
Glucocorticoid Administration Improves Aberrant
Fear-Processing Networks in Spider Phobia

Masahito Nakataki1,2,9, Leila M Soravia1,9, Simon Schwab1, Helge Horn1, Thomas Dierks1, Werner Strik1,
Roland Wiest3,4, Markus Heinrichs5,6, Dominique J-F de Quervain7, Andrea Federspiel1,10 and
Yosuke Morishima*,1,8,10

1Translational Research Center, University Hospital of Psychiatry, University of Bern, Bern, Switzerland; 2Department of Psychiatry, University of
Tokushima, Tokushima, Japan; 3Departments of Neurology and Clinical Research, Inselspital, University Hospital of Bern, Bern, Switzerland;
4Department of Diagnostic and Interventional Neuroradiology, Inselspital, University Hospital of Bern, Bern, Switzerland; 5Department of
Psychology, Laboratory for Biological and Personality Psychology, University of Freiburg, Freiburg, Germany; 6Freiburg Brain Imaging Center,
University Medical Center, University of Freiburg, Freiburg, Germany; 7Division of Cognitive Neuroscience University of Basel, Basel, Switzerland;
8Japan Science and Technology Agency, PRESTO, Saitama, Japan

Glucocorticoids reduce phobic fear in patients with anxiety disorders. Previous studies have shown that fear-related activation of the
amygdala can be mediated through the visual cortical pathway, which includes the fusiform gyrus, or through other pathways. However, it is
not clear which of the pathways that activate the amygdala is responsible for the pathophysiology of a specific phobia and how
glucocorticoid treatment alleviates fear processing in these neural networks. We recorded the brain activity with functional magnetic
resonance imaging in patients with spider phobia, who received either 20 mg of cortisol or a placebo while viewing pictures of spiders. We
also tested healthy participants who did not receive any medication during the same task. We performed dynamic causal modelling (DCM),
a connectivity analysis, to examine the effects of cortisol on the networks involved in processing fear and to examine if there was an
association between these networks and the symptoms of the phobia. Cortisol administration suppressed the phobic stimuli-related
amygdala activity to levels comparable to the healthy participants and reduced subjective phobic fear. The DCM analysis revealed that
cortisol administration suppressed the aberrant inputs into the amygdala that did not originate from the visual cortical pathway, but rather
from a fast subcortical pathway mediated by the pulvinar nucleus, and suppressed the interactions between the amygdala and fusiform
gyrus. This network changes were distinguishable from healthy participants and considered the residual changes under cortisol
administration. We also found that the strengths of the aberrant inputs into the amygdala were positively correlated with the severity of
spider phobia. This study demonstrates that patients with spider phobia show an aberrant functional connectivity of the amygdala when
they are exposed to phobia-related stimuli and that cortisol administration can alleviate this fear-specific neural connectivity.
Neuropsychopharmacology (2017) 42, 485–494; doi:10.1038/npp.2016.207; published online 12 October 2016
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INTRODUCTION

The amygdala processes emotional information, and the
processing of emotional information enables organisms to
interrupt ongoing actions and redirect attentional resources
toward unforeseen threats (Dolan and Vuilleumier, 2003;
Pessoa and Adolphs, 2010; Phelps, 2006). Specifically, the
automatic processing of fearful stimuli plays a crucial role in
the protection against threats (Soares and Ohman, 1993;
Mogg et al, 1997; Phelps and LeDoux, 2005). However,
neutral stimuli could be erroneously associated with fear, as

in the case of a specific phobia, and the maladaptive
association provokes phobia-related responses to the neutral
stimuli (Hartley and Phelps, 2012; de Quervain and Margraf,
2008; Soares and Ohman, 1993). A specific phobia is the
most common anxiety disorder and is characterized by
persistent and excessive fear that is cued by the anticipation
or presence of a specific object or situation in DSM-IV
(American Psychiatric Association, 1997). The exposure to,
or even the anticipation of, the phobic stimulus invariably
provokes the retrieval of stimulus-associated fear memories,
leading to an immediate fear response (Hartley and Phelps,
2012; de Quervain and Margraf, 2008). Because the amygdala
is involved in the response to fearful stimuli, and to the
acquisition and maintenance of aversive memories (Becker
et al, 2012; Feinstein, 2013; Pape and Pare, 2010), it is
considered to play a crucial role in the pathophysiology of
specific phobias (Etkin and Wager, 2007; Hariri et al, 2005).
Aberrant amygdala hyperactivation is frequently reported in
anxiety disorders, including specific phobias (Veltman et al,
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2004; Ahs et al, 2009; Lipka et al, 2013), and those can be
improved by pharmacological intervention and cognitive
behavioral therapy (Lipka et al, 2013; Schienle et al, 2009;
Labuschagne et al, 2010; Hauner et al, 2012; Eckstein et al,
2014). Therefore, the dysfunction of the amygdala is believed
to be the central pathophysiological mechanism of specific
phobias.
Glucocorticoid hormones (cortisol in humans) are released

from the adrenal cortex. Their release is enhanced in
response to a stressor to enable responses to any environ-
mental hazards and glucocorticoid receptors are ubiquitously
expressed in the brain (Myers et al, 2014). In animals and
healthy humans, glucocorticoids reduce memory retrieval
(de Quervain et al, 1998, 2000) and recent clinical studies
have found that in patients with chronic post-traumatic
stress disorder, social phobia, spider phobia, and acrophobia,
the administration of glucocorticoids reduces the ability to
recall traumatic or fearful memories, and enhances the
extinction of such memories (Aerni et al, 2004; van Peer
et al, 2010; Soravia et al, 2006; de Quervain et al, 2011). A
recent neuroimaging study showed that glucocorticoid
administration altered amygdala reactivity related to the
retrieval of aversive memories, the presentation of emotion-
ally salient face pictures and predicted reward (Buades-
Rotger et al, 2016; van Marle et al, 2013; Montoya et al,
2014). Because functional MRI (fMRI) signals reflect afferent
inputs from other brain regions (Goense and Logothetis,
2008), the glucocorticoid-mediated suppression of amygdala
activity likely reflects the suppression of neural inputs into
the amygdala during the processing of fearful stimuli. Fear-
induced amygdala activation can originate from several brain
regions, including the fusiform gyrus, orbitofrontal cortex,
anterior cingulate cortex, and subcortical structures, such as
the pulvinar nucleus through distinct pathways, and, in
particular, the pathways from the fusiform gyrus and the
pulvinar nucleus could serve as the bottom-up pathways of
information processing (Morris et al, 1999; Pessoa and
Adolphs, 2010; Van Le et al, 2013). However, the neural
pathway involved in the pathological processing of phobia-
related information remains unknown. In the current study,
we investigated how glucocorticoids affect neural circuits
for fear processing in patients with spider phobia. More
specifically, we focused on the pathways through the visual
cortical pathway, including the lingual and fusiform gyrus,
and the pulvinar nucleus to the amygdala. We utilized fMRI
to record the neural activity in response to pictures of spiders
in patients with spider phobia, who received either cortisol or
placebo, and in control subjects who did not receive any
medication. As shown in previous studies (Aerni et al, 2004;
Soravia et al, 2014), cortisol treatment improves phobic
symptoms, but patients still exhibits a significant level of
phobic response. To investigate neural correlates of residual
symptoms, we compared the phobic patient groups with the
healthy controls. We then used dynamic causal modelling
(DCM) to investigate the functional interaction between the
neural circuits that process phobia-related stimuli and to
determine the source(s) of activation for a particular brain
region (Friston et al, 2003). Using the model comparison
approach, we aimed to elucidate the functional interactions
in the regions of the amygdala that become hyperactive in
specific phobias and to identify the neural target of
glucocorticoid treatment.

MATERIALS AND METHODS

Subjects

This study consisted of three subject groups: patients with
spider phobia who received either 20 mg of cortisol or
placebo in a double-blind and randomized way, and healthy
participants who did not receive any medication. The
patients were selected from a cohort of our previous clinical
trial, investigating the effectiveness of cortisol treatment and
cognitive behavioral therapy on spider phobia treatment
(Soravia et al, 2014; clinicaltrials.gov NCT01574014). The
subjects were recruited via advertisement. The patients were
diagnosed based on the Diagnostic and Statistical Manual of
Mental Disorders, fourth edition (American Psychiatric
Association, 1997), using a computer-based structured
clinical interview (DIA-X; Essau et al, 1999) and the
Composite International Diagnostic Interview (Rubio-
Stipec et al, 1991). The German version of the Fear of
Spider Questionnaire (FSQ; Szymanski and O’Donohue,
1995) was further used to assess the fear of spiders. This
assessment was used to confirm that the spider phobia
symptoms that were measured in the patients were
significantly more severe than those in the control subjects
(t(48)= 12.34, po0.001). Healthy participants were screened
by the SCL-90-R (The Symptom Checklist-90-Revised)
questionnaire (Franke, 1995) and the FSQ to confirm that
the participants were not affected by mental illness, including
spider phobia (three healthy controls had no FSQ data). We
also confirmed no previous history of psychiatric disorders.
The exclusion criteria included a history of head trauma,
acute or chronic medical conditions, a recent history of
systemic or oral glucocorticoid therapy, psychiatric disorders
other than a specific phobia for spiders, psychotropic drug
treatment, smoking of 415 cigarettes per day, neurological
diseases, current drug or alcohol abuse, any contraindication
to MRI, pregnancy, and the use of hormonal contraceptives.
After a consultation that involved a complete description of
the study, written informed consent was obtained from each
subject. The study was approved by the ethics committee of
the Canton of Bern, Switzerland (Nr. 161/07), and the Swiss
agency for the authorization and supervision of therapeutic
products (Swissmedic) in accordance with the Declaration of
Helsinki. After the diagnostic phase, the included patients
were randomly assigned to treatment groups in a double-
blind and placebo-controlled manner. Eighteen patients were
assigned for each patient group (11 female for cortisol group;
and 15 female for placebo group) and 27 healthy control
subjects were included after the assessment of inclusion
criteria. Two patients and three healthy control subjects were
excluded due to missing data, and one patient was excluded
because of an ineffective elevation in salivary cortisol levels
in response to the cortisol administration. We performed
general linear model analysis with remaining 57 subjects to
increase the sensitivity and reliability of region of interests
(ROI) specification (cortisol group: N= 17 (10 females); and
placebo group: N= 17 (14 females)) and 24 healthy control
subjects (13 females). We used only the female participants
for the remaining analysis, including the analysis of
behavioral, pharmacological, and DCM data to avoid any
gender differences in the responsiveness to fearful stimuli
(demographic data are shown in Table 1). After the GLM
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analysis, we excluded one patient from the cortisol group and
two healthy control subjects due to fMRI signal dropout in
the individual ROI.
All patients were offered the opportunity to attend an

exposure-based short-term group therapy session after the
conclusion of the experiment. The three groups did not
significantly differ in age or BMI (Table 1). The two patient
groups did not differ in any of the clinical characteristics or
baseline measurements assessed on the day of the experi-
ments (Table 1).

Procedure and Measurements

The experiments were conducted at the Institute of
Diagnostic and Interventional Neuroradiology, University
Hospital of Bern between 1400 and 1700 hours. The female

subjects were tested within the luteal phase of their
menstrual cycle. Only females with a natural menstrual cycle
were included in the study and tested during their luteal
phase in order to be comparable to male subjects, regarding
the cortisol stress response (Kirschbaum et al, 1999). The
patients and healthy control subjects underwent the same
experimental procedure except for the diagnostic interview,
substance administration, and collection of saliva samples.
The healthy control subjects answered the SCL-90-R
questionnaire instead. Saliva samples were collected to
confirm the effectiveness of the cortisol administration in
the patient group. On arrival, all the participants were
informed about the procedure and were asked to complete
the State-Trait Anxiety Inventory (Spielberger et al, 1970)
and rate their actual subjective anxiety, physical discomfort,
and avoidance behavior on a visual analog scale (VAS)
ranging from 0 (no symptoms) to 100 (maximal symptoms).
In addition, the first saliva sample was collected using a
Salivette (Sarstedt, Rommelsdorf, Germany). After the oral
administration of 20 mg of cortisol (Galepharm, Küsnacht,
Switzerland) or placebo, the patients rested for ~ 30 min.
Additional saliva samples were collected 60 and 120 min after
drug administration to confirm an elevation in their cortisol
levels. The details of the picture task and fMRI scanning
protocols are described in the next section. After the MRI
session, all subjects completed a VAS questionnaire. In
addition, the participants retrospectively rated their fear
levels on a visual scale from 0 to 100 while observing the
spider pictures in the scanner. We also inquired about any
side effects that they may have experienced because of the
glucocorticoid or placebo administration. The saliva samples
were stored at − 20 °C until used for biochemical analysis.
The free salivary cortisol concentrations were analyzed using
a commercially available chemiluminescence immuno-assay
(cortisol: CLIA; IBL-Hamburg, Germany).

MRI Data Acquisition and fMRI Data Analysis

A brief summary of the MRI data acquisition, the cognitive
task and fMRI data analysis is included here, and the details
can be found in the Supplementary Methods. Structural
T1-weighted images and oxygenation level-dependent
T2-weighted gradient echo planar imaging images were
acquired using a 3 T Siemens Magnetom Trio scanner
(Erlangen, Germany), equipped with a 12-channel radio
frequency head coil, although the participants went on the
picture task (Figure 1a). The fMRI data analyses were
performed using SPM8 and DCM12 (http://www.fil.ion.ucl.
ac.uk/spm). After the preprocessing of the fMRI data, the
first-level single-subject analysis was conducted with a
general linear model (GLM) framework, and the GLM
included six regressors: phobic, negative, animal, neutral,
scramble 1, and scramble 2. The second-level random effects
analysis was performed as a 3 × 6 flexible factorial design
with group (placebo, cortisol, and healthy subjects) as a
between-subject factor and task condition (phobic, negative,
animal, neutral, scramble 1, and scramble 2) as a within-
subject factor (Supplementary Table S1). To exclude the
confounding effect of a gender difference in the responsive-
ness to the fearful stimuli, we have also included a regressor
encoding gender for each group. The three ROIs for the
DCM analysis (ie, right amygdala, right fusiform gyrus, and

Table 1 Demographics and Descriptive Statistics of Behavioral
Data

Group Cortisol Placebo Healthy
control

Number of female subjects 10 14 13

Age (years) 31.3± 11.2 26.6± 11.2 27.2± 6.8

BMI 22.7± 4.9 22.8± 3.7 22.1± 2.4

FSQ 75.3± 24.4a 77.9± 11.7a 11.6± 14.0

Pre-scan

STAI state 41.2± 13.9 35.6± 8.3 31.7± 3.9

Mid-scan, picture task

VAS fear: phobic pictures 2.9± 0.6a,b 3.3± 0.5a 1.7± 0.8

VAS fear: negative pictures 1.8± 0.7 1.7± 0.5 1.9± 0.4

VAS fear: neutral pictures 1.1± 0.1 1.0± 0.1 1.0± 0.1

VAS fear: animal pictures 1.2± 0.2 1.1± 0.1 1.2± 0.2

Post scan

STAI state 33.8± 10.7 36.9± 14.1 29.0± 5.5

VAS fear retrospectc 64.3± 19.1d,e 78.4± 11.2d 26.5± 25.5

Cortisol concentration of saliva
(nmol/l)

Before administration 9.9± 5.4 9.9± 5.6

60 min after
administration

40.3± 22.0b 8.0± 4.5

120 min after
administration

58.2± 43.3b 5.1± 2.6

Abbreviations: BMI, body mass index; FSQ, Fear of Spider Questionnaire
(German version); mid-scan: each picture had to be rated in the scanner on a
scale from 1 (no fear) to 4 (maximum fear); STAI, State-Trait Anxiety Inventory;
VAS, visual analog scale.
All data are presented as the means± SD.
apo0.001 compared with control group.
bpo0.001 compared with placebo group.
cAfter the scanning session, subjects were asked to rate the experienced emotion
during the viewing of spider pictures in the scanner retrospectively on a scale
from 0 to 100 percent.
dpo0.05 compared with control group.
epo0.05 compared with placebo group.
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right lingual gyrus) were functionally defined as the areas
exhibiting a higher activation in the second-level results
(Figure 1b). We chose the right hemisphere ROIs because the
cortisol-dependent suppression of fear-related activation was

more prominent on the right side of the fusiform gyrus and
amygdala than on the left side in the current data set
(Supplementary Table S2). We extracted a BOLD time series
from the ROIs and entered them into the estimation of
specified DCM models (Figure 2a; Supplementary Figure S1).
We created 48 DCM models for each subjects, comprised of
the possible combinations of directed connectivity among
the ROIs and driving inputs to the ROIs. We then compared
the models to identify the best-fit structure of the fear-
processing network (Stephan et al, 2010). We employed a
two-step approach for the model comparison (Figure 2a and
b). First, we examined whether the inputs into the amygdala
were necessary to generate a fear-related amygdala response
(Supplementary Figure S2). Then, we looked for an
interaction between the amygdala and the fusiform gyrus
(Supplementary Figure S3). Finally, we performed Bayesian
model averaging to obtain the parameter estimates from the
fear network model (Stephan et al, 2010). We have
performed the DCM model analysis of the pulvinar–
amygdala pathway as for the visual cortical pathway
(Supplementary Figure S4). Details can be found in the
Supplementary Methods.

Statistics

Group differences in demographics, clinical characteristics,
and baseline level of salivary cortisol (before substance
administration) were analyzed with an ANOVA and
unpaired t-tests. The effects of the cortisol administration
on salivary cortisol concentrations, VASs and the extracted
beta values were analyzed with two-way repeated measures
ANOVAs, using ‘treatment’ or ‘group’ as the between-subject

Figure 1 The cognitive task and regional activation during spider picture presentation. (a) The timeline of the picture task is shown. Each trial includes the
picture presentation and rating periods. (b) Top: the brain areas that showed higher levels of activation during the spider picture presentation in the placebo
group compared with the cortisol group are shown, as derived from a 3 (group) × 6 (condition) factorial ANOVA. For these representative images, all the
voxels survived at po0.001 uncorrected are depicted. Bottom: a plot of the parameter estimates for phobia-related picture presentation in the right lingual
gyrus, right fusiform gyrus, and right amygdala is shown. The error bars indicate SE across subjects. The bar plots are representative images and were not the
basis of any inferences in this study.

Figure 2 DCM model structure and the two steps approach of DCM
model comparison. (a) The structure of the networks used for DCM analysis
are shown. L, F, and A were supposed to have intrinsic connections to each
other, although the driving inputs and modulation of the connections by the
phobia-related stimulus (spider picture) differed between models. To test
the effect of cortisol on this neural network, Bayesian model selection was
applied for a family-level model comparison. Two different features were
determined separately and were illustrated as dashed squares (step 1 and
step 2). (b) An overview of the DCM analysis and Bayesian model selection
is shown. At step 1, all the models were compared according to the pattern
of the driving input into the amygdala. At step 2, the models for the winning
family in step 1 were compared according to the pattern of interaction
between the fusiform gyrus and the amygdala.
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factor and ‘time points’ as the within-subject factor. As the
salivary cortisol data did not follow a normal distribution, we
used the Wilcoxson rank-sum test to compare the difference
between the groups at a specific time point. A Greenhouse–
Geisser correction was used to correct violations of
sphericity. Subsequent unpaired t-tests were used to analyze
the treatment effects at specific time points. To analyze the
behavioral responses in the MRI scanner, we used a mixed
model analysis with ‘lme4’ and ‘lmerTest’ packages im-
plemented in R (https://www.r-project.org). We used a full
factorial design, including each subject group and each
picture type, and their interaction effects as fixed effects and
an individual subject factor as random effects. All the tests
were two tailed, and a probability o0.05 was considered to
be statistically significant.

RESULTS

During the presentation of the pictures of spiders, phobic
patients who received cortisol rated their subjective fear as
being significantly lower than that of the placebo group
(po0.001), but still significantly higher than that of the
control group (po0.001; Table 1, Supplementary Table S1).
After the scanning session, subjects were asked to rate their
perceived fear in response to the spider pictures, and cortisol
administration significantly reduced the subjective fear
ratings (t(22)=− 2.6, p= 0.016; Table 1). There was no
significant effect of cortisol on the fear ratings for negative,
neutral, and animal pictures or on the state of anxiety
unrelated to spider phobia before and after the scanning
session (p40.1; Table 1). Consistent with the behavioral
results, the activation of the amygdala in response to the
spider pictures in the placebo-treated patients was signifi-
cantly higher than that of the cortisol-treated
patients (Figure 1b; Supplementary Table S2) and signifi-
cantly higher compared with all the other stimuli
(Supplementary Table S2). In addition, we found a
significantly increased activation level in the bilateral lingual
gyrus and right fusiform gyrus during the phobic spider
picture presentation in the placebo group compared with the
cortisol group (Figure 1b; Supplementary Table S2). We
confirmed that the salivary cortisol levels were increased in

the patients receiving 20 mg of cortisol by a significant time x
group interaction effect (F(1.4, 38.8)= 19.78; po0.001). As
expected, the post hoc comparisons revealed an increased
salivary cortisol level at both 60- and 120-min post-cortisol
administration in the cortisol group compared with the
placebo group (po0.001; Table 1). We also observed the
decay of cortisol levels over time in the placebo group, and
this decay can be explained by the immediate elevation of
cortisol due to exposure to laboratory environments and
changes reflecting circadian rhythm (Chan and Debono,
2010; Dickerson and Kemeny, 2004).

Dissecting the Source of the Amygdala Activation

The DCM analysis was performed to determine whether the
visual cortical pathway of the lingual and fusiform gyri
mediates the observed amygdala activation in response to
spider pictures in spider-phobic patients. Therefore, we
categorized the DCM models into two families: family L has
visual inputs only into the lingual gyrus and family LA has
visual inputs into both the lingual gyrus and the amygdala
(Figure 3b; Supplementary Figure S2). We compared the
DCM model families and found that the placebo-treated
patients showed a considerably higher exceedance prob-
ability in the LA model family than in the L model family
(Figure 3a). In contrast, the cortisol-treated patients and
healthy control groups showed a considerably higher
exceedance probability of the L model family than in the
LA model family. The DCM model comparison of the
placebo group data suggests that activation in the amygdala
could be mediated not only by the visual cortical areas, but
also by other brain regions. Inputs of visual information to
the amygdala are known to be mediated by two pathways: a
faster subcortical pathway (pulvinar–amygdala) and a slower
cortical pathway (thalamus–visual cortex–amygdala). These
two visual processing pathways are well characterized in
animals (Phelps and LeDoux, 2005; Van Le et al, 2013) and
are supported by human studies (Luo et al, 2007). Thus, we
have additionally tested whether the amygdala activation in
the placebo group can be mediated by the pulvinar nucleus.
We have compared two DCM models. First, the amygdala
activation was mediated by the activation of the pulvinar
nucleus. Second, the amygdala activation is independent of

Figure 3 The first step of the model comparison of driving inputs. (a) The exceedance probabilities of the L and LA model families are shown. Family L has
visual inputs only into the lingual gyrus, whereas family LA has inputs into both the lingual gyrus and the amygdala. The group of patients treated with placebo
(right) showed a considerably higher exceedance probability of the LA model family than that of the L model family. By contrast, the cortisol group (center)
and the healthy control group (left) showed considerably higher exceedance probability of the L model family than that of the LA model family. (b) The
diagrams of the family L and family LA show the structures of the driving inputs (empty arrow). The modulation of the connection and intrinsic connection are
not shown for comprehensibility. Three regions included in the DCM models are denoted by L (lingual gyrus), F (fusiform gyrus), and A (amygdala).
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pulvinar activation. We then compared these two models
and found that the amygdala activation is mediated by the
pulvinar nucleus in the placebo-treated patients
(Supplementary Figure S4). These results suggest that the
amygdala in phobic patients has, in addition to inputs from
the visual cortical pathway with involvement of the lingual
and fusiform gyrus, a driving visual input mediated by the
pulvinar nucleus, and that cortisol normalizes these addi-
tional amygdala inputs.

Residual Interactions Between Amygdala and Fusiform
Gyrus After Cortisol Treatment

We next aimed to examine whether there is any residual
change in the modulation of the connection during phobic
picture presentation in cortisol-treated patients. As we have
shown, cortisol treatment suppressed the fear rating of spider
pictures, but the score was still higher than that of healthy
individuals, implying that there are residual neural changes
in the patients of the cortisol group. Because both the cortisol
and the healthy control groups have driving inputs only into
the lingual gyrus, we compared 24 models belonging to the
L model family. Because previous studies have shown that
the perception of phobic visual stimuli involves both the
amygdala and the fusiform gyrus (Ahs et al, 2009; Lipka et al,
2013; Straube et al, 2006), we focused on the pattern of
interactions between the fusiform gyrus (F) and amygdala
(A) and classified each model to one of the four modulatory
pattern families (Figure 4c; Supplementary Figure S3). We

found that the model family with the modulation of
connectivity from the fusiform gyrus to the amygdala
(A← F) was the best-fit model family for the cortisol group,
whereas the no interaction model family (A≠F) was the best-
fit model family for the healthy control group (Figure 4a).
For the placebo group, there was no clear difference in the
exceedance probability among the four model families
(Figure 4b).
Finally, we calculated the parameters of the modulation of

connection for the DCM models (Figure 5; and
Supplementary Table S3 for the numerical representation).
We found two significant changes: (1) a significant difference
in the modulation of the connection between the fusiform
gyrus and the amygdala between the cortisol and placebo
groups (one-way ANOVA, post hoc test po0.01); (2) a
significant negative modulation of the connection between
the amygdala and the lingual gyrus in the placebo-treated
patients relative to the cortisol-treated patients and healthy
controls (one-way ANOVA, post hoc test po0.05). Here, the
positive values indicate that the increased activation of a
source region enhances the activation of a target region
during the presentation of a phobic stimulus, whereas the
negative values indicate that the increased activation of the
source suppresses the target. The results suggest that cortisol
administration turns fear-related positive modulation from
the fusiform gyrus to the amygdala to negative modulation.

Figure 4 The second step model comparison of the modulatory interaction between the amygdala and the fusiform gyrus. (a) This is shown according to
the pattern of interactions between the fusiform gyrus (F) and the amygdala (A). The healthy controls have no modulatory effect on the connection between
the amygdala and the fusiform gyrus. The cortisol group had a modulatory connection from the fusiform gyrus to the amygdala. (b) In the placebo group, no
prominent family of modulatory connection was observed. (c) The diagram of family A≠F, A← F, A→ F, and A⇄F is shown. Family A≠F does not have a
modulation of connection on a connection between F and A. Family A← F and family A→ F have a modulation of connection on a unilateral connection from
F to A and from A to F, respectively. Family A⇄F has a modulation of a connection on the bilateral connections between F and A. The figure shows the
structures of the modulation of connection (solid arrow). The other modulations of connection and intrinsic connection are not shown for comprehensibility.
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The Association of Amygdala Inputs with Phobia-
Related Symptoms

We further investigated the relevance of the DCM model
parameters to phobia-related symptoms in the patient
groups. Because we have found that cortisol treatment
suppresses both the driving input into the amygdala and the
fear rating of spider picture presentations, we examined
the association between the driving inputs into amygdala and
the FSQ. We found a significant positive correlation between
the driving inputs into amygdala during spider picture
presentation and the FSQ score in the placebo group
(r= 0.63, p= 0.017), although the correlation was not
statistically significant in the cortisol group (Figure 6). In
contrast, we did not find a correlation between the FSQ score
and the regional BOLD activity estimated in the GLM
analysis (r= 0.19, p= 0.49). The results suggest that the
severity of phobia-related symptom is associated with the
strength of the driving inputs into amygdala, but not with the
regional activation, in other words, the sum of the total
inputs into the amygdala.

DISCUSSION

In this study, we demonstrated that cortisol treatment
suppresses the neural inputs into the amygdala during the
processing of phobia-related information and that driving
inputs into the amygdala are positively correlated with the
severity of spider phobia symptoms. We constructed a set of

neural circuit models consisting of the amygdala, fusiform
gyrus, and lingual gyrus, and compared the models
according to the pattern of interactions among the different
brain regions. The model comparison revealed a mixture of
pathological neural signatures of the phobia and of the
pharmacological effects of glucocorticoids. The patients
treated with the placebo differed from the other groups, in
that they had additional driving inputs into the amygdala for
phobia-related stimuli, mediated by the pulvinar nucleus.
Acute cortisol administration in the patients with spider
phobia reduced these driving inputs into the amygdala while
they were viewing phobic pictures. However, cortisol-treated
patients still exhibited abnormal residual modulation of the
connection between the fusiform gyrus and the amygdala.
Previous studies have found an abnormal amygdala

hyperactivation in patients with phobias (Veltman et al,
2004; Ahs et al, 2009; Lipka et al, 2013), which was
downregulated after treatment (Lipka et al, 2013; Schienle
et al, 2009; Hauner et al, 2012). Our current results have
advanced the understanding of the pathophysiology of
specific phobia. We have shown that the severity of a spider
phobia is specifically associated with the driving inputs into
amygdala, but not with the regional BOLD activation of the
amygdala. To narrow down the source of the driving inputs
in the current model, we have exploited an approach
established by Hurlemann’s study to localize the amygdala
ROI in the subnucleus of the amygdala (Hurlemann et al,
2008), and 71.0% of the voxels of the amygdala ROI were
localized in the basolateral part of the amygdala, which

Figure 5 Graphic summary of posterior probability of Bayesian model averaging. Blue and red arrows represent the negative and positive modulation of
connection, respectively. The color saturation of the arrows represents the strength/posterior probability of connectivity. The numbers indicate the posterior
probability of each modulatory connectivity (only posterior probability 480% is shown).
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putatively receives inputs from cortical and subcortical
regions. Importantly, it has been shown that the basolateral
part of the amygdala interacts with the hippocampus in
mediating glucocorticoid effects on the retrieval of emotion-
ally arousing information (de Quervain et al, 2009). In the
current study, we have demonstrated that a driving input to
the amygdala is mediated by the pulvinar nucleus. However,
others have demonstrated that the rostral anterior cingulate
cortex suppresses the amygdala activity during the proces-
sing of emotionally conflicting information (Etkin et al,
2006), and that amygdala–hippocampus interactions are
crucial during the processing of emotionally salient stimuli
(Fastenrath et al, 2014) and in mediating glucocorticoid
effects on the retrieval of emotionally arousing information
(de Quervain et al, 2009). Those studies suggest the
involvement of other brain regions in processing fear
information in the amygdala. Although models involving
such higher cognitive areas are beyond the current study,
research on large-scale neural networks will be important for
the identification of the networks that are responsible for
anxiety disorders. Owing to the limitations of the current
between-subject study design and the high levels of variation
observed in the behavioral and neural data among subjects,
we could not examine whether the amygdala driving inputs
could mediate the treatment effects on the behavioral
outcome. This point should be addressed by a within-
subject study design in a future research study. In addition,
the healthy control subjects in our study did not receive
cortisol. Although we have previously shown that cortisol
administration does not affect subjective fear response in
healthy subjects (Soravia et al, 2009), we could not exclude
the mere medication effect in the comparison between the
cortisol group and the healthy control group.
The current study combines a pharmacological interven-

tion with a network analysis to unravel the pharmacological
targets of neural networks, although glucocorticoid receptors
are ubiquitously expressed in the brain (Myers et al, 2014).
Because the patients treated with cortisol did not have the
driving inputs into the amygdala, we consider that
glucocorticoids limited the information flow to the amygda-
la. The subcortical pathway, which allows the rapid

processing of potential threats (Ohman et al, 2007), may be
associated with the hypervigilant state that is linked to
anxiety disorders (Michalowski et al, 2015) and is consistent
with our results, showing that there is an association between
the driving inputs into amygdala and the severity of phobia-
related symptoms. In addition, the hypervigilant state
observed in patients with phobias can be associated with
the hyperactivation of the amygdala (Lipka et al, 2013). Thus,
glucocorticoids might be beneficial to phobia patients by
reducing the hypervigilant state and by attenuating the
subcortical input into the amygdala. Cortisol further
modulated interactions between the fusiform gyrus and the
amygdala: turning the positive fusiform–amygdala connec-
tivity to negative. The fusiform gyrus has been implicated in
spatial-associative-guided memory retrieval (de Rover et al,
2008). Thus, the cortisol-induced suppression of fusiform–
amygdala connectivity might be related to the well-known
inhibiting effects of cortisol on memory retrieval. There are
several limitations in the current study. Our female subjects
participated in the study during their luteal phase. As
previous studies showed that amygdala activation in
response to psychological stressor depends on menstrual
cycles (Chung et al, 2016) and that cortisol responses to
social stress are comparable between females in a luteal phase
and males (Kirschbaum et al, 1999), we investigated on
female participants only in their luteal phase. However, no
conclusion regarding the neural responses is drawn from the
current study. Thus, our finding may not be applied to
females during the follicular phase or males. In addition, we
defined the ROIs of the DCM analysis based on both female
and male subjects, whereas the DCM analysis has been
performed only with female subject. Because the numbers of
male participants were highly different among the groups, we
excluded male subjects from our main DCM analysis to
avoid this confound. Further studies are awaited to
investigate the generalizability of the current findings.
Another potential confound in the current study is that we
did not strictly control for smoking among the participants.
Although smoking increases the plasma levels of endogenous
cortisol (Badrick et al, 2007), the administration of cortisol in
the current study elevated the plasma cortisol level to a far

Figure 6 The association between the DCM parameter of the driving input into the amygdala and the severity of phobic symptom. There is a significant
positive correlation between the FSQ score at the initial diagnosis and the DCM parameters of the driving input into the amygdala in the placebo group
(p= 0.017), although no significant correlations in the cortisol and healthy groups were found. (For healthy controls three subjects had no FSQ data.)
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greater extent than the variations caused by smoking.
Therefore, we believe the cortisol administration is primarily
responsible to the observed changes in the amygdala
networks.
In summary, using a model-based connectivity analysis,

we have revealed the neural circuits that play a crucial role in
the pathophysiology of spider phobia. The driving input into
amygdala is modulated by glucocorticoid administration and
associated with phobia-related symptom severity. Further-
more, the framework of the current study can also be used to
identify the pathophysiology and treatment targets of
broader psychiatric disorders.
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