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Oxytocin reduces amygdala responses to threatening social stimuli in males and has been suggested to
facilitate approach-related processing by either decreasing anxiety or intensifying salience. The current
administration study tested whether oxytocin either reduces or enhances amygdala responses during
threat approach in a placebo-controlled randomized, double-blind, between-subjects design with 52
healthy males undergoing fMRI during a social approach-avoidance task. Oxytocin decreased amygdala
activation during threat approach and not during threat avoidance. This neural effect supports oxytocin’s
social anxiolytic effects and provides a neuroendocrine mechanism promoting social approach. The find-
ings may yield clinical implications for individuals suffering from dysregulations of social approach such
as patients with anxiety disorders.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Oxytocin is a neuromodulatory hormone involved in social
approach behaviors across a number of species (Heinrichs and
Domes, 2008; Insel and Young, 2000). Various mechanisms under-
lying the effects of oxytocin have been postulated, e.g., a reduction
of social anxiety (Bale et al., 2001; Heinrichs and Domes, 2008;
Labuschagne et al., 2010), an increased sensitivity to social cues,
i.e., increased salience of social information (e.g., Bethlehem et al.,
2014; Shamay-Tsoory and Abu-Akel, 2016), an up-regulation of
social approach (e.g., Kemp and Guastella, 2010), and a modulation
of approach and avoidance motivation in general (Harari-Dahan
and Bernstein, 2014). Particularly for human oxytocin research,
most functional accounts are based on assessing emotional face
perception (for a meta-analysis, see Shahrestani et al., 2013). Pro-
cessing advantages for positively or negatively valenced faces have
been interpreted in favor of either hypothesis. However, it remains

* Corresponding author at: Uniklinik RWTH Aachen, Department of Psychiatry
Psychotherapy and Psychosomatics, Pauwelsstr. 30, 52074 Aachen, Germany.
E-mail address: sradke@ukaachen.de (S. Radke).
T These authors contributed equally to this study.

http://dx.doi.org/10.1016/j.psyneuen.2017.02.028
0306-4530/© 2017 Elsevier Ltd. All rights reserved.

unknown how oxytocin influences neural processing of emotional
faces that require motivational actions, i.e., approach or avoidance.

Behaviorally, we have recently shown that oxytocin adminis-
tration leads healthy males to increase their approach tendencies
toward faces signaling social threat (Radke et al., 2013 ). This obser-
vation was obtained in the context of a social approach-avoidance
task, where participants respond (approach, avoid) to affective
faces (angry, happy) by pulling or pushing a joystick, respec-
tively (Radke et al., 2015; Volman et al.,, 2011a; Volman et al,,
2011b; Volman et al., 2013; Volman et al., 2016). In this task, the
interpretation of arm flexion (pulling) as approach and arm exten-
sion (pushing) as avoidance, respectively, is enforced by explicit
instructions, i.e., evaluating the faces based on valence, and a
self-related reference frame (e.g., “If you see a happy face, move
the joystick TOWARDS yourself”)(see Phaf et al., 2014 for further
discussion). While participants are usually slower when provid-
ing affect-incongruent responses (approach-angry, avoid-happy),
males with low levels of social anxiety showed enhanced oxytocin-
induced approach tendencies toward social threat (Radke et al.,
2013). This aligns well with the anxiolytic account of oxytocin func-
tion (Heinrichs and Domes, 2008), and may also fit with facilitated
(social) approach-related processing (Harari-Dahan and Bernstein,
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2014; Kemp and Guastella, 2010), but the corresponding neurobi-
ological implementation remains to be investigated.

Building on the cerebral distribution of oxytocin receptors
observed in rodents (Mitre et al., 2016; Veinante and Freund-
Mercier, 1997), the amygdala has been established as a crucial
region for oxytocin research, centering around its role in social cog-
nition, face processing and threat detection (Adolphs, 2010; Davis
and Whalen, 2001). While the effects of oxytocin likely involve
other brain regions and hormone systems, most human studies on
the neuromodulatory effects of oxytocin on face processing have
focused on the amygdala, showing reduced activation to threat-
ening scenes and faces in males (Domes et al., 2007; Gamer et al.,
2010; Kirsch et al., 2005; Petrovic et al., 2008), along with increased
activation to happy faces in one report (Gamer et al., 2010).

Here, following a previous behavioral study (Radke et al,
2013), we investigate how oxytocin modulates amygdala activation
during threat approach-avoidance in a double-blind, random-
ized, placebo-controlled oxytocin administration study. Fifty-two
healthy males performed a well-established fMRI-compatible
social approach-avoidance task 45 min after self-administration
of 24 1U of oxytocin (n=28) or matched placebo (n=24). A body
of neuroimaging research with this task has consistently demon-
strated the involvement of the amygdala during motivational
actions to emotional faces (Radke et al., 2015; Volman et al., 2013;
Volman et al., 2016). Moreover, this task is able to capture subtle
between-groups differences in cerebral effects, unconfounded by
behavioral differences in emotional processing (Radke et al., 2015;
Volman et al., 2013; Volman et al., 2016). The implementation of
affect-incongruent behavioral responses is subserved by the ante-
rior prefrontal cortex (aPFC), showing increased activation when
approach of angry and avoidance of happy faces is required (Radke
et al,, 2015; Volman et al., 2011a; Volman et al., 2011b; Volman
et al., 2013; Volman et al., 2016).

Focusing on the causal role of oxytocin on amygdala reactivity
during threat approach, we distinguish between the following two
hypotheses: If anxiolytic effects of oxytocin (Heinrichs and Domes,
2008) underlie our previous behavioral findings of increased
approach tendencies towards social threat (Radke et al.,2013), then
amygdala activation would be attenuated during the execution of
approach behaviors in response to social threat. This oxytocin-
driven down-regulation of the amygdala should be confined to
threat approach, and not extend to threat avoidance, given the
automatic response tendencies to avoid social threat. Alternatively,
oxytocin could promote social approach by enhancing the sensitiv-
ity to social cues in a context-dependent manner (Prehnetal., 2013;
Shamay-Tsoory and Abu-Akel, 2016). If oxytocin increases the
salience of threat signals in aggressive contexts (Shamay-Tsoory
and Abu-Akel, 2016), one might expect increased neural process-
ing when angry faces with direct gaze have to be approached. Given
the role of the amygdala in assigning salience (Davis and Whalen,
2001), this would be evident in increased amygdala activation dur-
ing threat approach.

Given the modulatory impact of steroid hormones and social
anxiety on social motivational behavior and amygdala activation
(e.g., Enter et al., 2014, 2016; Radke et al., 2013; Radke et al., 2015;
van Peer et al., 2007), we control for endogenous hormone levels
(testosterone, cortisol) and social anxiety in our analyses.

2. Methods and materials
2.1. Participants
Fifty-seven male volunteers were recruited through advertise-

ments placed across the university’s campus and gave written
informed consent in accordance with the study procedures

approved by the Medical Ethics Committee of the Radboud Uni-
versity Nijmegen Medical Center (Commissie Mensengebonden
Onderzoek Region Arnhem-Nijmegen). Participants were finan-
cially compensated.

All participants reported neither current nor a history of neuro-
logical or endocrine disease, medication, and drug or alcohol abuse.
Exclusion criteria included age of <18 or >35, smoking more than 5
cigarettes per day, participation in another pharmacological study
within the last two months, and presence of metal objects in the
body. Participants were asked to abstain from caffeine, alcohol and
nicotine for 24 h as well as from eating and drinking (except water)
2 h prior to substance administration.

Five participants (n=4 oxytocin, n=1 placebo) were excluded
due to technical problems or poor task compliance, i.e., less than
50% of usable trials for analyses, resulting in 52 participants (M
age=22.4, SD=3) for the final analyses.

2.2. Pharmacological procedure

A randomized, placebo-controlled, double-blind between-
subjects design was wused in this study. Participants
self-administered either oxytocin (Syntocinon; Novartis, Basel,
Switzerland; n=24) or a saline solution (i.e., placebo n=28) via a
nasal spray with three puffs per nostril (each with 41U, i.e., a dose
of 24 1U). All sprays were manufactured according to the guidelines
on Good Manufacturing Practice (GMP) and Good Clinical Practice
(GCP). All sessions were scheduled for the afternoon on weekdays
and consisted of two testing blocks, each preceded by substance
administration and a waiting period. In order to preclude any
experimenter’s biases due to potential differences between the
sprays, the experimenter was not present during substance
administration. An independent assistant who was blind to the
experimental hypotheses supervised substance administration.
Participants were not able to identify the substance they had
received (chi-square x2(2)=416, P=0.812). In the first block, the
effect of oxytocin on semantic integration was investigated using
magnetoencephalography (Ye et al., 2016). The MR block always
took place after the second substance administration, which imme-
diately followed completion of the first block. In more details, after
a waiting period of 30 min, participants were positioned in the MR
scanner and completed a short training session (5 min) before the
experiment began (45 min after substance administration).

2.3. Endocrine and psychometric control measurements

Three saliva samples (prior to any substance administration,
15min after first substance administration and 100 min after
second substance administration) were obtained with salicaps
(Immuno-Biological Laboratories GmbH, Hamburg, Germany) and
stored at —25°C. Samples were analyzed in duplicate for testos-
terone and cortisol and the average was used in subsequent
analyses. Hormone concentrations were measured using Lumi-
nescence Immunoassays (Immuno-Biological Laboratories GmbH,
Hamburg, Germany). For the cortisol assay, the intra-assay and
inter-assay coefficients were less than 4% and for the testosterone
analyses, these were 0-2% and 5-9%, respectively.

2.4. Liebowitz Social Anxiety Scale

The Liebowitz Social Anxiety Scale (LSAS; Liebowitz, 1987)
assesses fear and avoidance in 24 social situations via self-report.
After the MR scans, participants rated on a 4-point scale how anx-
ious they would feel during a particular social situation (anxiety)
and how often they would avoid this situation (avoidance).
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2.5. Approach-avoidance (AA) task

During this fMRI-adapted reaction time task (e.g., Volman et al.,
2011b; Volman et al., 2013), participants had to respond to visually
presented emotional facial expressions by pulling a joystick either
towards their body (approach movement) or pushing it away from
their body (avoidance movement). As stimuli, happy and angry
facial expressions (of 18 female and 18 male models) from sev-
eral databases were used (e.g., Ekman and Friesen, 1976; Lundqvist
etal., 1998). Pictures were trimmed to exclude influences from hair
and non-facial contours and matched for brightness and contrast
values.

In 16 blocks with 12 trials each, participants had to catego-
rize the affective expression. In other words, they had to respond
with an approach movement (pull joystick) to one emotion and
with avoidance (push joystick) to the other. Written instruc-
tions on the stimulus-response mapping were presented at the
beginning of each block (e.g., “If you see a happy face, move
the joystick TOWARDS yourself as fast as possible. If you see
an angry face, move the joystick AWAY from yourself as fast as
possible”). This operationalization is in line with a recent meta-
analysis (Phaf et al., 2014) demonstrating strongest effects when
requesting explicit evaluation of the affective value of stimuli
(happy/angry). The combination of the two factors Emotion and
Movement entailed two different stimulus-response mappings,
one congruent (approach-happy, avoid-angry) and one incongru-
ent (approach-angry, avoid-happy). The mapping changed after
each block, with the order being counterbalanced across partici-
pants. Blocks were separated by an inter-block-interval of 21-24s.

Each trial started with a blank screen (300 ms) followed by a
fixation cross (100 ms) and a black screen (300 ms), after which the
stimulus was presented in grayscale against a black background
(100 ms). During the response period, another blank screen was
presented. Following previous studies using the AA task during
fMRI (Volman et al., 2011a; Volman et al., 2011b; Volman et al.,
2013), images were presented without a ‘zooming’ feature to avoid
neural confounds related to an image moving towards or away from
the participants as well as mere exposure effects. Valid responses
were defined as joystick displacements of at least 80% along the
sagittal plane within 2s after stimulus presentation. Subsequent
to their response, participants had to move the joystick back to
the starting position (the central area of 20% on the sagittal plane)
before the end of the inter-trial interval (blank screen; 2-4s). Writ-
ten feedback was given only for invalid responses (“you did not
move the joystick far enough”; “please return the joystick to the
starting position”); in this case, the inter-trial interval was repeated
after the joystick reached the starting position. Participants com-
pleted a training session of 4 blocks (each 8 trials) inside the MR
scanner, for which different stimuli were used.

Stimuli were projected (visualangle 4° x 6°) at the center of
a screen that was viewed via a mirror above participants’ head.
An MR-compatible joystick (Fiber Optic Joystick, Current Designs;
sampling rate 550 Hz) was placed on the abdomen of the partici-
pants. Stimulus presentation and response acquisition were run by
Presentation software version 16.

2.6. Behavioral analyses

The time from stimulus presentation until movement onset
reflects the time of movement initiation (MI). The reaction time (RT)
and movement time (MT) was defined as the time from stimulus
presentation and movement onset, respectively until attainment of
the target position of the joystick.

Trials with missed (3.0%), incorrect (7.5%) and extreme
responses (3.1%; MTs <400 ms; MI <100 or >1500ms and >3 SDs
of the subject-specific mean) were excluded. Blocks in which the

error rate exceeded chance level were regarded as a misappre-
hension of the instructions and therefore also excluded (1.9%; cf.
Volman et al,, 2011a; Volman et al.,, 2011b; Volman et al., 2013).
After log-transformation to correct for a skewed distribution (cf.
Volman et al., 2011a; Von Borries et al., 2012), mean RTs were cal-
culated for each level of the two experimental factors (Emotion,
Movement) and subjected to a repeated measures (rm) ANCOVA,
with the within-subject factors Emotion (happy, angry) and Move-
ment (approach, avoid) and the between-subject factor Substance
(oxytocin, placebo). The standardized testosterone and cortisol lev-
els from the first saliva measurement were included as covariates
as previously done (cf. Volman et al., 2011b; Volman et al., 2013).
Moreover, following earlier research (Radke et al., 2013), the LSAS
total score was included as a covariate as well.

In addition, the amount of trials showing either no response or a
joystick movement in the wrong direction was summed per level of
the two experimental factors per participant. These error rates were
subjected to arm ANCOVA (Substance x Emotion x Movement) with
standardized baseline cortisol, testosterone and LSAS as covariates.

An independent t-test was used to compare the LSAS total
score. Two rm ANCOVAs with the within-subject factor Time (three
time points) and the between-subject factor Substance (oxytocin,
placebo) were performed for cortisol and testosterone, respec-
tively, with standardized baseline levels of the other hormone and
LSAS as covariates. The a-level was set at P<0.05. For the ANCO-
VAs, within-subject effects with Greenhouse Geisser correction are
reported with partial eta squared as an indication of effect size. Sta-
tistical testing was performed with the Statistical Package for the
Social Sciences (IBM SPSS 20).

2.7. Image acquisition

Functional images were acquired ona 1.5 T MRI scanner (Avanto,
Siemens Medical Systems, Erlangen, Germany) equipped with
a 32-channel head coil using a multi-echo GRAPPA sequence
(Poser et al., 2006) (repetition time [TR]: 2.14s, echo times [TEs,
5]: 9.4/21/33/44/56 ms, 34 transversal slices, ascending acquisi-
tion, distance factor: 17%, voxel size 3.3 x 3.3 x 3.0 mm, field of
view [FoV]: 212 mm, flip angle 90°). Subsequently, an anatomi-
cal scan (TR: 2730 ms, TE: 2.95ms, 176 sagittal slices, voxel size
1.0 x 1.0 x 1.0 mm, FoV: 256 mm, flip angle 7°) was performed.

2.8. Imaging data

Preprocessing and analyses of the imaging data were performed
with statistical parametric mapping (SPM8, Wellcome Department
of Imaging Neuroscience, London). For each data set, the first four
volumes were excluded to allow for magnetic saturation. Head
motion parameters were derived from the MR images of the first
echo (TE 9.4s; Volman et al., 2011b) and estimated by using a
least-squares approach with 6 rigid body transformation param-
eters (translations, rotations). They were then applied to all five
echo images. Subsequently, the five echo images were combined
into single volumes based on an optimized echo weighting method
(Poser et al., 2006). After slice-time correction, the anatomical
scan was coregistered with the mean of the functional images,
and images were normalized into Montreal Neurological Institute
(MNI) space on the basis of a segmentation algorithm (Ashburner
and Friston, 2005). Images were resampled to 2 mm? and smoothed
with an 8 mm?3 full-width-at-half-maximum Gaussian kernel.

First-level analyses were based on an event-related approach
in the general linear model with four task-relevant regressors:
approach-happy, avoid-happy, approach-angry, avoid-angry. Fur-
thermore, trials without responses were modeled as misses, and
presentation of task instructions were modeled as info, resulting in
two additional regressors of no interest to the experimental ques-
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Fig. 1. Oxytocinergic modulation of amygdala responses during threat approach-avoidance. (A) Amygdala region showing a significant Substance x Emotion x Movement
interaction, i.e., reduced amygdala activation during threat approach after oxytocin administration, compared to placebo. Coronal slice from a representative template brain
with SPM T map overlaid at P<0.05 uncorrected for visualization purposes. (B) Contrast estimates for the amygdala cluster during approach and avoidance of angry faces in

the oxytocin (OXT) and placebo (PLC) groups. Error bars represent SEM. * P<0.05.

tion. Regressors were constructed for the times of stimulus onset
with RT as duration and convolved with a canonical hemodynamic
response function to model brain activity. To minimize residual
head movement effects, 57 additional regressors were derived from
incorporating the original, squared, cubic, first-order, and second-
order derivatives of the movement parameters (Lund et al., 2005)
as well as signal intensities of white matter, cerebrospinal fluid, and
the portion of the MR image outside the skull. Lastly, a high pass
filter (128s) and an autoregressive AR(1) model were applied to the
images to account for serial correlations in the functional series.

2.9. Multiple regression analyses

On the group level, a random effects multiple regression analy-
sis was performed based on participants’ task-relevant effects (i.e.,
four contrast images: approach-happy, avoid-happy, approach-
angry, avoid-angry). This entailed 8 conditions based on the
combination of three factors Substance (between-subject factor,
with two levels: oxytocin, placebo), Emotion (within-subject fac-
tor, with two levels: angry, happy), and Movement (within-subject
factor, with two levels: approach, avoid). Consistent with previous
reports (cf.e.g., Volman et al.,2011b), we also considered how those
effects were modulated by standardized endogenous testosterone
and cortisol levels (obtained from the first saliva sample) as well
as the standardized total score on the LSAS, resulting in another 24
regressors. The main experimental question of this study was for-
malized as a three-way interaction between the factors Substance,
Emotion, and Movement. This question was focused on the amyg-
dala (bilaterally) as derived from the aal atlas (Tzourio-Mazoyer
et al., 2002) using the Wake Forest University (WFU) PickAtlas tool
(Maldjian et al., 2003), as in Volman et al. (2013).We additionally
tested for two-way interactions between the factors Substance and
Movement, and Substance and Emotion, respectively. The reported
activations are corrected for multiple comparisons using family-
wise error (FWE) correction (Pryg <0.05) (Friston, 1997). Inferences
were made at the voxel-level, applying a small volume correc-
tion. Parameter estimates for each factor/level were extracted for
follow-up analyses in SPSS with « set at P<0.05.

In addition, this study considered a second issue, namely
whether the anterior prefrontal cortex (aPFC) is involved in
task performance, as previously reported (Radke et al., 2015;
Volman et al,, 2011a; Volman et al., 2011b; Volman et al., 2013;
Volman et al., 2016). Accordingly, activation evoked during affect-
incongruent trials (approach-angry, avoid-happy) was compared to
activation evoked during affect-congruent trials (approach-happy,
avoid-angry) across both oxytocin and placebo groups. Those

effects were compared within two spheres (8 mm radius) centered
on 3254 8and —3058 2, respectively, following prior findings using
this task (Radke et al., 2015; Volman et al., 2011a; Volman et al.,
2011b; Volman et al., 2013; Volman et al., 2016). Inferences were
made at the voxel-level, based on small volume FWE corrections
(Prwe <0.05) (Friston, 1997), whole brain effects are presented in
Supplementary Table S1.

2.10. Effective connectivity analyses

The psychophysiological interactions (PPIs) method (Friston
et al., 1997) was used to test for substance-induced differences
in the coupling of the right aPFC and the amygdala during
affect-incongruent versus affect-congruent trials. As a seed region,
voxel selection for the volume of interest (VOI) was based on
a sphere of 8 mm radius around the peak voxel correspond-
ing to the activated aPFC cluster of the cerebral congruency
effect (incongruent > congruent; coordinates 26 58 8; see Results).
Participant-specific contrast images describing the PPl between the
time course of the aPFC VOI and the time course of incongruent vs.
congruent trials were subjected to a multiple regression analysis
as described above for activation. We tested for substance-induced
differences both across the whole brain (Pgyg <0.05) and within
the amygdala as defined with the WFU PickAtlas tool (Maldjian
et al., 2003), using small volume family-wise error correction
(Ppwg <0.05) (Friston, 1997).

3. Results
3.1. Amygdala

Oxytocin modulated task-related activity associated with emo-
tional control in the right amygdala (Substance [placebo > oxytocin]
x Emotion [angry > happy] x Movement [approach >avoid] inter-
action [coordinates: 32 —8 —12; z-value=3.65; Pryg =0.02]; see
Fig. 1). This effect was due to an oxytocinergic modulation dur-
ing approach-avoidance of angry faces (F;s50=13.25, P<0.001,
partial n2=0.21), and not significant for happy faces (F; 50 =3.04,
P=0.087, partial n2=0.06). Post-hoc tests revealed that, com-
pared to placebo, oxytocin decreased amygdala activation during
approach of angry faces (Fj50=4.69, P=0.035, partial n2=0.09),
but not during avoidance of angry faces (F;s59=2.36, P=0.13,
partial n2=0.05). Moreover, amygdala activation differed sig-
nificantly between threat approach and avoidance after placebo
(F150=7.0, P=0.011, partial n2=0.12), but not after oxytocin
administration (F;50=2.50, P=0.12, partial n2=0.05). Analyses
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Table 1
Means (SE) for endocrine and behavioral characteristics of study participants ( n=28 Placebo, n =24 Oxytocin, otherwise indicated). LSAS = Liebowitz Social Anxiety Scale.
Placebo Oxytocin

Testosterone (pg/mL)
T1 (baseline) 79.4(9.6) 85.2(7.9)
T2 84.9(11.9) 77.0(9.7)
T3 95.2(17.7) [n=27] 88.75(13.0) [n=21]
Cortisol (nmol/L)
T1 (baseline) 104 (1.1) 10.2 (1.8)
T2 10.7 (1.2) 9.5(1.3)
T3 6.5(0.8) [n=27] 7.1(0.7) [n=23]
Social Anxiety
LSAS 26.5(3.4) 29.9(3.3)
Approach-avoidance task (RT, ms) Approach Avoid Approach Avoid
Happy 671(27) 729 (26) 739 (20) 794 (25)
Angry 703 (25) 711(29) 764 (21) 785 (22)
Approach-avoidance task (error rate, %) Approach Avoid Approach Avoid
Happy 5.4(0.9) 6.8 (0.9) 7.6 (1.6) 10.8 (1.6)
Angry 6.5(0.9) 5.7 (1.4) 9.9(1.9) 8.4(2.0)

involving the reversed Substance contrast (i.e., oxytocin > placebo),
and interactions between Substance x Movement (e.g., [0oXy-
tocin > placebo] x [approach >avoid]), or Substance x Emotion
(e.g., [oxytocin > placebo] x [happy >angry]), did not yield signif-
icant amygdala activation. Oxytocin thus attenuated amygdala
activation during threat approach.

3.2. aPFC activation and connectivity

The activity of the aPFC was increased during affect-
incongruent compared to affect-congruent responses (Emo-
tion x Movement interaction: coordinates of local maxima, 26 58
8; z-value=3.75;Ppye =0.01), as in previous studies using the AA
task (Radke et al., 2015; Volman et al., 2011b; Volman et al., 2013).
This activation was not modulated by substance, i.e., there was
no Substance x Emotion x Movement effect within the aPFC. Sim-
ilarly, there were no oxytocin-induced alterations in connectivity
between the right aPFC and the amygdala during incongruent com-
pared to congruent responses. Together, these results indicate that
the substance-related differences in amygdala reactivity are spa-
tially specific and not due to dissimilar aPFC involvement. Whole
brain effects are presented in Supplementary Table S1.

3.3. Behavioral approach-avoidance reactions

Overall, the social AA task showed the same congruency effects
reported in previous related studies (Radke et al., 2015; Volman
et al,, 2011a; Volman et al., 2011b; Volman et al., 2013). There
were faster responses to affect-congruent trials (approach-happy,
avoid-angry) compared to affect-incongruent trials (avoid-happy;
approach-angry). Namely, there was an Emotion x Movement
interaction on RTs, Fj47=18.44, P<0.001, partial 72=0.28 (but
not on ER, F; 47=2.0, P=0.163, partial 72=0.04). Additional main
effects of Movement on RTs, F; 47 =48.33, P<0.001, n%>=0.51, and
Emotion on RTs, Fj47=6.15, P=0.017, partial n%=0.12, indicated
faster approach than avoidance movements and faster reactions
to happy than to angry faces, respectively. Oxytocin adminis-
tration increased RTs and error rates (Main effect of Substance
on RTs and error rates: Fy 47=4.7, P=0.035, partial n2=0.09, and
F147=4.28, P=0.044, partial n2=0.08; see Table 1 for means). Note
that these effects drop below significance when correcting for mul-
tiple comparisons using P<0.025. No other effects were significant
(all Fs<2.7 all Ps>0.11).

3.4. Endocrine and psychometric control measurements

The two groups (oxytocin, placebo) did not differ in the LSAS
score, Tsgo=0.70, P=0.487.Cortisol levels showed a decrease over
time, F; 9 =13.80, P<0.001, partial n2=0.23, but no other effects
were significant for cortisol (all Fs <0.7 all Ps > 0.47) or testosterone
(all Fs<1.6 all Ps>0.21; see Table 1 for all means).

4. Discussion

This study explored how oxytocin influences neural processing
of social threat when that threat needs to be acted upon. We con-
sidered the possibility that oxytocin administration could either
reduce amygdala activation to social threat (Domes et al., 2007;
Gamer et al., 2010; Kirsch et al., 2005; Petrovic et al., 2008), or
increase amygdala sensitivity to those salient social cues (Prehn
etal., 2013; Shamay-Tsoory and Abu-Akel, 2016). Our novel empir-
ical evidence shows that oxytocin decreased amygdala responses
only during threat approach. This finding fits with the idea of oxy-
tocin’s anxiolytic properties (Heinrichs and Domes, 2008), and with
the observation of reduced amygdala activation during the percep-
tion of threatening scenes and faces after oxytocin administration
in males (Domes et al., 2007; Gamer et al., 2010; Kirsch et al., 2005;
Petrovic et al., 2008). The present study extends and qualifies those
observations by investigating oxytocinergic function in its behav-
iorally relevant context, namely motivational actions. Importantly,
oxytocin did not increase motivation- or emotion-specific amyg-
dala activation, rendering generally enhanced approach motivation
(Harari-Dahan and Bernstein, 2014; Kemp and Guastella, 2010) or
processing shifts to positive cues (Gamer et al., 2010) less likely
mechanisms of actions.

In group-living animals, phenotypically similar threat approach
has been shown to serve dissimilar purposes, such as deter-
ring attacks or acquiring information (Dugatkin and Godin, 1992).
Accordingly, these might be targeted by different neuromodula-
tors. Importantly, here we show that the effects of oxytocin on the
amygdala during threat approach were specific to that combina-
tion as there were no correspondingly altered amygdala responses
during threat avoidance. This oxytocin-related reduced reactiv-
ity to threat when approach is required is clearly different from
the facilitation of threat approach linked to testosterone, which is
based on biasing amygdala responses away from threat avoidance
toward threat approach (Radke et al., 2015). Testosterone promotes
active dealing with competition by increasing vigilance (Terburg
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et al.,, 2012; van Honk et al., 2000) and facilitating threat approach
(Enter et al., 2014), thus increasing the threat value experienced
from the stimuli (Radke et al., 2015; Terburg et al., 2012; van Honk
et al., 2000). In contrast, oxytocin supports reduced processing of
fear, anger and stress (Eckstein et al., 2015; Gamer et al., 2010;
Heinrichs and Domes, 2008), and decreases attention to social
threats (e.g., Kanat et al., 2015). By decreasing the experienced
threat value, oxytocin might facilitate focusing attention on social
coping attempts (Tops et al., 2013) as well as socially favorable or
safe situations (Bethlehem et al., 2014; Crespi, 2015). The latter
hypothesis is substantiated by findings in rhesus macaques where
exogenous oxytocin reduced social vigilance to potential social
threats (Ebitz et al., 2013) and prolonged reaction times (Landman
etal.,2014), thereby permitting social exploration (Chang and Platt,
2014). More generally, it appears that testosterone promotes a
dominance-related approach strategy serving the individual’s sta-
tus defense, whereas oxytocin is rather linked to social exploration
and in-group protection (Chang and Platt, 2014; De Dreu and Kret,
2016).

4.1. Interpretational issues

Future studies need to consider sex differences in the pro-
cessing of emotional stimuli (Domes et al., 2010b; Whittle et al.,
2011) as well as the sexually dimorphic effects of oxytocin admin-
istration on amygdala reactivity to threat (Domes et al., 2010a;
Lischke et al., 2012). Interestingly, after oxytocin administration,
males’ neural responses appear to become more similar to those
of females receiving placebo and vice-versa (Rilling et al., 2014),
which might provide an explanatory framework for opposing
amygdala responses between males and females in the placebo
groups of the current and our testosterone administration study
(Radke et al., 2015). Furthermore, given the rising concerns on
limited statistical power and effect-size inflation of oxytocin stud-
ies (e.g., Walum et al., 2016), replication of the present results
is crucial, preferably in a within-subject instead of the current
between-subject design. In fact, this study builds on a closely
related report that observed within-subject behavioral differences
following oxytocin administration outside the scanner (Radke et al.,
2013). Having previously shown the relevance and sensitivity of
this task for capturing modulations of responses to threat, here we
used milder affective manipulations in order to evoke between-
group differences in cerebral effects unconfounded by behavioral
differences in emotional processing (Radke et al., 2015; Volman
et al,, 2011b; Volman et al., 2013; Volman et al., 2016). Stronger
affective responses, as those evoked by the zooming faces covering
a larger range of emotional expressions and gaze directions, used
in Radke et al. (2013), might result in stronger amygdala responses
and thus corresponding behavioral differences that go beyond the
previously reported overall slowed evaluation times of faces after
oxytocin administration (Petrovic et al., 2008). In particular, our
current behavioral findings drop below significance level after cor-
rection and should thus be interpreted with caution. Given that
dose-response relationships of intranasal oxytocin administration
have hardly been systematically investigated in humans (but see
Cardoso et al., 2013), we cannot exclude that the ‘booster’ spray
might have raised oxytocin levels outside its physiological range,
which might underlie the ‘maladaptive’ increase of reaction times
and error rates. Quantifying oxytocin levels might have aided in
determining the time frame of its neurobiological impact.

4.2. Conclusions
This study shows that oxytocin decreases amygdala responses

during threat approach. The finding fits with a social anxiolytic
function of oxytocin, leading to enhanced social exploration, which

is further underlined by distinct social phenotypes of hyperso-
ciability and increased approach to strangers (Egger et al., 2013;
Jarvinen et al., 2013). For instance, Williams syndrome has been
associated with increased basal oxytocin levels and peak release
(Dai et al., 2012) and decreased amygdala reactivity to threat-
related facial expressions (Meyer-Lindenberg et al., 2005). These
neurobehavioral mechanisms underlying social approach may have
implications for psychiatric disorders associated with social moti-
vational deficits. For instance, in patients with social anxiety
disorder, oxytocin has been shown to normalize hyperactive amyg-
dala responses and connectivity to threatening social cues (Gorka
etal., 2015; Labuschagne et al., 2010). The current findings suggest
that oxytocin might also prove helpful in normalizing motivational
actions to threat and anxiety, possibly leading to increased social
engagement.
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