression rather than
fear learning) and in particular fear extinction. Cortisol
alone as well as in the interaction with sex hormone status
did not influence instructed fear acquisition or extinction.
However, sex hormone status influenced neuronal correlates
of extinction: OC women showed altered extinction learning
compared to men and free-cycling women in the luteal
phase. Additionally, an association of neuronal activation
with differential SCRs during extinction was observed in
OC women only.

In general in extinction, amygdala activation linearly in-
creased toward the CS— and decreased to the CS+. As the
amygdala is involved in the detection of salience (Davis and
Whalen, 2001; Phan ef al., 2002), this finding could be in-
terpreted as a shift in salience from the CS4- toward the CS—
due to the (for the participants initially surprising) absence
of the UCS in extinction. After having noticed that the CS+
does not predict the UCS anymore, attention might have
been directed to the CS— as a possible new cue for the
UCS. It has to be mentioned that analysis of the contrast
CS+ by time minus CS— by time in the present study reflects
linear changes in neuronal activation over time. Different
time courses of CS+/CS— differentiation might also be
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Fig. 2 Neuronal activation in the extinction for the main effect of sex hormone
status on conditioned responses (CS+ minus (S—). Data are illustrated with F > 5.0
(see color bar for exact F-values). The depicted slices were selected according to the
reported activations in the left (y = —21) and right thalamus (y = —15), the right
amygdala (y = 0), the right anterior cingulate cortex (ACG; y = 54), as well as in the
left (y =48) and right ventromedial prefrontal cortex (vmPFC; y = 57). Additionally,
mean contrast estimates as well as the respective standard errors of the mean to
(S+ minus CS— for men, LU and OC women in the respective peak voxels are
displayed in the bar graphs. L = left, R =right.

presumed in extinction, e.g. quadratic or cubic trends.
However, the exact time course of the learning process,
which is required for the set up of an adequate statistical
model, is still unclear, in particular concerning different
brain structures.

Most interestingly, we observed differences in extinction
learning in our three sex hormone status groups. Neuronal
activation in the contrast CS+ minus CS— was higher in
OC women compared to men and LU women in the ACC,
the amygdala, the thalamus and the vmPFC. These brain
structures have been associated with fear extinction processes
(Myers and Davis, 2002; Quirk and Mueller, 2008;
Sotres-Bayon and Quirk, 2010) as well as more generally with
emotion processing (Bush et al., 2000; Phan et al, 2002,
2004). Furthermore, the amygdala and parts of the ACC
seem to be overactive in patients with specific phobia or
post-traumatic stress disorder (PTSD; Etkin and Wager,
2007; Shin and Liberzon, 2010). An increased fear
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acquisition (Grillon and Morgan, 1999; Orr et al., 2000)
and a prolonged fear extinction (Orr et al, 2000; Peri
et al., 2000; Blechert et al., 2007) have already been observed
in patients with PTSD. Women are much more prone to
develop an anxiety disorder (Breslau ef al, 1997; Kessler
et al., 2005) with a possible maintenance mechanism being
e.g. a failure to adequately diminish fear reactions. In the
present study, the opposite neuronal activation pattern in
OC women compared to men and LU women suggests at
least altered extinction learning (van Haaren ef al., 1990).

As far as the amygdala is concerned, a previous study
observed higher responses to the CS— compared to the
CS+ in extinction learning (Phelps et al, 2004; but see
LaBar et al., 1998), which were correlated with diminishing
differential SCRs. However, in the present study, a statistical
significant effect of sex hormone status could not be found
in SCRs during extinction. Thus, at the electrodermal level,
we cannot confirm the results of the fMRI analyses at first
glance. But several important facts have to be taken into
consideration. Potentially, SCRs are not sensitive enough to
detect slight changes due to extinction learning, especially
with a 100% reinforcement schedule in the acquisition
phase. BOLD responses might be considered as a more sen-
sitive measure, although they do not necessarily represent
the same measure of the fear conditioning process as
SCRs. In this line, a dissociation of the electrodermal and
the neuronal level in fear conditioning has already been re-
ported (e.g. Tabbert et al., 2006, 2011; Kalisch et al., 2009).
Further, to attain a comparable extinction pattern in SCRs
(i.e. no significant differentiation between CS+ and CS—)
between the sex hormone status groups, a different under-
lying neuronal activation was necessary. Descriptively, at the
beginning of the extinction phase, high CS+/CS— differen-
tiations were found in the amygdala and the ACC in OC
women. Both structures have been related to fear expression
(LeDoux, 2000; Phelps et al., 2004; Shin and Liberzon, 2010).
Thus, it could be probably suggested that this initial higher
activation reflects fear responses, which are still present in
the first part of the extinction in OC women but not in men
or LU women. Later, neuronal activation in the amygdala
and the ACC diminishes resulting in a similar activation pat-
tern in all sex hormone status groups. The assumedly inhibi-
tory vmPFC activation sustained over time in OC women.
The vmPFC has been associated with fear extinction and
emotion regulation (Quirk and Mueller, 2008; Sotres-
Bayon and Quirk, 2010; Hartley and Phelps, 2010); in the
present study, this critical structure seems to be recruited
steadily in OC women only. Thus, sustained differential
vmPFC activation might be necessary to inhibit the initial
fear responses still elicited by the amygdala and the ACC in
OC women, but not in men or LU women.

Despite the lacking effect of sex hormone status on
SCRs in the extinction phase, we could demonstrate in cor-
relation analyses that higher CS+4/CS— responses at the elec-
trodermal level were positively associated with higher
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Table 4 Localization and statistics of the peak voxels for the correlation analyses between differential SCRs in the FIR and neuronal activation in the contrast

(S+ minus CS— in the extinction phase

Group Brain region X y z Tinax Peorr. r

All participants No significant correlation

Men No significant correlation

LU women No significant correlation

0C women R ACC 12 18 27 4.00 0.055 0.641
R amygdala 24 3 —24 3.99 0.013 0.640
R thalamus 15 —18 -3 375 0.044 0.616
R vmPFC 21 18 -12 420 0.030 0.659

Results are listed for all participants as well as separately for men, LU and OC women within the respective ROI. In order to gain a quantitative measure for the magnitude of
these correlations, we calculated the correlation coefficients r for the resulting brain structures using the t-values at the peak voxels of the respective analysis (cf. Rosenthal,

1994).

The significance threshold was P, < 0.05 (FWE-corrected according to SPM8; small volume correction); trends up to P, < 0.10 are shown. All coordinates (x, y, z) are given in

MNI space. L =left and R =right.

differential activation in the ACC, the amygdala, the thal-
amus and the vmPFC. This might also be interpreted in
terms of fear responses still being present in OC women.
However, a negative correlation between vmPFC activation
and SCRs would have been expected regarding the literature
(Quirk and Mueller, 2008; Hartley and Phelps, 2010;
Sotres-Bayon and Quirk, 2010). Nevertheless, the present
results indicate that extinction learning is at least altered in
OC women as compared to men and LU women.

In addition, the present study suggests that the interpret-
ation of previous conditioning experiments including
women without specifying OC usage or the time of meas-
urement in the menstrual cycle might be compromised.
Differing sex hormone levels in women could explain

divergent results reported in the literature. Future condition-
ing studies should consider sex hormones as a relevant
source of variation. It would be interesting to investigate
women in the early follicular phase. They have low E2 and
P4 levels comparable to OC women, but resulting from en-
dogenous release instead of exogenous treatment. With this
approach, direct effects of OC intake could be tested (cf.
Kuhlmann and Wolf, 2005).

LU women have high E2 concentrations, whereas men and
OC women have comparable low E2 levels. If sex hormones,
in particular E2, were involved in the modulation of fear
extinction, men and OC women should have displayed com-
parable CS+/CS— differentiations. At first sight, this seems
not to be the case, because men and LU women showed the
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same neuronal activation pattern. Yet, high T concentrations
in men might intervene either directly or indirectly after
aromatization into E2 leading to higher E2 availability in
men (cf. Milad et al, 2010). In conditioned taste aversion,
it has been observed that female rats extinguish CRs more
rapidly than male rats, with an application of E2 accelerat-
ing extinction (Chambers, 1976; Yuan and Chambers, 1999a,
1999b). Our present results are also in line with studies
associating high E2 levels with facilitated extinction
(Markus and Zecevic, 1997; Milad et al., 2006, 2009, 2010;
Chang ef al., 2009) and OC treatment in rats with anxiety-
like behavior (Follesa et al., 2002). Besides fear extinction, E2
is related to the modulation of learning and memory pro-
cesses in general (Korol, 2004). Our findings appear to sug-
gest that the current sex hormone status has a stronger
influence on emotional learning processes than biological
sex (cf. Andreano and Cahill, 2010).

Long-term effects of sex hormones on neuronal morph-
ology and physiology during development are termed organ-
izational effects. In contrast, activational effects refer to the
impact of current availability of sex hormones on morpho-
logical and physiological changes throughout the whole life-
span (McCarthy and Konkle, 2005; Gillies and McArthur,
2010). In this line, the present study proposes that sex hor-
mones exert their influence on fear extinction rather via
activational and not via organizational actions; otherwise,
LU and OC women should have displayed the same response
pattern. Experiments using E2 and P4 administration or
blockade of their receptors (e.g. Bowman et al, 2002;
Milad et al, 2009; Walf and Frye, 2009) might be able to
disentangle activational from organizational effects.

In the contrast CS4+ minus CS— in the instructed fear
acquisition, we observed significant activations in all prese-
lected RO, i.e. in the amygdala, the ACC, the hippocampus,
the insula, the OFC and the thalamus. This supports the
assumption that the fear conditioning protocol was success-
ful in eliciting CRs in fear-related structures, which is also
mirrored in conditioned SCRs in the FIR and SIR.
Importantly, prior instruction about the CS—UCS contingen-
cies probably leads to a measure of fear expression (rather
than genuine fear learning) in the acquisition phase when
comparing CS+ and CS—. A more detailed discussion of the
results of the acquisition phase is provided in the
Supplementary Data.

Extinction learning was not modulated by cortisol, which
is in contrast to several studies in rodents (e.g. Yang et al.,
2006, 2007) and humans (Jackson et al, 2006; Zorawski
et al, 2006; see Akirav and Maroun, 2007 for a review).
Some of these reports used stress induction also leading to
an activation of the autonomous nervous system besides a
cortisol release. Further, the specific dose of cortisol (30 mg)
can be responsible for the divergent results. An inverted
U-shaped curve as well as linear associations have been pro-
posed for cortisol effects to occur (de Kloet et al, 1999;
Lupien et al., 2007; Sandi and Pinelo-Nava, 2007). Hence,
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we cannot exclude that different results would have been
obtained with a lower dosage of hydrocortisone or with an
induction of psychosocial stress. In this line, lowered cortisol
levels, that have been proposed in PTSD (de Kloet ef al.,
2006; Yehuda, 2009), might also be interesting. Differences
in response to cortisol increases in women compared to men
should also be considered (cf. Paris et al., 2010). Moreover,
cortisol exerts its influence on learning and memory pro-
cesses via rapid non-genomic effects as well as via a slower
genomic pathway (Joéls et al, 2006). Thereby, a gradual shift
between these two effects has been suggested (de Kloet et al,
2005). In our design, the acquisition phase took place be-
tween 45 and 65 min and the extinction phase between 70
and 81 min after the intake of the tablets. So, a clear distinc-
tion between non-genomic and genomic effects of cortisol
cannot be made (cf. Henckens et al., 2010).

The exact conditioning protocol might also be responsible
for the discrepant findings. A recent study in learned aware
OC women with the identical experimental design revealed
that placebo compared to cortisol was associated with higher
differential neuronal responses during extinction learning
(Tabbert et al., 2010). One possible reason for these discre-
pancies is that in the present sample, we investigated in-
structed fear learning. So, differences in contingency
awareness during fear acquisition (cf. Tabbert et al., 2011)
might explain the lacking cortisol effects in the present study.
One could speculate that the type of fear learning (instructed
vs learned) alters cortisol effects on subsequent extinction
learning. Presumably, learned aware participants needed
more time to detect the correct CS-UCS contingencies
during fear acquisition and extinction. But extinction learn-
ing seems to occur faster with a prior instruction about the
relationship between CS and UCS in fear acquisition.
Potentially, cortisol cannot influence this rapid process or
its impact is detectable in the first trials only. Speculatively,
contingency awareness seems to be relevant not only for fear
acquisition (Klucken et al., 2009; Tabbert ef al, 2011), but
also for fear extinction and its modulation by cortisol. This
clearly has to be tested in future studies.

As a limitation of sex hormone status effects, several
methodologies suggest that prefrontal functioning, e.g. at-
tention, is altered at particular stages of the menstrual
cycle (e.g. McCourt et al., 1997; Solis-Ortiz et al., 2004;
Hollinder et al, 2005; Solis-Ortiz and Corsi-Cabrera,
2008). Further, conscious and, more importantly, subcon-
scious attention levels might influence fear conditioning pro-
cesses. Since we did not measure objective attention or other
dimensions of prefrontal activation, it remains unclear if
these confounding variables might have influenced the pre-
sent results.

In conclusion, we observed that sex hormone status
modulates fear extinction learning in several brain struc-
tures. In contrast, instructed fear acquisition was comparable
between the groups. Therefore, a carry-over effect of differ-
ent fear acquisition prior to extinction can be excluded. No
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interaction of cortisol and sex hormone status occurred in
fear acquisition and extinction. During extinction, OC
women exhibited higher CS+/CS— differentiation in ACC,
amygdala, thalamus and vmPFC compared to men and LU
women. Moreover, differential SCRs were positively corre-
lated with neuronal activation in these fear-related brain re-
gions, but only in OC women. Descriptively, different time
courses of the activation of the fear network could also be
observed in the sex hormone status groups. Taken together,
it is suggested that extinction learning is altered during times
of low sex hormone availability. However, direct effects of
exogenous sex steroids in OC cannot be excluded. Of note,
biological sex is not a major factor explaining the variance in
our paradigm, but rather the current presence or absence of
sex hormones. These results should be taken into account in
future conditioning studies. Moreover, the altered fear ex-
tinction of OC women might be relevant for the treatment of
patients with anxiety disorders (Anderson and Insel, 2006).
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Supplement

Analyses and discussion of the UCRs

Concerning SCRs in the acquisition, ANOVA demonstrated a main effect of stimulus-
type for the UCR (F(1, 85) = 242.7; p < .001) reflecting higher SCRs to the UCS compared to
the non-UCS. Moreover, a significant interaction between stimulus-type and trial (F(11.2,
951.5) = 8.9; p< .001) as well as a stimulus-type x trial x sex hormone status interaction
(F(22.4, 951.5) = 2.5; p < .001) could be detected for the UCR. Post hoc tests showed a
habituation of the UCR (stimulus-type x trial interaction) in LU and OC women, but not in men.

In the contrast UCS minus non-UCS (representing the UCRs) for the whole group, all
ROI were significantly activated (all ps < .001). Further, ANOVA revealed a main effect of sex
hormone status in the right insula (x =39, y=-12, z=9, Fax= 10.71, peor. = .018). Post hoc
tests showed that this effect was due to higher responses to the UCS compared to the non-
UCS in men in comparison to OC women (x =39, y=-15, z= 15, T2 = 4.49, pPeorr. = .005).
Thus, all ROI were significantly activated in the contrast UCS minus non-UCS pointing to a
successful UCS application as also shown in the SCRs. Sex hormone status modulated
activation of the right insula, in which men had higher UCRs than OC women. The insula is
critically involved in pain processing (Peyron et al., 2000) and has previously been shown to
be more activated in men compared to women (Derbyshire et al., 2002; Moulton et al., 2006;

Straube et al., 2009; but see Paulson et al., 1998).



Analyses and discussion of the CRs in the acquisition phase

In the contrast CS+ by time minus CS— by time in the acquisition, different linear
responses were found in the ACC and the insula with linear decreases towards the CS+ and
linear increases towards the CS—. Both structures have previously been related to emotion
induction by recall or imagery (Phan et al., 2002), instructed fear conditioning (Mechias et al.,
2010) as well as pain processing (Peyron et al., 2000). In these terms, a linear decrease to
the CS+ could be interpreted as a habituation of conditioned anticipation of pain.

Previous rodent and human studies have revealed stress hormones to have sex-
dependent effects on fear acquisition (Jackson et al., 2006; Shors, 2004; Thompson et al.,
2004; Zorawski et al., 2005, 2006). Heightened stress hormones led to higher CRs in males,
but rather impaired CRs in females. However, neuroimaging studies using cortisol
administration with the same experimental design (Merz et al., 2010, Stark et al., 2006;
Tabbert et al., 2010) revealed the opposite pattern in several brain structures as well as in
SCRs. In these experiments, CRs were reduced after cortisol application in men, but
enhanced in women.

In the present study, no sex hormone status x cortisol interaction in instructed fear
acquisition emerged, which is in contrast to these prior reports. Presumably, cortisol effects
occur at least in learned aware or unaware fear learning, which have to be clearly
distinguished from instructed fear conditioning (Tabbert et al., 2011). In fact, nothing has to
be learned during instructed fear acquisition. Instead, the cognitive representation of the CS-
UCS-contingencies most likely leads to anticipatory emotional responses to the CS+.
Thereby, instructed fear acquisition might reflect fear expression rather than fear learning. A
translation of this experimental approach into the acquisition of (pathological) fears should
thus only be made very carefully. Nevertheless, paradigms using prior instructions about the

CS-UCS-relationship are well suited for the investigation of subsequent extinction.



Table S1.

Statistics for the differential skin conductance responses (first interval response, FIR; second
interval response, SIR) in the fear acquisition and fear extinction phase separated for the six

groups. Main effects of stimulus-type (CS+ versus CS-) and of the interaction stimulus-type x

trial are presented.

A) fear acquisition FIR SIR
group effect p p
placebo men stimulus-type 38.7 <.001 19.0 <.001
stimulus-type x trial 2.6 .025 1.8 n.s.
cortisol men stimulus-type 29.2 <.001 13.2 .002
stimulus-type x trial 1.7 n.s. 1.8 n.s.
placebo LU women stimulus-type 14.1 .002 7.6 .015
stimulus-type x trial 0.9 n.s. 0.8 n.s.
cortisol LU women stimulus-type 9.8 .009 9.8 .009
stimulus-type x trial 0.7 n.s. 1.6 n.s.
placebo OC women stimulus-type 8.3 .013 7.9 .015
stimulus-type x trial 3.2 .010 2.1 n.s.
cortisol OC women stimulus-type 14.7 .003 9.1 .012
stimulus-type x trial 2.3 n.s. 2.1 n.s.
B) fear extinction FIR SIR
group effect P p
placebo men stimulus-type 0.1 n.s. 0.1 n.s.
stimulus-type x trial 1.1 n.s. 1.2 n.s.
cortisol men stimulus-type 0.9 n.s. 0.2 n.s.
stimulus-type x trial 0.4 n.s. 1.0 n.s.
placebo LU women stimulus-type 0.0 n.s. 0.0 n.s.
stimulus-type x trial 1.3 n.s. 1.0 n.s.
cortisol LU women stimulus-type 0.0 n.s. 3.3 n.s.
stimulus-type x trial 0.5 n.s. 0.9 n.s.
placebo OC women  stimulus-type 2.0 n.s. 1.8 n.s.
stimulus-type x trial 1.4 n.s. 0.8 n.s.
cortisol OC women stimulus-type 0.0 n.s. 1.1 n.s.
stimulus-type x trial 1.3 n.s. 0.7 n.s.
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