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Mood disorders are twice as frequent in women than in men. Risk mechanisms for major depression include adverse responses to acute
changes in sex-steroid hormone levels, eg, postpartum in women. Such adverse responses may involve an altered processing of rewards.
Here, we examine how women’s vulnerability for mood disorders is linked to sex-steroid dynamics by investigating the effects of a
pharmacologically induced fluctuation in ovarian sex steroids on the brain response to monetary rewards. In a double-blinded placebo
controlled study, healthy women were randomized to receive either placebo or the gonadotropin-releasing hormone agonist (GnRHa)
goserelin, which causes a net decrease in sex-steroid levels. Fifty-eight women performed a gambling task while undergoing functional MRI
at baseline, during the mid-follicular phase, and again following the intervention. The gambling task enabled us to map regional brain activity
related to the magnitude of risk during choice and to monetary reward. The GnRHa intervention caused a net reduction in ovarian sex
steroids (estradiol and testosterone) and increased depression symptoms. Compared with placebo, GnRHa reduced amygdala’s reactivity
to high monetary rewards. There was a positive association between the individual changes in testosterone and changes in bilateral insula
response to monetary rewards. Our data provide evidence for the involvement of sex-steroid hormones in reward processing. A blunted
amygdala response to rewarding stimuli following a rapid decline in sex-steroid hormones may reflect a reduced engagement in positive
experiences. Abnormal reward processing may constitute a neurobiological mechanism by which sex-steroid fluctuations provoke mood
disorders in susceptible women.
Neuropsychopharmacology (2016) 41, 1057–1065; doi:10.1038/npp.2015.236; published online 2 September 2015
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INTRODUCTION

Cumulating evidence from both human and animal studies
indicates that sex-steroid hormones such as estradiol,
progesterone, and testosterone are involved in the neuro-
functional modulation of the reward system and influence
reward behavior (Dreher et al, 2007; Brummelte and Galea,
2010; Bayer et al, 2013; Peper et al, 2013). Fluctuations in
ovarian steroids during the natural menstrual cycle have
been reported to modulate reward-related activity in several
brain regions such as the orbitofrontal cortex and amygdala
(Dreher et al, 2007; Bayer et al, 2013).

Mood disorders manifest twice as frequently in women
than in men, but it is unknown whether the increased
frequency is related with sex-steroid dynamics. Larger
fluctuations in endogenous ovarian steroids experienced by
women, eg, postpartum and during menopausal transition,
are indeed sometimes associated with severe mood state
changes and an increased vulnerability for mood disorders
(Freeman et al, 2006; Munk-Olsen et al, 2006). Such changes
often involve depressed mood and anhedonia, ie, a reduced
interest or pleasure in normally rewarding activities
(Freeman et al, 2004). This is a core feature in the
pathophysiology and symptomatology of several psychiatric
disorders including major depression (Clark et al, 1994;
Vrieze et al, 2013). Consistent with human studies, rodent
models of postpartum depression show a reduced preference
for drinking sucrose following ovarian steroid withdrawal,
which is alleviated by treatment with estradiol (Brummelte
and Galea, 2010). The anhedonic feature of depression has
been associated with reduced ability to learn from rewarding
events (Vrieze et al, 2013) and to a blunted amygdala
response to positive emotional stimuli (Keedwell et al, 2005;
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Stuhrmann et al, 2013). Although these studies corroborate
the critical role sex-hormone milieu has in stabilizing mood,
the direct impact of large changes in sex-steroid dynamics on
how rewards are processed by the human brain remains
unknown.
Here, we provide an intervention framework for directly

studying whether sex-steroid manipulations modulate hu-
man reward circuitry in order to advance our knowledge on
sex-steroid-related risk mechanisms for neuropsychiatric
disorders. Specifically, we investigated how a pharmacologi-
cal manipulation of endogenous ovarian sex steroids
affects brain response to risk-taking behavior and monetary
rewards in healthy premenopausal women. The sex-steroid
hormone levels were manipulated by administration of a
gonadotropin-releasing hormone agonist (GnRHa), which
first leads to an increase followed by a rapid decline in
endogenous ovarian sex steroids.
Using a double-blinded parallel-group design, healthy

female participants receive either a GnRHa implant or a
placebo. We measured depression scores, serum estradiol,
progesterone, and testosterone levels at baseline during mid-
follicular phase and at follow-up after the intervention. On
both occasions, the participants underwent functional MRI
while performing a card gambling task. The task prompted
them to make risky gambling choices followed by either a
monetary reward proportional to the risk or an invariable
loss. We assessed the effect on the GnRHa intervention on
the neural response to risky choices, and positive and
negative outcomes. We hypothesized that a significant
decline in ovarian hormone production would alter the
neural response to monetary rewards in amygdala. Amygdala
expresses high densities of sex-steroid receptors (Barth et al,
2015) showing sensitivity to normal variations in ovarian sex
steroids (Toffoletto et al, 2014), and is critically involved in
reward learning as well as processing positive and negative
emotional reactions (Murray, 2007). We further explored
whether the baseline to follow-up changes in neural
response correlate with changes in the net levels of
estradiol, testosterone, and depression scores following
GnRHa intervention.

MATERIALS AND METHODS

Study Design, Participants, and Intervention

Sixty healthy young women (mean age 24.3± 4.9 years) with
regular menstrual cycles between 23 and 35 days participated
in the study and received modest financial compensation.
The participants were recruited by advertisement for
participation in a large neuroimaging study, including both
molecular and functional MRI investigations. Data on
molecular imaging of the serotonin transporter are presented
in Frokjaer et al (2015). The participants were screened by
trained clinicians regarding their medical history.
This assessment included past and current psychiatric
symptoms using the Schedules for Clinical Assessment in
Neuropsychiatry (SCAN 2.1), premenstrual dysphoric
disorder (DSM-IV), and alcohol, tobacco, and drug use.
The participants underwent a neurological and gynecological
examination. Following positive assessment, the participants
reported the first menstrual day of their next cycle and were
examined with ultrasound at cycle day 21 or 22 to confirm a

postovulatory phase before initiating the pharmacological
GnRHa intervention. All participants had normal blood tests
including follicle-stimulating hormone, thyroid-stimulating
hormone, and androgen status at baseline.
In a double-blinded, parallel study design, the participants

were randomized to receive either 3.6 mg GnRHa (goserelin)
implant or saline injection during the midluteal phase (at a
single occasion at cycle day 22.6± 2.5) by a gynecologist not
involved in any subsequent interaction with the participants,
data collection, or analysis to secure effective blinding. At the
administered GnRHa dose, the HPG-axis is first stimulated
and subsequently downregulated for an average of 28 days.
The participants were investigated twice. Baseline assess-
ments were performed in the midfollicular phase when
ovarian hormone levels are most stable and the time elapsed
since the postovulatory estradiol drop was maximal (cycle
day 6.6± 2.2), and at follow-up (16.2± 2.6 days after
intervention) using the same protocol. The follow-up
investigation was positioned post bleeding at a time point
late enough to allow the GnRHa group to have entered their
early ovarian suppression phase. The protocol included a
functional MRI scan (see below), assessment of depression
symptoms according to the Hamilton 17-item depression
rating scale (HAMD) (Hamilton, 1980), and measurements
of serum estradiol, progesterone, and testosterone. The
participants and the investigators involved in data acquisi-
tion and analysis were blinded to the intervention group
until completion of the functional MRI analysis. Blinding
was efficient as both the interviewer and the participants’
guesses on group assignment did not differ significantly from
chance during the period when imaging and psychometric
data were acquired. One participant was excluded from the
study owing to anovulation and one owing to excessive
movement during the MRI investigation. In addition, three
participants missed data from the follow-up fMRI investiga-
tion: one became pregnant, one missed the scheduled
investigation day, and one dataset was lost owing to technical
error. Consequently, 58 datasets were available for the
baseline analysis and 55 for the longitudinal analysis
(GnRHa group n= 26, placebo group n= 29). The study
was registered and approved by the local ethics committee in
Copenhagen under the protocol number H-2-2010-108.
Written informed consent was obtained from all
participants.

Hormone Measurements

The serum collected was delivered immediately to the
hospital laboratory and kept at 5 °C until assayed within
24 h. Estradiol, progesterone, and testosterone concentra-
tions were determined by the Electrochemiluminescence
Immunoassay method on Modular Analytics Serum Work
Area equipment (Roche, Mannheim, Germany). Detection
ranges were as follows: estradiol: (0.04; 78.9 nmol/l),
progesterone: (0.095; 191 nmol/l), and testosterone (0.42;
52 nmol/l). Hormone concentrations measured below the
detection limit were set to the value of the lower limit.

Functional MRI Data Analysis

The participants performed a gambling task (Figure 1a and b)
while undergoing fMRI at 3T. For detailed task descrip-
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tion and image acquisition protocol, see Supplementary
Information. Processing and statistical analysis of the
functional images was performed in SPM8 (www.fil.ion.ucl.
ac.uk/spm/software/spm8). The images were realigned to the
first image in the time series, normalized to the MNI
template (Montreal Neurological Institute), and smoothed
using a symmetric 8-mm Gaussian kernel. The first level
statistical analysis used event-related general linear models
with 12 regressors of interest: 6 regressors for the choice
phase (1 for each risk level, from the lowest odds 1/7, to the
highest odds 6/7) and 6 regressors for the outcome phase
(3 for negative and 3 for positive events). Owing to different
inter-individual bias in risk preference, a sufficient number
of measurements for all types of outcome events was
achieved by grouping the outcome events two-by-two. Thus,
outcome events preceded by choices with odds of 1/7 and 2/7
were modeled together as ‘high-risk’ events, outcome events
preceded by choices with odds of 3/7 and 4/7 as ‘medium-
risk’ events, and outcome events preceded by choices with
odds of 5/7 and 6/7 as ‘low-risk’ events. In addition to the six
choice phase regressors and six outcome regressors, the
model also included 24 nuisance regressors to correct for
physiological noise related to head movement. Thus, three
first-level contrasts of interest were computed based on the
risk magnitude of the choice: (i) a risk choice contrast by
assigning the six risk levels weights corresponding
with a linear increase with the risk size, (ii) a contrast
modeling the BOLD response to high positive outcomes
(high-risk wins4low-risk wins), and (iii) contrast modeling
the BOLD response for high negative outcome (low-risk

loss4high-risk loss). Because the loss amount was invariant
across trials and matched the bet size, we differentiated
negative outcomes by the value of the missed reward, which
was high for low-risk and low for high-risk choices. We
hypothesized that losing following a low-risk choice would
be perceived more aversive compared with losing following a
high-risk choice (Macoveanu et al, 2013a).
The three first level contrasts were included in separate

2 × 2 second level analysis of variance (ANOVA) models
with factors: ‘intervention’ (GnRHa and placebo) and ‘time’
(baseline and follow-up). The models further included a
‘subject’ factor and main effect of time and group regressors
to account for general differences between the two interven-
tion groups that were not specific to the experimental task.
Effects of intervention on the BOLD response were evaluated
using second level intervention-by-time interaction contrasts:
[GnRHabaseline–GnRHafollow-up]– [Placebobaseline–Placebofollow-up]
and [GnRHafollow-up –GnRHabaseline] – [Placebofollow-up –
Placebobaseline]. Upon significant findings (see below), post
hoc two-sided t-tests were used to evaluate the significance
of group differences. As the decline in ovarian sex-steroid
levels and increase in depression scores following the
GnRHa treatment was expected to vary across subjects,
we investigated possible correlations between changes in
these factors and BOLD changes. We therefore set up three
multiple regression models using the baseline4follow-up
first-level BOLD contrasts (ΔBOLD) as dependent variables
and the factors that showed significant changes following
the intervention (ΔHAMD, ΔEstradiol, and ΔTestosterone)
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Figure 1 The card-gambling task. (a) All trials had three phases: Information, Choice and Outcome. During the Information phase, participants were
informed about the sum of money they had accumulated and the bet size (3, 4, or 5 DKK), which could be lost. In the Choice phase, two sets of cards were
presented together with the associated monetary reward below. Participants chose the set of cards where they believed the ‘Ace of hearts’ would be hidden.
In the Outcome phase, the ‘Ace of hearts’ was revealed, providing the participants a feedback whether they chose the right set and won the associated reward
or lost the bet. Figure adapted with permission from Macoveanu et al (2013a). (b) The six possible choices with associated winning amounts in DKK. Figure
adapted with permission from Macoveanu et al (2013a). (c) Risk choice behavior during the gambling task. The panel shows the distribution of the six risk
choices paired according to the three trial types with dark shade representing choices with winning oddso50% and light shade choices with winning
odds450%. Data presented for group means with 95% confidence interval error bars.
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as covariates. We further explored ΔBOLD – ΔProgestorone
correlations in a separate model.
Clusters were considered significant at po0.05 after

Family-Wise Error (FWE) correction for multiple non-
independent comparisons. The extent of each cluster was
thresholded by applying an uncorrected voxel threshold of
po0.005. Amygdala was a priori defined as a region of
interest (ROI) (see Introduction). Correction for multiple
comparisons was therefore restricted to voxels within the
ROI mask, which was constructed using the WFU PickAtlas
toolbox (Tzourio-Mazoyer et al, 2002; Maldjian et al, 2003).
Significant clusters are reported with Z-score and stereotactic
MNI coordinates of the regional maxima [x,y,z].

Evaluation of Choice Behavior during Gambling,
Depressive Symptoms, and Estradiol Levels

Risk-taking behavior during gambling was evaluated as the
frequency of the different risk choices, which were entered
into a repeated measures ANOVA model (PASW-SPSS20
statistics software, Chicago, IL, USA) with time of investiga-
tion (baseline and follow-up) and risk level (three levels, odds
of 4/7, 5/7, and 6/7) as within-subject factors and type of
intervention (GnRHa and placebo) as between-subject factor.
To avoid including perfectly collinear data, we included only
the frequencies of the 4/7, 5/7, and 6/7 low-risk choices in
the statistical model. The impact of the outcome of the
immediately preceding trial on risk preference (assessed as
the frequency of high-risk choices with odds 1/7, 2/7, and
3/7) was evaluated in an ANOVA with a time factor (baseline
and follow-up), an intervention factor (GnRHa and placebo), a
risk level factor (three levels: high, medium, and low risk, as
defined above), and an outcome factor (negative and positive).
Absolute estradiol, progesterone, and testosterone levels and

HAMD scores were evaluated in ANOVA models with ‘time’ as
the within-subject factor and ‘intervention’ as the between-
subject factor. The general significance threshold was set at
po0.05 using the Greenhouse-Geisser correction for non-
sphericity when appropriate. Conditional on significant F-values,
pair-wise post hoc two-sided t-tests were performed to further
explore significant main effects and interactions. We further
explored possible correlations between the measurements
showing a significant change from baseline to follow-up in
the GnRHa-treated group by performing Pearson correlations.

RESULTS

Effects of GnRHa on Hormone Levels and Depression
Scores

The GnRHa intervention decreased serum levels of estradiol
and testosterone from baseline to follow-up as expected
(Table 1). We further found increased Hamilton depression
scores at follow-up, with changes observed across all
symptom categories. GnRHa-associated decrease in absolute
estradiol and testosterone levels were inter-correlated
(Pearson correlation= 0.40, p= 0.041, N= 26). The strict
blinded design allowed for equal timing of baseline and
follow-up with respect to phase (follicular), but not for cycle
day, in the placebo group (Frokjaer et al, 2015). Accordingly,
the placebo group was timed slightly later at follow-up and
thus showed higher estradiol relative to baseline. There were
no significant differences in the levels of progesterone,
testosterone, or Hamilton scores in the placebo group at
follow-up (Table 1). The individual baseline and follow-up
values for the Hamilton scores, estradiol, and progesterone
can be found in Frokjaer et al (2015).

Gambling Behavior during fMRI

Across all subjects, there was a trend towards more low-risk
options compared with high-risk options (F(2,74)= 3.3,
p= 0.053, Figure 1c). The frequency of high-risk choices
was influenced by both the magnitude of risk and the type of
outcome of the immediately preceding trial (risk-by-outcome
interaction: F(2,52)= 8.2, p= 0.005). This interaction re-
flected a tendency towards increased risk-taking behavior
following low-risk choices, which was most pronounced for
low-risk choices resulting in a rewarding outcome. Com-
pared with the placebo, the GnRHa intervention did not
induce a consistent alteration in risk-taking behavior (group-
by-time interaction: F(1,47)= 0.006, p= 0.9).

Neural Response to Risky Choices and Positive and
Negative Outcomes at Baseline

Replicating our previous work in gender-mixed cohorts
(Macoveanu et al, 2013a,b), across all baseline measure-
ments, the neural response during the choice phase increased
linearly with the magnitude of risk of the chosen gamble in a

Table 1 Demographic and Clinical Data

GnRHa group Placebo group Between Groups

Baseline Follow-up p Baseline Follow-up p pgroup

Group size 27 26 29 29

Age 23.3± 3.3 25.2± 5.9 0.13

BMI 23.3± 2.3 23.2± 2.4 0.93 23.2± 3.9 23.3± 3.5 0.92 0.96

Cycle length 30.5± 3.9 28.7± 3.7 0.07

Hamilton Depression 1.2± 1.6 3.3.± 3.3 0.005 1.6± 2.2 1.7± 1.7 0.85 0.45

Estradiol 0.19± .10 0.07± .03 o0.001 0.19± .11 0.36± .26 0.001 0.89

Progesterone 1.9± 2.2 1.5± .80 0.34 1.7± .63 1.9± .88 0.14 0.53

Testosterone 0.98± .40 0.77± .33 o0.001 1.0± .37 1.1± .36 0.36 0.62

Mean values± SD. Hormone concentration are in nmol/l. pgroup is the statistical value for the comparison between the GnRHa and placebo groups at baseline.

Sex hormone regulates brain response to reward
J Macoveanu et al

1060

Neuropsychopharmacology



widespread cortico-subcortical network, comprising the
ventral striatum, insula, and anterior cingulate cortex
(Table 2A). Positive outcome (large vs small rewards) were
associated with increased activity in core regions of the
reward system including the ventral striatum, amygdala, and
insula (Table 2B). Negative outcomes (large vs small missed
rewards) were associated with increased activity in a bi-
hemispherical network encompassing striatum, insula, ante-
rior cingulate, and middle frontal cortex (Table 2C).

The Effect of the GnRHa Intervention on Task-Related
Activity

The analysis of the brain response to high monetary rewards
using the two-factorial ANOVA (between-group factor,
intervention: placebo and GnRHa, within-subject factor,
time: baseline and follow-up) revealed a significant
intervention-by-time interaction in right amygdala (peak
effect at x,y,z= [28,− 8,− 16], Z= 3.9, pFWE= 0.033, cor-
rected within amygdala ROI) and a trend in the left
amygdala (peak effect at x,y,z= [− 26,− 0,− 16], Z= 2.9,
voxel puncorro0.002). This interaction effect shows that the
amygdala response to high monetary rewards was altered by
the GnRHa intervention relative to placebo. Post hoc paired
t-tests comparing baseline with follow-up in the GnRHa
group revealed an attenuated response to reward magnitude
in bilateral amygdala following GnRHa (peak effect right
amygdala at [30,− 6,− 18], Z= 3.2, pFWE= 0.062 (statistical
trend); left amygdala at [− 22,− 8,− 16], Z= 3.4, pFWE=
0.023; corrected within amygdala ROI, Figure 2).
Relative to the placebo, the GnRHa intervention

did not have a significant effect on the neural response to
negative outcomes as signaled by high missed rewards or
risky choices at whole brain level or within the amygdala
ROI.

Correlation Analyses between Individual Changes in
Task-Related Activity and Changes in Hormonal Levels
and Hamilton Scores in the GnRHa Group

Positive outcomes. Overlapping with the brain network
involved in processing positive outcomes (Table 1B), the
exploratory whole-brain correlation analysis revealed bilat-
eral insula regions showing a positive linear relationship
between the magnitude of the GnRHa-induced change in
testosterone levels (baseline4to-follow-up) and BOLD
changes (peak effect in right insula at x,y,z= [38,− 2,10],
Z= 4.2, pFWE= 0.017, and left insula at x,y,z= [− 36,− 8,12],
Z= 3.8, pFWE= 0.021) (Figure 3). The left insula cluster
extended into the putamen (secondary peak at x,y,
z= [− 30,− 2,6], Z= 3.5). Outside the task-related network,
the GnRHa-induced testosterone changes correlated with
BOLD-response changes in a cluster covering the right
calcarine gyrus and extending into the middle temporal
cortex (peak effect at x,y,z= [28,− 54,12], Z= 4.3,
pFWEo0.001). No such correlation was observed within the
amygdala ROI. It is noteworthy that the modulation of insula’s
response by testosterone is specific to the positive outcomes
and was not present to negative outcomes or risky choices
even at very liberal voxel threshold (po0.01 uncorrected). In
contrast, the occipital region showed a trend correlation with
testosterone changes during risky choices as well (peak effect

at x,y,z= [16,− 54,2], Z= 3.2, pFWE40.05 n.s.). GnRHa-
induced changes in estradiol, progesterone, and Hamilton
ratings did not correlate with change in reward-related activity
at whole-brain level or within the amygdala ROI.

Negative outcomes. The GnRHa-induced changes in
response to negative outcomes did not correlate with the
changes in any of the measured hormones or depression
ratings at whole brain level or within the amygdala ROI.

Risky choices. There was a positive correlation between the
GnRHa-induced changes in the response to risky choices
and changes in progesterone levels in the leg area of the
primary motor cortex (peak effect in precentral gyrus at
x,y,z= [6,− 32,76], Z= 4.5, pFWEo0.001). The motor cortex
region did not overlap with the task-related network
(Table 1A), and at liberal voxel threshold (po0.01
uncorrected), the changes in progesterone levels weakly
correlated in this region with the BOLD-changes to positive
outcomes as well (peak effect at x,y,z= [6,− 34,78], Z= 2.5,
pFWE40.05 n.s.). The response to risky choices did not
correlate with the GnRHa-induced changes in estradiol,
testosterone, or Hamilton scores at whole brain level or
within the amygdala ROI.

DISCUSSION

The GnRHa treatment in our cohort of young healthy women
resulted in a significant increase in the Hamilton depression
scores and a net decrease in the levels of estradiol and
testosterone. Compared with the placebo group, the GnRHa
intervention group showed a decreased amygdala response to
the magnitude of monetary reward. The reduced amygdala
responsivity was not associated with the magnitude of the net
decline in estradiol or testosterone levels or increase in Hamilton
scores. However, we found the individual GnRHa-induced
decrease in testosterone levels to correlate positively with the
decrease in insula response to positive outcomes bilaterally.

Decreased Amygdala Engagement following the GnRHa
Intervention

There is a growing body of evidence on the influence of
ovarian and exogenous sex steroids on cortical and
subcortical regions involved in emotional and cognitive
regulation (Toffoletto et al, 2014). Indeed, sex-steroid
receptors are expressed in high densities in the amygdala
and hippocampus, and are found to interact with other
neurotransmitter systems, eg, serotonin and dopamine
(Barth et al, 2015). Amygdala also expresses high levels of
aromatase, the enzyme which regulates the last step of
estradiol biosynthesis from testosterone (Biegon et al, 2010).
Amygdala has a key role in reward learning as well as

processing positive and negative emotional reactions
(Murray, 2007) being suggested to encode the stimulus
reward value in concert with orbitofrontal cortex (Gottfried
et al, 2003; Holland and Gallagher, 2004; O’Doherty,
2004). Natural variations in the hormonal milieu during
the menstrual cycle have been shown to affect amyg-
dala’s reactivity to both positive and negative valence
stimuli in several recent functional neuroimaging studies
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(Goldstein et al, 2005; Ossewaarde et al, 2010; Gingnell et al,
2012; Bayer et al, 2014). Consistent with these findings, our
data in healthy women show decreased amygdala response to
the magnitude of the monetary gains following a rapid
decline in ovarian sex-steroid levels. The observed reduction
in amygdala’s response was, however, not linear to the
magnitude of the net decrease in sex steroids.
Testosterone administration in healthy middle-aged

women was found to rapidly alter the functional coupling

of the amygdala with the orbitofrontal cortex during
emotional face processing, effect suggested to reflect a
reduced regulatory control over the amygdala or that
testosterone shifts amygdala output away from the orbito-
frontal cortex towards the thalamus (van Wingen et al,
2010). In line with this view, acute changes in sex-steroid
levels may alter the cortico-limbic top-down control of
emotional responses reducing the reward value encoded by
amygdala.

Table 2 fMRI Results across All Participants

Region Side x y z Z-stat Cluster size Cluster
p value

A. Linear increase in risk-related activity during the choice phase

Ventral striatum L − 16 6 − 14 7.8 24457 o0.001

R 10 14 − 2 7.2

Anterior cingulate cortex R 4 16 36 7.0

L − 4 38 18 6.9

Insula L − 28 20 − 10 6.3

R 30 24 − 6 5.8

Supplemental motor area R 4 8 62 5.5

Precuneus 0 − 70 52 5.6 1644 o0.001

Cerebellum L − 28 − 62 − 28 5.4 4156 o0.001

R 34 − 64 − 26 5.1 645 0.004

Inferior parietal gyrus L − 50 − 48 52 4.6 4156 o0.001

R 50 − 48 56 4.8 720 0.002

Calcarine sulcus R 14 − 76 6 4.7 348 0.040

B. Positive outcomes (large reward4small reward)

Insula R 28 22 − 18 6.7 4206 o0.001

L − 26 14 − 18 5.5

Ventral striatum L − 6 8 − 6 5.4

R 6 4 − 2 5.2

Thalamus 0 − 18 2 4.7

Anterior cingulate cortex 0 30 18 5.7 4436 o0.001

Orbitofrontal cortex R 2 42 − 4 5.3 571 o0.001

Amygdala L − 18 0 − 20 5.2 205 0.002

R 16 0 − 18 4.5 64 0.013

Superior medial gyrus R 8 36 56 3.8 397 0.025

C. Negative outcomes (large missed reward4small missed reward)

Ventral striatum L − 14 12 − 8 6.7 1347 o0.001

R 16 12 − 10 4.2 877 0.001

Insula L − 28 24 − 4 5.7 1347 o0.001

R 28 20 − 16 4.5 877 0.001

Anterior cingulate cortex L − 8 40 18 5.6 3371 o0.001

Subgenual cingulate cortex L − 6 34 − 4 4.5

Medial frontal cortex 0 62 16 4.5

Lateral orbitofrontal cortex R 40 24 − 18 5.4 877 0.001

Middle temporal gyrus R 54 − 34 − 6 5.2 804 0.002

L − 52 − 30 − 8 4.7 592 0.007

Data for regional peaks (cluster pFWE-corro0.05; extent threshold p≤ 0.001 uncorrected). Coordinate x,y,z values in MNI standard stereotactic space, Z statistics and
cluster size in voxels.
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Mood disorders are consistently associated with abnorm-
alities in the processing of emotional stimuli with patients
displaying an increased attentional bias towards negative
cues and a decreased attentional bias towards positive cues
(Leppänen, 2006). Recent neuroimaging studies have started
to expose the neural underpinnings of the attentional bias
observed in mood disorders, such as major depression.
Depressed patients show an increased response to negative

cues in regions associated with reward and emotional
processing, eg, ventral striatum and amygdala relative to
healthy controls (Fu et al, 2004). Conversely, these regions
show a decreased response to positive emotional cues (Victor
et al, 2010; Stuhrmann et al, 2013). Interestingly, in a smaller
group of major depression patients with varying degrees of
anhedonia, Keedwell et al (2005) showed that anhedonia,
and not depression severity per se, was coupled to the
decreased response in amygdala and ventral striatum to
positive valence stimuli. Our data support and extend these
clinical findings suggesting that acute changes in sex-
hormone levels may contribute to the increased vulnerability
for neuropsychiatric disorders in women by desensitizing
amygdala’s response to rewarding stimuli. This effect did,
however, not lead to a significant change in risk-taking
behavior, finding that may be explained by the stable neural
response to risky choices from the baseline to the follow-up
measurement.

Proportional Change in Insula Response to Positive
Outcomes and Change in Net Testosterone Levels in the
GnRHa Group

Neuroimaging studies have reliably shown insula’s involve-
ment in experimental tasks addressing risk-taking, mone-
tary rewards, and punishment (Critchley et al, 2001;
Kuhnen and Knutson, 2005; Clark et al, 2008; Preuschoff
et al, 2008; Studer et al, 2012). An abnormal top-down
regulation of emotional processing in the insular cortex has
been proposed to have a key role in the pathophysiology
of depression (Sliz and Hayley, 2012), which is associated
with a blunted emotional response to normally pleasant
or rewarding stimuli (Snaith, 1993). In line with this, in
a meta-analysis study, Fitzgerald et al (2008) report
consistent insula hypoactivity in depression (among other
regions) in resting state paradigms and emotional activation
studies.
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Figure 2 Response in bilateral amygdala to positive monetary outcomes
(high-risk4low-risk choices) following the GnRHa intervention and placebo.
Left panel: color-coded statistical parametric maps thresholded at po0.005
uncorrected. Right panel: Individual parameter estimates averaged within the
amygdala ROI at baseline and following the GnRHa intervention.
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Although insula’s involvement in risk-taking and reward is
well established, the role testosterone has in modulating
these brain processes is not well understood. Initial findings
in adolescent boys and girls suggest a link between individual
absolute testosterone level, orbitofrontal cortex development,
and risk-taking behavior with a positive correlation between
the magnitude of risk and endogenous testosterone levels
(Peper et al, 2013). However, the impact of testosterone on
the pathogenesis of psychiatric disorders is supported by
several clinical studies (Höfer et al, 2013). Specifically, major
depression in women has been associated with lower
absolute testosterone levels (Oulis et al, 2014), and there is
a wide range of clinical studies documenting significant
positive effect of testosterone therapy on HAMD rating in
depressed patients when compared with placebo (Zarrouf
et al, 2009; Amanatkar et al, 2014).
Although the GnRHa intervention did not result in a

significant overall reduction in insula’s reward-related
activity across the studied group, we found the magnitude
of the individual GnRHa-induced changes in net testoster-
one levels to be predictive of changes in insula’s response to
rewards. To our knowledge, our study is the first to
demonstrate a link between fluctuations in testosterone
levels and reward-related insular activity in parallel with
increased depression symptoms. These findings may
advance the understanding of the role sex-steroid biology
has in depression by providing a plausible biological
mechanism for the altered reward-related insula response
in depression.
Although testosterone modulated the reward response in

both insula and occipital cortex, only the insular response
was overlapping with the reward network and was specific to
positive outcomes. Similarly, progesterone was found not
only to modulate primary motor cortex response to risky
choices but also weakly to positive outcomes. The findings in
occipital and motor cortex are likely to represent non-
specific effects on sensory and motor processing mediated by
the changes in sex-steroid levels.

Limitations

Our investigation only measures the total (protein and non-
protein bound) fractions of the sex-steroid hormones and
not directly their biologically active form. However, the total
hormone values are considered to index well the biologically
active fraction particularly in the current population of
healthy women with normal BMI, no diabetes, and normal
thyroid-stimulating hormone. Further, our test battery did
not include a direct measure of anhedonia. We are therefore
not able to directly relate the observed blunted reward-
related response to increased anhedonic behavior.

CONCLUSIONS

Taken together, our data provide strong evidence for ovarian
sex-steroid hormone involvement in the functional modula-
tion of the reward system. Following an acute decline in the
level of sex-steroid hormones, we found a blunted response
in amygdala to monetary rewards, a key correlate of
depression. We further demonstrate a positive correlation
between the decrease in testosterone levels and decrease in

insula response to monetary rewards. These findings may
represent key mechanism by which sex-steroid fluctuations
provoke mood disorders in susceptible women. This insight
may translate to preventive strategies, eg, in women at high
risk during perimenopause or the immediate postpartum
period.
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