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Exposure therapy builds on the mechanism of fear extinction leading to decreased fear responses. How the stress hormone cortisol affects brain regions
involved in fear extinction in humans is unknown. For this reason, we tested 32 men randomly assigned to receive either 30 mg hydrocortisone or
placebo 45 min before fear extinction. In fear acquisition, a picture of a geometrical figure was either partially paired (conditioned stimulus; CSþ) or not
paired (CS�) with an electrical stimulation (unconditioned stimulus; UCS). In fear extinction, each CS was presented again, but no UCS occurred.
Cortisol increased conditioned skin conductance responses in early and late extinction. In early extinction, higher activation towards the CS� than to
the CSþ was found in the amygdala, hippocampus and posterior parahippocampal gyrus. This pattern might be associated with the establishment of a
new memory trace. In late extinction, the placebo compared with the cortisol group displayed enhanced CSþ/CS� differentiation in the amygdala,
medial frontal cortex and nucleus accumbens. A change from early deactivation to late activation of the extinction circuit as seen in the placebo group
seems to be needed to enhance extinction and to reduce fear. Cortisol appears to interfere with this process thereby impairing extinction of recently
acquired conditioned fear.
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INTRODUCTION

Stress and the accompanying release of stress hormones such as corti-

sol have a critical impact on a variety of learning and memory pro-

cesses including simple associative learning such as conditioning

(Shors, 2004; Schwabe et al., 2010). Classical fear conditioning and

extinction constitute the most widely studied models to comprehend

the neuronal mechanisms of fear and anxiety disorders (Graham and

Milad, 2011). In fear acquisition, exposure to an aversive uncondi-

tioned stimulus (UCS) is coupled with the presentation of a condi-

tioned stimulus (CSþ). Subsequently, conditioned fear emerges after

the presentation of the CSþ. As a reference, a further stimulus (CS�)

is introduced, which is not paired with the UCS and controls for ha-

bituation processes. Fear conditioned responses (CRs) typically occur

in differential skin conductance responses (SCRs) and are conveyed by

activation of the amygdala, anterior cingulate cortex, hippocampus,

nucleus accumbens (NAcc) and orbitofrontal cortex (Knight et al.,

2004a,b; Klucken et al., 2009; Sehlmeyer et al., 2009; Mechias et al.,

2010).

When the CSþ is no longer paired with the UCS, the amplitude of

conditioned fear is reduced until it is completely vanished. This pro-

cess is termed extinction learning, meanwhile a new inhibitory associ-

ation between CSþ and no UCS is established (Milad and Quirk,

2012). The fear extinction circuit encompasses the amygdala, hippo-

campus and medial prefrontal cortex (mPFC), in particular its ventral

part, which inhibits fear responses in the amygdala (Sotres-Bayon and

Quirk, 2010; Milad and Quirk, 2012). Distinct neuronal populations in

the amygdala have been identified to either convey fear or extinction

learning (Herry et al., 2008, 2010). In humans, neuroimaging studies

revealed a mixed pattern of results concerning differential fear extinc-

tion learning: either CSþ/CS� differentiation or larger CS� compared

with CSþ responses have been found e.g. in the amygdala (LaBar et al.,

1998; Phelps et al., 2004; Milad et al., 2007; Lang et al., 2009). This

raises the question of factors contributing to this divergence. Critical

variables seem to be the reinforcement schedule (partial vs continuous

reinforcement), the exact timing of phases (acquisition, extinction

learning) relative to each other, total number of extinction trials and

the time window of analysis (early and late vs entire extinction

learning).

A manifold literature has repeatedly shown that stress hormones

modulate various learning and memory processes depending on the

particular timing of cortisol increases relative to encoding, consolida-

tion and retrieval (for reviews, see Wolf, 2009; Schwabe et al., 2010).

Glucocorticoids such as cortisol bind to mineralocorticoid and gluco-

corticoid receptors (Reul and de Kloet, 1985) mediating slow genomic

as well as rapid non-genomic signalling. Both receptor types are situ-

ated in the fear and the extinction circuit (e.g. in the amygdala or

mPFC) and are activated by cortisol administration or stress

(Groeneweg et al., 2012). It has already been shown that stress hor-

mones modulate neuronal correlates of fear acquisition depending on

sex hormone status (Stark et al., 2006; Merz et al., 2010; Tabbert et al.,

2010; Merz et al., 2012b). Thus, sex and sex hormones outline import-

ant variables to consider when investigating the neuronal correlates of

fear conditioning.

There are only few studies investigating the effect of cortisol or stress

on extinction, which strongly vary in time of cortisol/stress interven-

tion and further methodological issues. Stress or cortisol administra-

tion before acquisition led to heightened fear responses during

extinction in male mice (Izquierdo et al., 2006) and enhanced
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conditioned SCRs in men (Jackson et al., 2006). A stressor applied

between acquisition and extinction in operant conditioning increased

behavioural resistance to extinction (Schwabe and Wolf, 2011).

Furthermore, stress after extinction of contextual fear increased extinc-

tion recall on a separate day in rats (Akirav and Maroun, 2007). But

cortisol administration before extinction lowered CRs in male rats

during fear extinction (Ninomiya et al., 2010) and fear recall (Yang

et al., 2006, 2007). Stress before extinction learning also reduced UCS

expectancy at the first trial of fear extinction and recall in men (Bentz

et al., 2013).

Similarly, beneficial effects of cortisol administration prior to expos-

ure therapy on the reduction of pathological fear have been reported

(Soravia et al., 2006; de Quervain et al., 2011). Since extinction is

supposed to be the main mechanism underlying exposure-based treat-

ment in anxiety disorders, cortisol might act by enhancing extinction-

related processes in exposure therapy. On the one hand, cortisol is

thought to inhibit fear memory retrieval during exposure. On the

other hand, cortisol assumedly increases the consolidation of extinc-

tion memories after exposure (cf. de Quervain and Margraf, 2008; de

Quervain et al., 2009; Bentz et al., 2010). First results indicate that the

beneficial effects of cortisol during exposure therapy might primarily

be driven by the impact of cortisol on fear retrieval, but not on

extinction learning per se (Bentz et al., 2013).

All in all, different designs, samples and timing of stress or cortisol

administration relative to acquisition, extinction or extinction recall

complicate the picture of cortisol effects on extinction. These phases

depict different memory stages (encoding, consolidation, retrieval), on

which stress hormones can exert opposing effects (Wolf, 2009;

Schwabe et al., 2010). In particular, neuroimaging studies on the

direct impact of cortisol on extinction are lacking so far.

The objective of the present functional magnetic resonance imaging

(fMRI) study was to examine the effects of cortisol administration on

electrodermal and neuronal correlates of fear extinction in healthy

men. Men were chosen as a starting point, because the investigation

of women is complicated by different stages of the menstrual cycle and

the intake of oral contraceptives. On one side, previous studies showed

that cortisol reduced neuronal activation during fear acquisition in

men (Stark et al., 2006; Merz et al., 2010, 2012b). If the same effect

holds true for new learning of an inhibitory association during extinc-

tion, an attenuating effect of cortisol on fear extinction and its neur-

onal correlates could be proposed. On the other side, a beneficial effect

of cortisol on the extinction of conditioned fear responses has been

demonstrated (Soravia et al., 2006; Ninomiya et al., 2010; de Quervain

et al., 2011). Altogether, these findings do not directly lead to a specific

hypothesis in the current design, in particular concerning the direction

of neuronal correlates of cortisol effects during fear extinction.

Nonetheless, the neuronal correlates should include the fear extinction

network comprising the amygdala, hippocampus, mPFC (Sotres-

Bayon and Quirk, 2010; Milad and Quirk, 2012) and the NAcc as an

important structure for changing contingencies (Klucken et al., 2009).

MATERIALS AND METHODS

Participants

In total, 32 healthy men completed the study. All of them were uni-

versity students except one man, who had already graduated. Exclusion

criteria covered standard fMRI exclusion criteria, somatic diseases, in

particular endocrine diseases, history of psychiatric or neurological

treatment and regular medication. Inclusion criteria comprised an

age between 18 and 35 and a body mass index (BMI) between 18

and 28 kg/m2. All participants had to be right-handed as assessed by

the Edinburgh Inventory of Handedness (Oldfield, 1971) and had

normal or corrected vision. They gave written informed consent and

received 20E for their attendance. All procedures were in accordance

with the Declaration of Helsinki and approved by the local ethics

committee of the Justus Liebig University Giessen.

Fear conditioning design

A picture of a rhomb and of a square served as CSþ and CS� (coun-

terbalanced stimulus allocation); they were grey in colour, had identi-

cal luminance and were presented for 8 s against a black background.

Both stimuli were projected onto a screen at the end of the scanner

(visual field¼ 188) using an LCD projector (EPSON EMP-7250) and

were viewed through a mirror mounted on the head coil. The UCS was

a 100 ms transcutaneous electrical stimulation (sent by a custom-made

impulse-generator, 833 Hz) delivered through two Ag/AgCl electrodes

(1 mm2 surface each) attached to the middle of the left shin. UCS

intensity was set individually using a gradually increasing procedure

to achieve an ‘unpleasant but not painful’ level of sensation.

The conditioning experiment consisted of an acquisition and an

extinction phase (Figure 1A). The conditioning procedure was adapted

from prior studies in our laboratory (Stark et al., 2006; Merz et al.,

2013) and included an additional extinction phase. A total of 16 CSþ

and 16 CS� trials were presented in the acquisition and in the extinc-

tion phase (total time for each session: �10 min). During acquisition,

the onset of the UCS presentation started 7.9 s after CSþ onset, but

only in 10 out of 16 trials (delay conditioning; 62.5% reinforcement).

The CS� was never paired with the UCS, the UCS omission 7.9 s after

CS� onset was defined as non-UCS. No electrical stimulation was

given during the extinction phase.

Between the CS, a black screen was shown lasting between 9.5 and

12 s (randomly jittered inter-trial interval). For both sessions, a

pseudo-randomized stimulus order was used comprising the following

restrictions: no more than two consecutive presentations of the same

CS as well as within the first and the second half of the experiment an

equal quantity of CSþ (for acquisition: five CSþ reinforced and three

CSþ unreinforced trials; for extinction: eight CSþ unreinforced trials)

and CS� trials (eight trials).

A partial reinforcement schedule was used to slow acquisition and

extinction and to make learning non-trivial. Thus, early and late phases

in each stage (each consisting of the mean of eight trials per stimulus-

type) could be investigated reflecting the gradual development of fear

learning and its extinction (cf. LaBar et al., 1998; Schiller et al., 2008).

Early and late phases were defined as the first and the second halves of

both phases, respectively.

Experimental procedure and cortisol

Individual sessions were scheduled between 2 and 5 p.m. to guarantee

low and relatively stable endogenous cortisol concentrations. All par-

ticipants were instructed to refrain from smoking, food intake and

drinking anything but water for at least 2 h before the experimental

session. At the beginning, they received a detailed explanation of the

procedure in general. All participants were informed about a possible

relationship between CS and UCS in advance of fear acquisition, which

they have to detect, but received no details about the absence of the

UCS during extinction.

Saliva samples for the analyses of free cortisol were collected from

the participants by means of Salivette collection devices (Sarstedt,

Nümbrecht, Germany). Samples were taken directly before (first

sample, baseline) as well as directly after fear acquisition (second

sample; see Figure 1A). Immediately after the second sample, 16 par-

ticipants received three 10 mg tablets of cortisol (30 mg hydrocorti-

sone; Hoechst) in a double-blind, randomized design. Visually

identical placebos (tablettose and magnesium) were given to the

other 16 participants. After that, participants had to rate the percentage
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occurrence (0–100%) of the UCS after presentation of the CSþ and

CS�. To further confirm contingency awareness, we also handed a

forced choice questionnaire, in which one of the two CS had to be

chosen as the stimulus preceding the electrical stimulation.

Twenty-five minutes after tablet intake, participants provided a third

saliva sample right before the second scan session started with a struc-

tural scan. Functional scans for fear extinction took place 45 min after

tablet administration. After extinction, a fourth saliva sample was

taken and participants had to fill out a treatment guess with the pos-

sible answers: ‘placebo’, ‘cortisol’ or ‘I do not know’. Directly after

sampling, the saliva was stored at �208C until assayed. A commercial

available enzyme immunoassay (IBL International, Hamburg,

Germany) was used to measure free cortisol concentrations. Intra-

assay coefficients of variations were below 5% with an inter-assay

coefficient of variation below 8%. Parallel to each saliva sample, par-

ticipants rated their affect (see Supplementary Data for further details).

Statistical analyses were all performed in IBM SPSS Statistics for

Windows 21.0 with Greenhouse–Geisser correction where appropriate

and the statistical significance level was set to a¼ 0.05. We conducted

analyses of variance (ANOVA) for cortisol including the repeated

measurement factor time (first, second, third vs fourth measurement)

and the between subjects factor treatment (placebo vs cortisol). For

significant effects, post hoc analyses included two sample t-tests be-

tween the placebo and the cortisol group. The treatment guess was

analysed using Fisher’s exact test with the directed answers ‘placebo’

and cortisol’ only (excluding ‘I do not know’).

Skin conductance responses

SCRs were sampled with an in-house built optical fibre SCR coupler

especially designed for measuring SCRs concurrently to fMRI. Ag/AgCl

electrodes were used filled with isotonic (0.05 M NaCl) electrolyte

medium placed hypothenar at the non-dominant hand. Raw SCR

data were low pass filtered with a cut-off frequency of 10 Hz. As

previously (Stark et al., 2006; Merz et al., 2010, Tabbert et al., 2010,

2011; Merz et al., 2012a,b, 2013) SCRs were defined 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 5–8.5 s as the second interval response (SIR),

and within 8.5–13 s as the unconditioned response. The FIR reflects an

orienting response, whereas the SIR reflects the anticipation of the

UCS. So, they depict distinct processes, which might be differentially

responsive for modulating effects to occur.

The baseline was the skin conductance level immediately preceding

the inflexion point. Data were transformed with the natural logarithm

to attain a normal distribution. Electrodermal data of two participants

(one in each group) had to be discarded because of malfunction of the

SCR coupler and a random noise in the dataset.

Statistical comparisons of SCRs were performed with the within-

subject factors stimulus-type (CSþ and CS�) and phase (early vs

late; cf. LaBar et al., 1998; Schiller et al., 2008) as well as the be-

tween-subjects factor treatment (placebo vs cortisol) separately for

the acquisition and extinction phase in repeated measures ANOVA.

Since we were also interested in the transition from acquisition to

extinction, we compared late acquisition and early extinction as well.

In addition, we calculated a percentage change index for decreases in

extinction learning indicating to what extent the electrodermal

responding of the CSþ declined from early to late extinction

[1� (SCR to the CSþ in late extinction) / (SCR to the CSþ in early

extinction) �100] and compared this index between groups using two-

sample t-tests.

fMRI

Brain images were acquired using a 1.5 T whole-body tomograph

(Siemens Symphony with a quantum gradient system) with a standard

head coil. Structural image acquisition encompassed 160 T1-weighted

sagittal images (MPRAGE; 1-mm slice thickness). For functional

Fig. 1 (A) Experimental design. After differential fear conditioning with a partial reinforcement schedule, participants either received 30 mg hydrocortisone or placebo, fear extinction was conducted 45 min
later. Over the course of the experiment, four saliva samples were obtained to verify the effectiveness of the experimental treatment. Mean differential (CSþ minus CS�) SCRs are separately shown for the first
interval response (B) and the second interval response (C) in early and late fear acquisition and extinction, respectively. Error bars indicate standard errors of the mean. **P < 0.01, *P < 0.05, (*) P < 0.10.
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imaging, 245 volumes for fear acquisition as well as for extinction were

registered using a T2*-weighted gradient echoplanar imaging sequence

with 25 slices covering the whole brain (slice thickness¼ 5 mm; 1 mm

gap; descending slice order; TA¼ 100 ms; TE¼ 55 ms; TR¼ 2.5 s; flip

angle¼ 908; field of view¼ 192� 192 mm2; matrix size¼ 64 pixel� 64

pixel). The first three volumes of each session were discarded because

of an incomplete steady state of magnetization. The axial slices were

oriented parallel to the orbitofrontal cortex–bone transition to min-

imize susceptibility artifacts in prefrontal areas. A gradient echo field

map sequence was measured before both functional runs to get infor-

mation for unwarping B0 distortions.

All imaging data were analysed using Statistical Parametric Mapping

(SPM8; Wellcome Department of Cognitive Neurology, London, UK,

2009) implemented in MatLab R2012a (Mathworks Inc., Sherborn,

MA, USA). We included the following pre-processing steps for both

sessions separately: unwarping and realignment, slice time correction,

co-registration of functional data to each participant’s anatomical

image, segmentation into grey 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).

Fear acquisition and extinction were integrated as separate sessions

in one first-level model in SPM8 including the following 12 experi-

mental conditions: CSþ (early and late), CS� (early and late), UCS

and non-UCS for acquisition as well as CSþ (early and late), CS�

(early and late), UCS omission after CSþ and CS� for extinction. All

regressors were modelled by a stick function convolved with the ca-

nonical hemodynamic response function in the general linear model,

without specifically modelling the durations of the different events (i.e.

event-related design). According to the event-related approach, the

fMRI analyses closely match the SCR analyses regarding the FIR com-

ponent, both depicting initial responding to the CS. Covariates in the

model comprised the six movement parameters from the realignment

step. Furthermore, a high-pass filter (time constant¼ 128 s) was

implemented.

Random effects group analyses were conducted in SPM8 and

focused on the contrast CSþ minus CS�. Time-dependent changes

in neuronal activation between early and late extinction were com-

pared between and within groups using the flexible factorial design.

Furthermore, two sample t-tests were performed in SPM8 to test dif-

ferences between the placebo and cortisol group in early as well as late

extinction separately. Within the same two sample t-tests, overall ef-

fects of stimulus-type (contrast CSþ vs CS�) were tested for extinction

as well as fear acquisition.

For all statistical analyses, we used exploratory whole brain as well as

region of interest (ROI) analyses including the following ROI, which

were identified in previous experiments examining cortisol effects on

fear conditioning (for a review, see Rodrigues et al., 2009; e.g. Merz

et al., 2010, 2012a,b,) and fear extinction in general (Phelps et al., 2004;

Sotres-Bayon and Quirk, 2010; Milad and Quirk, 2012): amygdala,

anterior cingulate gyrus, hippocampus, medial frontal cortex (MFC),

NAcc and orbitofrontal cortex. We tested all ROI separately for the left

and the right hemisphere except the anterior cingulate gyrus and the

MFC. The required masks for these analyses were maximum probabil-

ity masks with the probability threshold set to 0.50 taken from the

Harvard–Oxford Cortical and Subcortical Structural Atlases provided

by the Harvard Centre for Morphometric Analysis (http://www.cma.

mgh.harvard.edu/fsl_atlas.html). Regarding the exploratory whole-

brain analyses, the intensity threshold was set to P� 0.05 corrected

for multiple testing [family-wise error (FWE) correction], the minimal

cluster size (k) was 10 voxels, and the significance threshold was set to

P� 0.05 on voxel-level, FWE-corrected. For the ROI analyses, the in-

tensity threshold was set to P� 0.05 uncorrected, k¼ 0, and the

significance threshold was set to P� 0.05 on voxel-level, FWE-

corrected (using the small volume correction option of SPM8).

RESULTS

Sample characteristics, cortisol concentrations and
treatment guess

There were no significant differences between the placebo and the

cortisol group in mean age [placebo: M¼ 24.9, SD¼ 4.3; cortisol:

M¼ 24.3, SD¼ 3.6; t(29.1)¼ 0.45; P > 0.65] or BMI [placebo:

M¼ 24.2, SD¼ 2.1; cortisol: M¼ 23.5, SD¼ 1.8; t(29.4)¼ 1.07;

P > 0.29]. Contingency awareness after fear acquisition was confirmed

in all participants by a higher percentage of perceived UCS presenta-

tions after the CSþ (40–100% of the cases) compared with the CS�

(0–10% of the cases). Furthermore, all participants marked the correct

geometrical figure as CSþ.

Five men displayed extremely high cortisol concentrations

(>800 nmol/l) 25 min after hydrocortisone intake (third sample).

These high levels most likely reflect micro hydrocortisone residues of

the uncoated tablet in the mouth of the participants, thus, they were

excluded from cortisol analyses. ANOVA revealed a significant main

effect of time [F(1.2,29.5)¼ 43.8; P < 0.001], treatment [F(1,25)¼ 102.1;

P < 0.001] and a time� treatment interaction [F(1.2,29.5)¼ 46.7;

P < 0.001]. In the cortisol group, cortisol concentrations were elevated

in the third and fourth sample compared with the placebo group (both

P < 0.001; first and second sample: P > 0.40; Table 1), pointing to a

successful pharmacological treatment during extinction.

Results of the treatment guess showed that participants were not

able to correctly identify, which substance they had been administered

(Fisher’s exact test: P > 0.30). In the placebo group, seven participants

correctly supposed the intake of placebo, but two were mistaken in

assuming cortisol. Only one man in the cortisol group correctly indi-

cated to have received cortisol, the remaining 22 participants had no

treatment guess at all.

Skin conductance responses

Higher SCRs towards the CSþ than towards the CS� were established

during fear acquisition as indicated by a significant main effect of

stimulus-type [FIR: F(1,28)¼ 30.4; P < 0.001; SIR: F(1,28)¼ 20.6;

P < 0.001]. Furthermore, this CSþ/CS� differentiation declined over

time [main effect phase; FIR: F(1,28)¼ 31.0; P < 0.001; SIR:

F(1,28)¼ 15.2; P¼ 0.001; interaction stimulus-type� phase; FIR:

F(1,28)¼ 27.6; P < 0.001; SIR: F(1,28)¼ 5.2; P¼ 0.030; Figure 1B and

C]. As expected, no main effect or interaction with the factor treatment

was found in early and late fear acquisition.

In extinction, the CSþ/CS� differentiation still remained, but to a

lesser degree [main effect stimulus-type; FIR: F(1,28)¼ 4.1; P¼ 0.053;

SIR: F(1,28)¼ 10.6; P¼ 0.003], also declining over time [main effect

phase; FIR: F(1,28)¼ 13.0; P¼ 0.001; SIR: F(1,28)¼ 5.0; P¼ 0.033; inter-

action stimulus-type� phase; FIR: F(1,28)¼ 4.7; P¼ 0.040; SIR: n.s.]. As

indicated by a significant stimulus-type� phase� treatment inter-

action in the FIR [F(1,28)¼ 10.0; P¼ 0.004; Figure 1B] as well as a

trend in the interaction stimulus-type� treatment in the SIR

[F(1,28)¼ 3.2; P¼ .084; Figure 1C], participants in the cortisol group

displayed heightened conditioned SCRs, whereas participants in the

placebo group showed attenuated CRs over time.

The comparison between late acquisition and early extinction re-

vealed a significant interaction between stimulus-type, phase, and

treatment in the SIR [F(1,28)¼ 6.9; P¼ 0.014], demonstrating higher

conditioned SCRs in the cortisol compared with the placebo group

during early extinction relative to late acquisition.

Comparisons of the percentage change index for decreases in extinc-

tion learning revealed a trend to enhanced reduction of SCRs from
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early to late extinction to the CSþ in the placebo group (67.1%)

compared with the cortisol group (39.0%) in the FIR [T(24.9)¼ 1.9;

P¼ 0.075]. The same direction was found in the SIR (placebo: 46.4%;

cortisol: 26.9%), however, this effect was not significant.

Hemodynamic responses

In early fear acquisition, we detected significant CRs (contrast CSþ

minus CS�) in the anterior cingulate cortex, right hippocampus, left

orbitofrontal cortex and bilaterally in the NAcc (Table 2). In late fear

acquisition, a significant CSþ/CS� differentiation was found in the left

NAcc and left orbitofrontal cortex (Table 2).

Differential BOLD responses changed over the course of extinction

(early vs late) between groups in the MFC, left NAcc, and right amyg-

dala, whereas a further trend emerged in the right NAcc (phase� treat-

ment interaction; Table 3 and Figure 2). This undirected interaction

effect was subsequently further analysed. First, early was compared

with late extinction in the placebo and cortisol group separately. In

the placebo group, neuronal activation increased from early to late

extinction in the MFC, a further trend emerged in the right amygdala.

In the cortisol group, neuronal activation decreased from early to late

extinction as a trend in the left NAcc (Table 3).

Second, cortisol effects were tested separately for the early and late

extinction phase. In early fear extinction, no significant group differ-

ences emerged for the contrast CSþ minus CS�. The analysis of the

contrast CSþ minus CS� across both groups yielded no significant

results. However, the reversed contrast (CS� minus CSþ) revealed

significant BOLD responses in the right amygdala, left posterior para-

hippocampal gyrus, bilaterally in the hippocampus, and as a trend in

the left amygdala across both groups (Table 3). In late fear extinction,

analyses across both groups did not result in any significant effect.

However, significantly higher CRs emerged in the placebo compared

with the cortisol group during late extinction in the left amygdala,

MFC and left NAcc. Further trends were detected in the right amygdala

and right NAcc (Table 3). Thus, cortisol exerted its effects on late, but

not on early extinction.

Third, the CSþ/CS� differentiation was tested separately for both

groups during late extinction. In the placebo group, higher CSþ com-

pared with CS� responses were found in the left NAcc. In the cortisol

group, the opposite contrast (CS� minus CSþ) revealed a significant

result in the right NAcc and further trends in the left amygdala and left

NAcc (Table 3).

DISCUSSION

In this fMRI study, cortisol given prior to fear extinction changed

electrodermal as well as neuronal correlates of extinction learning.

Higher differential SCRs were observed in the cortisol compared

with the placebo group pointing to still remaining CRs during extinc-

tion after cortisol administration, in particular regarding late extinc-

tion. On the neuronal level, these higher fear-associated SCRs during

late extinction were reflected in diminished activation of the amygdala,

MFC and NAcc in the cortisol compared with the placebo group.

Fear extinction in general

In early extinction, higher BOLD responses towards the CS� com-

pared with the CSþ were found in the amygdala, hippocampus and

posterior parahippocampal gyrus across both groups replicating pre-

vious extinction studies (Phelps et al., 2004; Klucken et al., 2013). This

initial shift in neuronal activation might be connected to extinction

learning and coding the predictive CSþ property being reversed when

new information is available. In contrast, higher responses to the CSþ

than to the CS� have also been reported in particular in the amygdala

(LaBar et al., 1998). However, LaBar and colleagues used a 100% re-

inforcement schedule during fear acquisition, after which rapid extinc-

tion occurs as opposed to a partial reinforcement schedule

implemented in the current and previous designs (Phelps et al.,

2004) leading to slowed extinction learning. Extinction in a continuous

reinforcement design might be more comparable to late extinction in a

partial reinforcement schedule.

Within the amygdala, a rodent model proposes that two classes of

neurons are activated during fear conditioning (Herry et al., 2008,

2010): whereas fear neurons convey fear learning receiving inputs

from the hippocampus, extinction neurons indicate fear extinction

while being reciprocally connected to the mPFC. Furthermore, fear

neurons in the amygdala display reduced activation towards the

CSþ during extinction leading to overall higher responses towards

the CS� (Herry et al., 2008), thus being in line with the current

fMRI results of both groups in early extinction. This activation pattern

however changed from early to late extinction towards higher re-

sponses to the CSþ compared with the CS� in the amygdala and

MFC in the placebo group. Both the CSþ/CS� differentiation in the

amygdala and mPFC have already been found particularly during late

extinction (Milad et al., 2007), supporting the idea that interactions

between amygdala and mPFC serve encoding of long-term extinction

memories. Besides, activation of the MFC also increased in the placebo

group from early to late extinction, which might also foster adequate

fear extinction learning. Of note in this context, a lesser vmPFC acti-

vation was found during late extinction in patients with post-traumatic

stress disorder (PTSD) compared with healthy controls, which might

contribute to a failure of adequate extinction consolidation (Milad

et al., 2009). Reduced extinction learning (i.e. higher CSþ/CS� differ-

entiation) has also been implicated in the development of PTSD

(Guthrie and Bryant, 2006; Lommen et al., 2013).

Additionally, the NAcc was recruited during late extinction. The

NAcc as part of the ventral striatum has been implicated in the for-

mation of contingency awareness during fear acquisition (Pezze and

Feldon, 2004; Carter et al., 2006; Klucken et al., 2009). Our current

data in early and late acquisition not only confirm these prior results,

Table 2 Localization and statistics of the peak voxels for the contrast CSþ minus CS�,
separately for early and late fear acquisition

Early acquisition Brain structure x y z Tmax Pcorr

CSþ – CS� Anterior cingulate �3 17 34 4.60 0.009
R hippocampus 33 �22 �11 4.42 0.006
L nucleus accumbens �12 11 �11 3.60 0.008
R nucleus accumbens 12 11 �11 3.29 0.014
L orbitofrontal cortex �15 14 �17 3.82 0.036

Late acquisition Brain structure x Y Z Tmax Pcorr

CSþ – CS� L nucleus accumbens �6 14 �5 2.93 0.030
L orbitofrontal cortex �12 17 �20 3.87 0.030

The significance threshold was Pcorr� 0.05 (FWE-corrected; small volume correction in SPM8).
All coordinates (x, y, z) are given in MNI space. L¼ left, R¼ right.

Table 1 Mean (SE) cortisol concentrations (in nmol/l) before fear acquisition, after fear
acquisition, before (25 min after tablet intake) and after fear extinction

Cortisol
(nmol/l)

Before fear
acquisition

After fear
acquisition

Before fear
extinction

After fear
extinction

Cortisol 9.70 (2.01) 9.62 (2.00) 335.29 (55.59) 194.55 (17.24)
Placebo 11.74 (1.48) 10.80 (2.48) 6.99 (1.16) 5.18 (0.70)
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but also extend them by showing an additional involvement of the

NAcc in late fear extinction. Similarly to fear acquisition, in which

an association between CSþ and UCS establishes, a new relationship

(no UCS occurring after the CSþ) has to be learned in extinction as

well.

All in all, the current results together with rodent data (Herry et al.,

2008, 2010) suggest a model as follows: during early extinction, higher

CS� compared with CSþ responses could mirror deactivation of fear

neurons in the amygdala towards the CSþ. These fear neurons are

closely connected to the hippocampal complex, which encodes the

relevant contextual information (cf. Ji and Maren, 2007). During late

extinction, extinction neurons in the amygdala take over leading again

to a larger BOLD signal to the CSþ than to the CS�, possibly conveyed

by the additional activation of the MFC. At the same time, conditioned

SCRs diminish indicating successful fear extinction. This interpretation

is consistent with the idea that the mPFC plays a critical role in the

inhibition of CRs by suppressing the output of the amygdala (Milad

and Quirk, 2002; Maren and Quirk, 2004). Furthermore, the NAcc

might be involved in relearning and coding the new contingencies

during late extinction.

Cortisol effects on fear extinction

The observed changes in CSþ/CS� differentiation in the amygdala,

MFC and NAcc over the course of fear extinction in the placebo group

seem to be necessary for adequate extinction learning. Cortisol

interrupted this shift, thereby attenuating extinction learning and pro-

moting prolonged conditioned fear reflected in still increased differen-

tial SCRs and slightly reduced extinction of electrodermal responding

to the CSþ in late relative to early extinction. In addition to reduced

extinction learning after cortisol administration, an enhanced recall of

the acquired fear memory in the cortisol group might be assumed,

which can be seen in the differential SIR (Figure 1C). Moreover, cor-

tisol might have delayed extinction learning due to an initially

enhanced fear recall. The proposed switch in neuronal processing as

seen in the placebo group might simply occur later in the cortisol

group. However, this interpretation (increased fear retrieval) would

contradict the literature on declarative memory supporting reduced

memory retrieval (particularly of emotional information; for reviews,

see Wolf, 2009; Schwabe et al., 2012) or attenuated fear retrieval (Bentz

et al., 2013) after stress or cortisol administration. Further research is

needed to disentangle the effects of cortisol on fear retrieval vs extinc-

tion learning processes in designs accounting for a prolonged extinc-

tion session as well as investigating consolidated fear.

During late extinction, cortisol reduced differential BOLD responses

in the amygdala, MFC and NAcc. Previous studies have already shown

that glucocorticoids attenuate prefrontal activation in general

(Diamond et al., 2007) or during memory retrieval (Oei et al.,

2007). Furthermore, cortisol also impairs working memory

(Oei et al., 2006; Schoofs et al., 2009), which relies on intact prefrontal

functioning (Fuster, 2000). As already mentioned, the NAcc might be

Table 3 Localization and statistics of the peak voxels for the contrast CSþ vs CS� for the comparison between early and late fear extinction as well as separately for early and late
extinction

Early vs late ext. Brain structure x Y Z Fmax Pcorr

Phase� treatment R amygdala 24 �1 �26 14.82 0.025
Medial frontal gyrus �3 50 �17 15.12 0.042
L nucleus accumbens -9 14 �11 10.48 0.035
R nucleus accumbens 6 8 �8 8.23 0.068

Groups separated Brain structure x y z Tmax pcorr

Placebo (late–early) R amygdala 24 �1 �26 3.30 0.080
Medial frontal gyrus �3 44 �23 4.61 0.020

Cortisol (early–late) L nucleus accumbens �9 14 11 2.58 0.088

Early extinction Brain structure x y z Tmax pcorr

CSþ – CS� No significant differences
CS� – CSþ L amygdala �21 �13 �14 2.89 0.066

R amygdala 21 �13 �14 3.42 0.027
L hippocampus �33 �28 �14 5.34 0.001
R hippocampus 27 �19 �14 4.69 0.003
L posterior parahippocampal gyrus (WB) �36 �31 �11 5.92 0.038

Placebo–cortisol No significant differences
Cortisol–placebo No significant differences

Late extinction Brain structure x Y Z Tmax Pcorr

CSþ – CS� No significant differences
CS� – CSþ No significant differences
Placebo–cortisol L amygdala �24 �10 �14 3.14 0.044

R amygdala 24 �4 �23 2.94 0.075
Medial frontal gyrus �3 41 �23 3.92 0.018
L nucleus accumbens �9 14 �11 3.11 0.021
R nucleus accumbens 12 17 �8 2.41 0.077

Cortisol–placebo No significant differences

Groups separated Brain structure x Y Z Tmax Pcorr

Placebo (CSþ – CS�) L nucleus accumbens �12 11 �8 3.04 0.044
Cortisol (CS� – CSþ) L amygdala �24 �10 �14 3.08 0.084

L nucleus accumbens �9 14 �11 2.70 0.071
R nucleus accumbens 9 14 �8 2.99 0.041

The significance threshold was Pcorr� 0.05 [FWE-corrected; for the small volume correction as well as for the whole-brain (WB) correction]. Trends up to a threshold of Pcorr� 0.10 are written in italics. The
peak voxel from the WB analysis was labelled based on the Harvard–Oxford Subcortical Structural Atlas. All coordinates (x, y, z) are given in MNI space. L¼ left, R¼ right.
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concerned with encoding of the new contingencies during late extinc-

tion. This relearning seems to be successful in the placebo group, in

which a higher CSþ/CS� differentiation in the NAcc was detected. But

in the cortisol group, the reversed pattern was observed not only in the

NAcc, but also in the amygdala. This opposite pattern that also

emerged during early extinction (in both groups) might explain the

still increased SCRs in the cortisol group. Furthermore, cortisol has

already been implicated in decreasing amygdala activation during

psychosocial stress (Prüssner et al., 2008) or during fear acquisition

(Merz et al., 2010).

In accordance with the current results, an operant conditioning

study in humans showed that stress after initial learning weakened

subsequent extinction (Schwabe and Wolf, 2011). The same picture

emerged in men exposed to psychosocial stress before fear acquisition

and subsequent extinction (Jackson et al., 2006). These human studies

confirm effects of acute stress exposure before conditioning attenuat-

ing fear extinction in male mice (Izquierdo et al., 2006). Besides, stress

also impaired extinction recall in rodents (Akirav and Maroun, 2007).

However, studies in male rats showed facilitated extinction and

recall after prior glucocorticoid application, when different phases of

fear conditioning are divided into several days (Yang et al., 2006, 2007;

Ninomiya et al., 2010). Similarly, clinical studies showed that cortisol

administration after trauma reduced the incidence of PTSD (Schelling

et al., 2001, 2004), alleviated existing PTSD symptoms (Aerni et al.,

2004) and enhanced exposure therapy in specific and social phobia

(Soravia et al., 2006; de Quervain et al., 2011). At first sight, this

framework would predict opposite results in the current study, i.e.

lowered conditioned SCRs during extinction (cf. de Quervain and

Margraf, 2008; de Quervain et al., 2009; Bentz et al., 2010, 2013).

However, the proposed mechanism does not necessarily rely on corti-

sol directly influencing fear extinction per se (as in the present data).

In these studies, rather fear retrieval and extinction consolidation

might be affected by cortisol administration, but not fear extinction

learning.

Further important differences between these previous experiments

and the present data exist: clinical studies investigated patients with

anxiety disorders (Soravia et al., 2006; de Quervain et al., 2011), in

whom pathological fear acquisition supposedly happened long time

ago and therefore is well consolidated. Besides, the mentioned studies

in rodents (Yang et al., 2006, 2007; Ninomiya et al., 2010) were also

conducted in paradigms involving several days. In contrast, the present

experiment established a fear memory and conducted fear extinction

immediately afterwards, thus interfering with the consolidation of fear

acquisition. Once the fear memory is consolidated (e.g. on the next

day), the effect of cortisol on fear retrieval (Bentz et al., 2013) might

emerge and attenuate CRs. This picture is obviously reversed when

extinction takes place immediately after fear acquisition, when consoli-

dation has not been finished yet. So, our results in healthy men cannot

be directly compared with patients with long existing anxiety disorders

and remote acquired fear. All together, the exact timing between cor-

tisol administration, fear acquisition and extinction plays a critical role

for further research.

Fig. 2 Neuronal activation during early vs late extinction for the contrast CSþ minus CS�. Data are masked with the respective ROI and illustrated with F� 5.0 (see colour bar for exact F-values). The depicted
slices were selected according to the reported activations in the right amygdala (y¼ �1), the medial frontal cortex (x¼�3), as well as in the left (y¼ 14) and right nucleus accumbens (y¼ 8). Additionally,
mean contrast estimates as well as the respective standard errors in the respective peak voxels are displayed in the bar graphs separately for the cortisol and the placebo group. Cortisol application reduced
differential neuronal activation in fear extinction-related structures during late extinction. L¼ left, R¼ right.
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Limitations

At least, four limitations should be mentioned: first, only men parti-

cipated in this study, so the results cannot be generalized to women

and might even be opposing as suggested by some of our previous

work on cortisol effects on fear acquisition (Stark et al., 2006; Merz

et al., 2010; Tabbert et al., 2010; Merz et al., 2012b). However, cortisol

administration before fear acquisition led to a reduction of neuronal

activation during extinction learning in women taking oral contracep-

tives (Tabbert et al., 2010), which is consistent with the present results

in men. Besides, cortisol given prior to fear acquisition reduced CRs in

several brain regions in men (Stark et al., 2006; Merz et al., 2010,

2012b), which supports the notion of comparable effects of cortisol

on fear acquisition and extinction at least in male participants.

Second, we have to acknowledge that the current results reflect the

effects of supraphysiological cortisol concentrations, which cannot be

directly translated to stress-induced cortisol concentrations. As far as

fear acquisition is concerned, we could recently show that both supra-

physiologcial levels obtained after administration of 30 mg hydrocor-

tisone (as in the present study) as well as physiological cortisol

increases after psychosocial stress exert the same effects on neuronal

activation in men and women taking oral contraceptives (Merz et al.,

2013). This effect might also apply to our current data on fear extinc-

tion, but this hypothesis has to be proven in future studies.

Accordingly, the effect of a physiological cortisol dose on fear extinc-

tion should be tested to complement the picture.

Third, we neither conducted extinction on a separate day nor tested

extinction recall on an additional day. These additional tests would

have shed light on direct effects and long-lasting consequences of

cortisol application before extinction learning. The exact timing of

different phases of fear conditioning by itself has to be considered in

future studies along with the time when cortisol is given.

Fourth, the FIR concerns orienting responses to the CS and closely

matches the event-related approach of the fMRI results in terms of

timing. The SIR reflects anticipatory responses to the UCS, but this

component is not adequately reflected in the fMRI data. It is quite

difficult to determine when exactly anticipation processes start on the

neuronal level, so, an adequate modelling of this component needs

further attention.

Conclusion

To summarize, cortisol administration impaired fear extinction learn-

ing in healthy men. Higher differential SCRs in the cortisol group

indicate still remaining, inappropriate fear during extinction. This

result pattern was accompanied with lowered neuronal activation in

the amygdala, MFC and NAcc. A shift from deactivation during early

extinction to activation during late extinction seems to promote ad-

equate fear extinction as seen in the placebo group. Cortisol adminis-

tration however suppressed this shift thereby attenuating fear

extinction. These results critically emphasize the importance of

timing of cortisol application relative to fear acquisition and extinc-

tion. Future studies should systematically examine the impact of dif-

ferent time points of cortisol administration on neuronal and

electrodermal correlates of fear extinction.
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