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Abstract

Therapeutic alliance and perceived social support are important predictors of treatment response for post-traumatic stress
disorder (PTSD). Intranasal oxytocin administration may enhance treatment response by increasing sensitivity for social
reward and thereby therapeutic alliance and perceived social support. As a first step to investigate this therapeutical poten-
tial, we investigated whether intranasal oxytocin enhances neural sensitivity to social reward in PTSD patients. Male and fe-
male police officers with (n = 35) and without PTSD (n = 37) were included in a double-blind, randomized, placebo-
controlled cross-over fMRI study. After intranasal oxytocin (401IU) and placebo administration, a social incentive delay task
was conducted to investigate neural responses during social reward and punishment anticipation and feedback. Under pla-
cebo, PTSD patients showed reduced left anterior insula (Al) responses to social rewards (i.e. happy faces) compared with
controls. Oxytocin administration increased left Al responses during social reward in PTSD patients, such that PTSD pa-
tients no longer differed from controls under placebo. Furthermore, in PTSD patients, oxytocin increased responses to social
reward in the right putamen. By normalizing abberant insula responses and increasing putamen responses to social reward,
oxytocin administration may enhance sensitivity for social support and therapeutic alliance in PTSD patients. Future stud-
ies are needed to investigate clinical effects of oxytocin.
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Introduction response in PTSD (Dunlop et al., 2012). Administering pharmaco-

Although effective psychotherapy is available for post-traumatic
stress disorder (PTSD), such as cognitive behavioral therapy and
exposure therapy, about one-fifth of patients dropout of therapy
(Imel et al., 2013). Additionally, in patients who do complete treat-
ment, about one third still meet PTSD criteria after treatment
(Bradley et al., 2005). It is therefore imperative to improve currently
available treatments for PTSD patients. Medication-enhanced psy-
chotherapy (MEP) is a possible strategy to increase psychotherapy

logical agents during psychotherapy can target specific factors
that are known to affect treatment success in PTSD.

Therapeutic alliance, defined as the formation of a collab-
orative and affective bond between patient and therapist, is one
of the most consistent predictors of psychotherapy outcome in
psychiatric and PTSD patients (Martin et al,, 2000; Ormhaug
et al., 2015). Perceived social support, within and outside of the
therapeutic setting, is also an important predictor of treatment
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success in PTSD (e.g. Thrasher et al., 2010). Unfortunately how-
ever, PTSD can lead to social withdrawal and reduced perceived
social support (Kaniasty and Norris, 2008; Pietrzak et al., 2010).
Thereby, PTSD patients are at increased risk of low therapeutic
alliance and reduced treatment success (Charuvastra and
Cloitre, 2008).

PTSD patients are less sensitive to positive social stimuli and
show reduced motivation to approach socially rewarding stimuli,
which may underlie feelings of social detachment, low perceived
social support and reduced motivation for therapeutic alliance
(Charuvastra and Cloitre, 2008; Nawijn et al., 2015). For example,
PTSD patients reported less positive feelings, less approach
and more avoidance behavior in response to happy faces and
positive social autobiographical memories compared with con-
trols (Frewen et al.,, 2010; Felmingham et al., 2014; Steuwe et al.,
2014; Clausen et al., 2016). Also, reduced neural sensitivitiy to re-
ward is observed in PTSD patients, in brain areas important for
signaling rewarding and socially salient stimuli; when compared
with controls, patients with PTSD showed reduced neural
responses towards positive social stimuli (e.g. happy faces) in
the striatum, medial prefrontal cortex (mPFC) and insula
(Ehlers et al., 2006; Frewen et al, 2010; Aupperle et al., 2012;
MacNamara et al., 2013; Felmingham et al., 2014; Moser et al., 2015).
Striatal responses to reward were negatively correlated with
anhedonic symptoms such as social detachment in PTSD patients
(Elman et al., 2009; Felmingham et al., 2014).

Alongside reduced sensitivity to positive social stimuli, PTSD
patients are more sensitive to negative stimuli (Stein and
Paulus, 2009). A meta-analysis on neural responses to negative
(non-trauma-related) stimuli, such as angry faces, found con-
sistent increased neural responsiveness [e.g. amygdala and an-
terior insula (AI)] in PTSD patients compared with controls
(Hayes et al., 2012). For example, female PTSD patients showed
increased insula responses to videos of negative social scenes
and during anticipation of negative pictures, but decreased in-
sula responses to positive social videos and anticipation of posi-
tive pictures, compared with healthy women (Aupperle et al.,
2012; Moser et al., 2015).

Together, reduced sensitivity to positive social stimuli and
increased sensitivity for negative social stimuli may be involved
in social withdrawal and anhedonia symptoms, and the repeat-
edly observed reduced perceived social support and reduced
ability and motivation to form a therapeutic alliance in PTSD pa-
tients (Charuvastra and Cloitre, 2008). Pharmacological enhance-
ment of social reward sensitivity may augment response to
currently available psychotherapy, by facilitating social engage-
ment in the therapeutic setting (Johansen and Krebs, 2009;
Dunlop et al.,, 2012). The neuropeptide oxytocin is an interesting
candidate for enhancing sensitivity for positive social stimuli
(e.g. Bakermans-Kranenburg and van I[Jzendoorn, 2013). A meta-
analysis showed that in healthy individuals oxytocin increases
(in-group) trust (Van IJzendoorn and Bakermans-Kranenburg,
2012). Also, intranasal oxytocin increased social approach behav-
ior, such as reduced social distance between participants and
the experimenter (Preckel et al., 2014), increased feelings of social
support during recall of negative memories (Cardoso et al., 2016),
and increased eye contact with the experimenter (Auyeung et al.,
2015). Furthermore, oxytocin increased the ability to benefit
from social support during stressful situations (Heinrichs et al.,
2003). In PTSD patients, oxytocin administration was found to in-
crease compassion towards others (Palgi et al., 2016). On a neural
level, oxytocin administration increased striatal, AI and mPFC
responses to positive social stimuli, and other areas important
in processing social reward in healthy individuals (Groppe et al.,
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2013; Scheele et al., 2013, 2014; Striepens et al., 2014). Together,
these findings suggest that oxytocin has the potential to increase
social reward sensitivity. This may benefit social interaction
within psychotherapy, increasing the capacity to profit from so-
cial support and form a stable therapeutic alliance, thereby
enhancing effectiveness of currently available PTSD psychother-
apy (Olff et al., 2010; Quirin et al., 2014).

Furthermore, oxytocin administration is generally thought to
decrease sensitivity to negative social stimuli or social punish-
ment. Whereas intranasal oxytocin increased amygdala responses
to happy faces, it decreased responses to angry faces in healthy
subjects (Gamer et al., 2010). Also in generalized social anxiety dis-
order and borderline personality disorder, oxytocin reduced amyg-
dala responses to angry and fearful faces (Labuschagne et al., 2010;
Bertsch et al., 2013). However, several studies report that oxytocin
may also increase sensitivity to negative social stimuli (e.g. Domes
et al., 2010; Striepens et al., 2012). These discrepancies may depend
on (clinical) characteristics and especially sex of the investigated
populations (Bartz et al., 2011). For instance, in healthy men, oxyto-
cin decreased amygdala responses to emotional faces (Domes
et al., 2007), whereas in women oxytocin increased amygdala re-
sponses (Domes et al., 2010). To date, only a few studies have dir-
ectly investigated sex differences in oxytocin effects within the
same study. Two recent studies that directly compared males and
females suggest that oxytocin enhances striatal responses to social
cooperation in men, but has no effect or even reduces striatal re-
sponses to social cooperation in females (Feng et al., 2015; Rilling
et al., 2014). Differential oxytocin effects have also been observed in
patient-control studies, showing beneficial effects in patients with
sub-optimal amygdala responses under placebo, but no effects in
controls (e.g. Labuschagne et al, 2010; Bertsch et al., 2013).
Furthermore, results of the first (pilot) MEP studies investigating
oxytocin administration in addition to psychotherapy in patients
with mood and anxiety disorders have been mixed, and included
decreased social avoidance behavior in depressed males
(MacDonald et al., 2013) but also nominally lower ratings of thera-
peutic alliance in patients with arachnaphobia (Acheson et al.,
2015). Thus, to increase our understanding of the clinical and
neurobiological effects of oxytocin administration in psychiatric
populations, it is necessary to investigate different psychiatric
populations, both male and female patients. As trauma-exposure
without PTSD is also associated with altered reward processing
(e.g. Pizzagalli 2014) as well as differential effects of oxytocin ad-
ministration (e.g. Simeon et al., 2011), it is also important to control
for potential effects of trauma-exposure.

To our knowledge, the effects of oxytocin administration on
social reward have not yet been studied in PTSD patients, al-
though this group of psychiatric patients is highly in need of im-
proved treatment options. Therefore, we investigated the
potential of a single intranasal oxytocin administration [40 inter-
national units (IUs)] to enhance neural sensitivity to social reward
and potentially decrease sensitivity to social punishment in PTSD
patients, by conducting a randomized within-subjects fMRI study
in trauma-exposed male and female police officers with and
without PTSD. Based on the above, we specifically focused on the
striatum, amygdala and Al as regions of interest (ROI).

Methods

Participants and procedure

In total, 40 healthy trauma-exposed police officers (n = 20
males) and 40 police officers with PTSD (n = 21 males) were
included. Participants were recruited through advertisements in
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magazines and on websites of the Dutch police. Additionally,
PTSD participants were recruited through a diagnostic outpa-
tient center for police personnel (Diemen, the Netherlands).
Clinical interviews were administered to assess psychopath-
ology in potentially eligible participants. The Clinician-
Administered PTSD Scale (CAPS) (Blake et al., 1995) was used to
assess current PTSD symptomatology. The Mini International
Neuropsychiatric Interview (MINI) (Sheehan et al., 1998) or
Structured Clinical Interview for DSM-IV (SCID, for participants
included at the diagnostic outpatient center) (First et al., 2002)
was used to assess other axis 1 psychiatric disorders. For PTSD
participants inclusion criteria were current PTSD diagnosis
according to the DSM-IV and a CAPS score >45. Exclusion crite-
ria for PTSD patients were current severe MDD (MDD with high
suicide risk and/or psychotic symptoms), current alcohol/sub-
stance abuse, bipolar disorder or psychotic disorders. Because
of high comorbidity between PTSD and MDD, comorbid mild
to moderately severe major depressive disorder (MDD) was
allowed in the PTSD group. Inclusion criteria for control partici-
pants were a CAPS score < 15 while having experienced at least
one traumatic event according to the Life Events Checklist
(Blake et al.,, 1995). Additional exclusion criteria for controls
were lifetime PTSD or MDD or any current psychiatric disorder.
Exclusion criteria for both groups were daily use of psychotropic
medication (e.g. antidepressants), use of systemic glucocortic-
oids, MRI contraindications, severe medical conditions, history
of neurological disorders, colorblindness and current pregnancy
or breastfeeding (females). The study was approved by the
Institutional Review Board of the Academic Medical Center,
Amsterdam, the Netherlands. Written informed consent was
provided by all participants before study participation.

Controls were matched to patients on age, years of service
and educational level within the sex groups. After inclusion,
participants were invited for two fMRI scanning sessions sched-
uled at least 3 days apart. Following a double-blind cross-over
design, participants were randomized to receive either oxytocin
on the first and placebo on the second session, or vice versa.

A

Cue (1000-3000 ms)

Target (tailored to individual RT)

Delay (1000 ms — target duration)

Feedback (1500 ms)

Under supervision of the experimenter participants self-
administered oxytocin (401U, Defiante Farmaceutica, S.A.,
Funchal Portugal) and placebo (0.8% NaCl solution) via nasal
spray (10 puffs, 5 puffs per nostril). Additional self-report ques-
tionnaires were administered to assess trauma exposure in
childhood [early trauma inventory (ETI) (Bremner et al., 2007)]
and police work-related trauma (PLES) exposure [police life
events scale (PLES) (Carlier and Gersons, 1992)].

Social incentive delay task

The social incentive delay (SID) task (Spreckelmeyer et al., 2009)
was presented to participants during both fMRI sessions to as-
sess neural responses to social reward and punishment. The
SID task is a social version of the monetary incentive delay task
(Knutson et al., 2000) and consists of a reaction time (RT) task in
which participants are rewarded or punished with presentation
of a happy face or an angry face, respectively. Participants
received task instructions and a computerized practice session
prior to each session. During each scan session, 27 trials were
presented per trial type (reward, punishment, neutral). Each
trial started with presentation of a colored cue indicating trial
type (see Figure 1). Subsequently, a target was presented to
which participants were to press a button as fast as possible.
Responses within target presentation time were hits; omissions
or responses outside of target presentation time were misses.
Individual RTs were used to tailor the duration of target presen-
tation to individual performance (long: mean response time +
400ms; short: mean response time—150ms). For reward and
neutral trials, 66.7% of trials had long target durations resulting
in about 66.7% hits, whereas 66.7% of punishment trials had
short target durations resulting in about 66.7% misses. This re-
sulted in sufficient reward hit feedback trials (+18) and suffi-
cient punishment miss feedback trials (+18) for further
analyses. After target presentation, feedback was presented.
Reward trials hits resulted in social reward feedback (i.e. happy
face), reward trial misses resulted in neutral feedback

B Trialtype Cue Feedback

Reward trial

Hit
Miss N

Neutral trial
Hit
B E

Punishment trial
ITI (1000-3000 ms) _Hit
- H

Fig. 1. SID task. (A) Stimulus order per trial. Each trial started with presentation of an anticipation cue [green square for reward trials, blue for neutral trials, red for loss
trials, see (B)]. Cue duration was jittered between 1000 and 3000 ms. Cues were followed by the target stimulus, for which duration was tailored to individual mean RT
based on ten practice trials, to result in feasible target duration (individual aRT + 400 ms) or unfeasible target duration (individual aRT—150ms). After a delay period
with a duration of 1000 ms minus target duration, trial feedback was presented for 1500 ms, followed by a blank screen inter-trial interval, duration jittered between
1000 and 3000 ms. (B) Anticipation cues and feedback stimuli per trial type. Reward trials were signaled by a green square (reward anticipation), neutral trials by a blue
square (neutral anticipation) and punishment trials by a red square (punishment anticipation). Reward feedback (i.e. happy faces) was shown in response to hits on re-
ward trials, punishment feedback (i.e. angry faces) was shown in response to misses on punishment trials.
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(i.e. scrambled face). Punishment trial misses resulted in social
punishment feedback (i.e. angry face), punishment trial hits in
neutral feedback. Neutral trial hits and misses both resulted in
neutral feedback. Six males and six females were selected from
the NimStim set of facial expressions (http://www.macbrain.
org/resources.htm), of which both angry and happy expressions
were used. Different sets of faces were used for the first and se-
cond fMRI session (task order counterbalanced). Trial type order
was pseudo-randomized. RTs were assessed (milliseconds be-
tween start of target presentation and response). After each
fMRI session, participants rated perceived rewardingness of the
happy faces and perceived punishment by the angry faces on a
5-point Likert scale (0: Not at all-5: Very much), and participants
were asked to indicate which intranasal drug treatment they
thought they had received, and to indicate the underlying
reason.

Behavioral analyses

Analyses were conducted with SPSS20 (IBM statistics, Chicago,
USA). Demographic and behavioral variables were checked for
deviations from normality. Variables were log-transformed
when necessary and outliers (>3 SD) excluded. Differences be-
tween PTSD and control groups in demographic characteristics
were tested separately in males and females, with independent
t-tests for continuous variables, Mann-Whitney U-tests for con-
tinuous non-normally distributed variables and y*-tests for cat-
egorical variables.

Mean accuracy on feasible trials under placebo and oxytocin
were investigated per trial type (reward, neutral, punishment)
to check for sufficient behavioral engagement in the task.
Accuracy had a non-normal distribution and was therefore
compared between groups and drug sessions with Mann-
Whitney U-tests and Wilcoxon signed-rank tests, respectively.
Group and sex effects on RTs, relative reaction times [(RRTs), i.e.
RTs during reward and punishment trials relative to neutral tri-
als, to control for individual differences in behavioral/motor re-
sponse speed] and subjective ratings under placebo were tested
with univariate ANOVA’s, with factors group (PTSD, control)
and sex (male, female). Subsequently, drug effects were investi-
gated with repeated-measures ANOVA'’s, with factors group,
sex and drug (oxytocin, placebo). Within the PTSD and control
group separately, correlations were assessed between CAPS
symptom severity (PTSD group only), subjective ratings, neural
responses in the placebo condition, and with the extent of the
oxytocin effect (delta oxytocin-placebo).

Image acquisition

A Philips Achieva 3T MR scanner with a 32-channel head-coil
(Philips Medical Systems, Best, the Netherlands) was used for
scanning. Functional images were acquired using an echo-
planar imaging sequence [Field of view (FOV): 240 x 240 mm;
flip angle: 76°; echo-time (TE): 27.63 ms; repetition time (TR): 2 s;
voxel size: 3 mm?; acquisition matrix size (AMS): 80; 37 slices].
Anatomical images were acquired with a high-resolution
FAST MP-RAGE sequence (FOV: 240 x 188 mm; flip angle: 8°; TE:
3.8 ms; TR: 8.2 s; voxel size:1 mm?; AMS: 240; 220 slices).

Imaging analyses

Imaging data statistical analyses were done with SPM8 (http://
www.fil.ion.ucl.ac.uk/spm/). Functional images were realigned,
slice-timing corrected, co-registered with structural images,
segmented, normalized to MNI space, resampled to 2 mm?
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voxels and smoothed with an 8 mm full-width half maximum
Gaussian kemel. Three subjects were excluded due to incomplete
scanning data, two subjects were excluded due to scanning arti-
facts and three due to excessive movement (>6 mm/degrees).
At first level, nine event types were modeled and convolved with
a hemodynamic response function at stimulus onset: social
reward, neutral and punishment anticipation, and social reward,
neutral and punishment hit feedback, and social reward,
neutral and punishment miss feedback. Six realignment param-
eters were included to control for movement. A high-pass filter
(1/128 Hz) was applied. The following contrast images were
calculated at first level and taken to second level analyses: re-
ward anticipation vs neutral anticipation; punishment anticipa-
tion vus neutral anticipation; social reward hit feedback vs neutral
hit feedback; social punishment miss feedback vs neutral miss
feedback. At second level, we first tested effects of task, and ef-
fects of between-subject factors group (PTSD, control) and sex
(male, female) under placebo, in separate models for trial types
(reward and punishment) and task phases (anticipation and feed-
back), using the full-factorial design for univariate ANOVAs in
SPM. General task effects were tested by assessing overall activa-
tion across groups and sexes. Also, main and interaction effects
of group and sex were investigated under placebo. Then, for both
reward and punishment anticipation and feedback separately,
oxytocin effects were investigated using the flexible-factorial de-
sign for repeated-measured ANOVAs (Glascher and Gitelman,
2008), including between-subject factors group (PTSD, control),
sex (male, female) and within-subject factor drug (oxytocin, pla-
cebo). Based on previous (social) reward processing studies
(Rademacher et al., 2010; Liu et al., 2011), the striatum (i.e. caudate
and putamen combined), amygdala and Al were selected as ROL
Bilateral anatomical ROIs were created using the Wakeforest
University (WFU) pickatlas toolbox implemented in SPM (http://
fmri.wfubmc.edu/software/pickatlas). AI ROI was created by se-
lecting the anterior part of the WFU pickatlas anatomical insula,
i.e. all voxels with y > 1 (Harsay et al., 2012). All imaging analyses
were run within these a priori determined ROIs. As exploratory
analyses, these analyses were run on whole brain level as well.
Significant interaction effects between group, sex and/or drug
observed in the voxel-wise analyses were further investigated
with post hoc testing. t-tests were performed on beta-weights, ex-
tracted from a 5Smm sphere around the peak-voxel of significant
interaction effects with Marsbar (http://marsbar.sourceforge.net/);
paired sample t-tests to test for effects of drug; independent-
sample t-tests to test for effects of group and sex. In SPM, P-val-
ues were corrected for multiple comparisons using family-wise-
error rate correction (Prwe); in SPSS, P-values for post hoc tests
were corrected with false discovery rate (FDR) correction
(Benjamini and Hochberg, 1995).

Results

Participant characteristics

In total, 37 healthy control participants (n = 19 males) and 35
PTSD participants (n = 21 males) were included in the final ana-
lyses (see Table 1) (see methods for exclusions). There were no
significant differences between PTSD patients and controls in
age, years of service, educational level or hormonal contracep-
tive use. However, PTSD males reported more types of trau-
matic events during childhood compared with male controls, as
assessed with the ETI (t(30.39) = —2.047, P = 0.049). PTSD fe-
males reported exposure to nominally less different types of
PLES events compared with female controls, as assessed with
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Table 1. Participant characteristics

Males Females
Control (n = 19) PTSD (n = 21) P-value Control (n = 18) PTSD (n = 14) P-value
Age (years) 41.11 (10.86) 42.29 (9.83) 0.720 38.06 (9.08) 38.21(9.85) 0.963
Educational level
Low 0(0%) 0 (0%) 0.874 0 (0%) 0(0%) 0.370
Medium 15 (79%) 17 (81%) 17 (94%) 14 (100%)
High 4 (21%) 4 (19%) 1(6%) 0 (0%)
Years of police service 18.08 (10.21) 19.07 (14.93)  0.819 17.83 (9.56) 15.21(10.81)  0.473
PLES 20.32 (6.57) 22.50 (5.95) 0.242 19.44 (7.68) 13.64 (10.09)  0.074"
Childhood trauma (ETI) 3.79 (2.32) 6.10 (4.55) 0.049* 4.22 (5.02) 5.50 (5.43) 0.456
PTSD symptom severity (CAPS) 4.58 (4.89) 68.05(15.62)  0.000* 4.67 (4.80) 67.79 (10.55)  0.000*
Major depressive disorder comorbidity, n(%) 0 (0%) 4 (19%) 0.045* 0 (0%) 4 (29%) 0.015*
Contraceptive use (%)
None 8 (44%) 6 (43%) 0.910
Hormonal contraceptive 8 (44%) 7 (50%)
Menopausal 2 (11%) 1(7%)

Group differences between patients and controls were tested with independent-sample t-tests [age, years of service, PLES (females), ETI, CAPS], Mann-Whitney U-tests
[PLES (males)] or z*-tests [education, MDD, contraceptive use (females)]. t-tests of years of police service in males, and ETI in females were based on log-transformed
data to reach a normal distribution. All means and SDs in table are based on untransformed data. **P-value < 0.001; *P-value < 0.050; #P-value < 0.100. PLES, police life
events scale (Carlier and Gersons, 1992); ETI, early trauma inventory—short version (Bremner et al., 2007); CAPS, Clinician Administered PTSD Scale (Blake et al., 1995);

PTSD, post-traumatic stress disorder.

the PLES [t(30) = 1.849, P = 0.074]. This group-difference in
exposure to work-related traumatic events in females was
no longer significant when controlling for years of police service
(P > 0.1). As expected, PTSD patients had a significantly higher
CAPS scores compared with controls [males: t(24.25) = —17.685,
P < 0.001; females: t(17.19)=-20.778, P < 0.001]. In addition,
eight PTSD patients (23%) fulfilled diagnostic criteria for current
MDD, based on clinical interviews (MINI/SCID).

Behavioral analyses

Reaction times. Under placebo, there was a significant main ef-
fect of sex on reward trial RT [F(1,68) = 11.295, P = 0.001], men
being faster than women. PTSD status did not affect reward RT.
Under placebo, there was a significant main effect of group on
punishment trial RT [F(1,68) = 4.398, P = 0.040], controls being
faster than PTSD patients; and a significant main effect of sex
[F(1,68) = 4.902, P = 0.030], men being faster than women. The
effects of PTSD and sex on punishment RT were also significant
after controlling for drug order. However, reward and punish-
ment RRTs were not affected by group or sex, suggesting that
the differences in RT are due to general differences in response
speed, and not specific to motivational trials (reward/punish-
ment). Oxytocin did not significantly affect RT or RRT.

Accuracy. All participants mastered the task. As task difficulty
was adjusted to individual performance, accuracy showed very
limited variance. See Supplementary Table S1 for average accur-
acy on feasible trials per group per trial per session and supple-
mental information for analyses of group- and drug effects on
accuracy.

Subjective ratings. Under placebo, there was no effect of group or
sex on reward ratings. There was a significant effect of group on
punishment ratings under placebo [F(1,65) = 11.928, P = 0.001],
PTSD patients rated the angry faces as significantly more pun-
ishing than controls. The effect of group on punishment ratings
was still significant after correcting for drug order. Sex did not
affect punishment ratings. Oxytocin did not significantly affect
subjective ratings of reward or punishment.

See Supplementary Materials for analyses concerning sub-
jective treatment awareness.

Neuroimaging

SID anticipation phase. Under placebo, on whole-brain level,
social reward anticipation significantly activated the bilateral
occipital pole, Dbilateral hippocampus and amygdala
(Supplementary Table S3). PTSD status and sex had no signifi-
cant main or interaction effects on neural responses during the
SID reward anticipation phase under placebo, whole-brain or
ROIL No significant main or interaction effects of oxytocin on
neural responses during social reward anticipation were
observed, whole-brain or ROI. Punishment anticipation under
placebo yielded no significantly activated voxels on whole-brain
level. Effects of group, sex and oxytocin were therefore not fur-
ther investigated.

SID feedback phase. Task effects.Under placebo, on whole-brain
level, presentation of social reward feedback significantly acti-
vated the bilateral fusiform gyrus and amygdala, and the right
inferior frontal gyrus and middle temporal gyrus
(Supplementary Table S4). Punishment feedback presentation
yielded significant activation in the bilateral occipital lobes and
fusiform gyrus, the right amygdala and middle temporal gyrus
(Supplementary Table S4).

Group effects. Under placebo, ROI analyses revealed a significant
main effect of group in the left Al during reward feedback
[xyz=—36,4,10, F(1,68) = 18.11, Z = 3.83, Pryr = 0.024, k = 44,
Figure 2], PTSD patients showing significantly lower left Al re-
sponses compared with controls. No other significant main or
interaction effects of group or sex on reward or punishment
feedback were observed under placebo, neither whole-brain nor
within ROIs.

Oxytocin effects. When looking at effects of intranasal oxytocin,
during reward feedback a significant drug by group interaction
was observed in the right putamen within the striatum ROI [xyz
= 26,10,8, F(1,68) = 19.18, Z = 3.93, Prwe = 0.047, k = 29, Figure
3A]. Additionally, a nominally significant drug by group


Deleted Text: police life events scale
Deleted Text: (PLES, 
Deleted Text: )&equals;
Deleted Text: &thinsp;&equals;&thinsp;
Deleted Text: )
Deleted Text: >.
Deleted Text: to 
Deleted Text: (
Deleted Text: )&equals;-
Deleted Text: &thinsp;<&thinsp;
Deleted Text: )&equals;-
Deleted Text: &thinsp;<&thinsp;
Deleted Text: )
Deleted Text: <italic>Reaction times</italic>
Deleted Text: <italic>(</italic>
Deleted Text: )&equals;
Deleted Text: &thinsp;&equals;&thinsp;
Deleted Text: )
Deleted Text: (
Deleted Text: )&equals;
Deleted Text: p&thinsp;&equals;&thinsp;
Deleted Text: )
Deleted Text: (
Deleted Text: )&equals;
Deleted Text: p&thinsp;&equals;&thinsp;
Deleted Text: )
http://scan.oxfordjournals.org/lookup/suppl/doi:10.1093/scan/nsw123/-/DC1
Deleted Text: (F
Deleted Text: )&equals;
Deleted Text: p&thinsp;&equals;&thinsp;
Deleted Text: )
http://scan.oxfordjournals.org/lookup/suppl/doi:10.1093/scan/nsw123/-/DC1
Deleted Text: <italic>SID anticipation phase</italic>
http://scan.oxfordjournals.org/lookup/suppl/doi:10.1093/scan/nsw123/-/DC1
http://scan.oxfordjournals.org/lookup/suppl/doi:10.1093/scan/nsw123/-/DC1
http://scan.oxfordjournals.org/lookup/suppl/doi:10.1093/scan/nsw123/-/DC1
Deleted Text: <italic>Group effects</italic>
Deleted Text: anterior insula (
Deleted Text: )
Deleted Text: (
Deleted Text: &equals;-
Deleted Text: )&equals;
Deleted Text: &thinsp;&equals;&thinsp;
Deleted Text: <sub>&thinsp;</sub>&equals;<sub>&thinsp;</sub>
Deleted Text: &thinsp;&equals;&thinsp;
Deleted Text: )
Deleted Text: to 
Deleted Text: (
Deleted Text: &thinsp;&equals;&thinsp;
Deleted Text: )&equals;
Deleted Text: &thinsp;&equals;&thinsp;
Deleted Text: <sub>&thinsp;</sub>&equals;<sub>&thinsp;</sub>
Deleted Text: &thinsp;&equals;&thinsp;
Deleted Text: )

L.Nawijnetal. | 217

0.6 #*

0.4F

Beta-weights left anterior insula (-36 4 10), a.u.

[[] Piacebo
PTSD

Control

Fig. 2. Main effect of group during feedback of social reward (vs neutral) under placebo in the AI ROL (A) Left Al [xyz = —36,4,10, F(1,68) = 18.11, Py = 0.024, k = 44];
Cluster is overlaid on a single-subject anatomical scan (SPM template), whole brain threshold set at P < 0.01 uncorrected for display purposes. (B) Extracted beta-
weights (arbitrary units, a.u.) from 5 mm sphere around peak voxel (xyz = —36,4,10) showing a main effect of group. PTSD patients had significantly lower Al responses
to social reward feedback (vs neutral) compared with controls. Error bars indicate standard error of the mean. *P < 0.05.

interaction was observed in the left AI within the AI ROI
[xyz=—38,10,14, F(1,68) = 15.37, z = 3.53, Ppye = 0.067, k = 9,
Figure 3C|, in the same location as the significant main effect of
group was observed under placebo. Post hoc t-tests (see
Supplementary Table S5) revealed that in PTSD patients, oxytocin
significantly increased reward responses compared to placebo
within the right putamen [t(34) =-2.927, P = 0.006] and left AI
[t(34) =—2.234, P = 0.032], whereas in controls, oxytocin signifi-
cantly decreased reward responses compared with placebo in the
putamen [t(36) = 2.207, P = 0.034] and Al [t(36) = 2.879, P = 0.007]
(Figure 3B and D). These effects remained significant after FDR
correction. After oxytocin, PTSD patients showed similar puta-
men and Al responses to reward feedback as controls, both under
placebo (P > 0.1) and oxytocin (P > 0.1). Oxytocin had no other sig-
nificant main or interaction effects on reward or punishment
feedback, whole-brain or within ROI’s.

PTSD symptoms, subjective ratings and neural
responses

Within the PTSD group, total CAPS symptom severity score was
not significantly correlated with subjective ratings of social re-
ward or punishment under placebo or oxytocin effects on social
reward ratings, nor with Al responses during social reward and
punishment feedback under placebo or oxytocin effects on Al
responses (all P > 0.1). Total CAPS symptoms were significantly
negatively correlated with putamen responses during reward
feedback under placebo (r=-0.421, P = 0.012), but not to puta-
men responses to punishment feedback under placebo.
Oxytocin effects on putamen responses during reward and pun-
ishment feedback were not related to CAPS symptoms.
Oxytocin effect on subjective punishment ratings (delta OT-PL)
was significantly negatively correlated to CAPS score (r = —0.464,
P = 0.008), such that higher CAPS scores were related to a stron-
ger dampening of punishment ratings after oxytocin compared
with placebo.

We also investigated whether subjective responses to re-
ward feedback were correlated to putamen and insula re-
sponses to reward feedback. Under placebo, subjective ratings

of social reward were significantly positively correlated with in-
sula responses during social reward feedback in PTSD patients
(r = 0.354, p = 0.047), but not in controls (P > 0.1). Subjective rat-
ings of social reward under placebo were not significantly corre-
lated with putamen responses during placebo social reward
feedback in PTSD patients or controls (P > 0.1). After oxytocin
administration, subjective reward ratings were not significantly
correlated to putamen or insula responses during reward feed-
back in PTSD patients or controls (P > 0.1). Also, oxytocin effects
on subjective ratings (delta OT-PL) were not significantly corre-
lated to oxytocin effects on insula responses (delta OT-PL) in pa-
tients or controls (P > 0.1).

Discussion

We investigated whether a single intranasal oxytocin adminis-
tration affected neural responses during social reward and pun-
ishment processing in PTSD patients and trauma-exposed
controls, focusing on Al striatum and amygdala. Under placebo,
we observed significantly lower responses in the left Al of PTSD
patients during social reward feedback compared with controls.
Oxytocin administration significantly increased the otherwise
hypoactive left Al responses to social reward feedback observed
in PTSD patients to a level similar to controls under placebo.
Furthermore, oxytocin significantly increased right putamen re-
sponses to reward feedback in PTSD patients.

The observed deviations in Al responses to positive stimuli
(i.e. happy faces) in PTSD patients replicate previous findings of
decreased insula responses to social and non-social positive
stimuli in PTSD patients (Aupperle et al., 2012; Moser et al., 2015).
Furthermore, PTSD symptom severity was negatively correlated
with putamen responses to reward feedback under placebo. Our
findings under placebo thus support the notion that the sali-
ence and reward networks, in which the Al and striatum are
central nodes, are hypoactive towards positive stimuli in PTSD
(Stein and Paulus, 2009). Previous findings of hyperactive neural
responses to negative stimuli in PTSD patients (Paulus and
Stein, 2006; Aupperle et al., 2012; Mazza et al., 2012; Sripada et al.,
2012; Moser et al., 2015) were not replicated however, although
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Fig. 3. Oxytocin effects on neural responses in the right putamen and left Al during social reward feedback (group by drug interaction effect) (A) Right putamen
[xyz = 26,10,8, F(1,68) = 19.18, Z = 3.93, Prwr, = 0.047, k = 29]; (B) Extracted beta-weights (a.u.) from 5mm sphere around peak voxel (xyz = 26,10,8) of the right putamen
showing a group by drug interaction in controls and PTSD patients; (C) Left Al [xyz = —38,10,14, F(1,68) = 15.37, z = 3.53, Prwg = 0.067, k = 9]; (D) Extracted beta-weights
(a.u.) from 5mm sphere around peak voxel (xyz = —38,10,14) of the left Al showing a group by drug interaction in controls and PTSD patients. For Al group differences
under placebo, see Figure 2. Clusters are overlaid on a single-subject anatomical scan (SPM template), whole brain threshold set at P < 0.01 uncorrected for display pur-
poses. Error bars indicate standard error of the mean. *P < 0.05, **P < 0.01. All significant results survived FDR correction.

on a behavioral level, PTSD patients in our study rated social
punishment (i.e. angry faces) as more punishing than controls.
The left Al plays an important role in detecting and subse-
quently guiding attention towards salient stimuli in the envir-
onment (Seeley et al, 2007; Uddin, 2014). Furthermore, Al
response magnitude reflects the degree of subjective salience
an individual attributes to a particular stimulus (Uddin, 2014).
The putamen is involved in motivational behavior, associative
learning and evaluation of reward and punishment feedback
(Liu et al., 2011). Regarding our findings, this indicates that PTSD
patients attributed less salience and/or motivational value to
social reward than healthy traumatized controls.

When testing effects of oxytocin, we observed a nominally
significant group by drug interaction in the Al: A single intra-
nasal oxytocin administration normalized the aberrant insula
responses to social reward in PTSD patients to a level compar-
able to controls under placebo. This replicates previous findings
of increased insula responses after oxytocin towards various
stimuli in a meta-analysis in healthy individuals (Wigton et al.,
2015), and in studies looking specifically at responses to positive
social stimuli in healthy individuals (Domes et al., 2010; Rilling

et al., 2012; Groppe et al, 2013; Scheele et al., 2013, 2014;
Striepens et al.,, 2014) and PTSD patients (Nawijn et al.,, 2016).
Furthermore, a significant group by drug interaction was
observed in the striatum: Under placebo, PTSD patients showed
reduced putamen responses to reward feedback compared with
controls. Oxytocin increased putamen responses towards re-
ward feedback in patients, such that they no longer differed
from controls under placebo. This replicates previous findings
of oxytocin effects on striatal responses to positive stimuli
(Rilling et al., 2012; Groppe et al., 2013; Scheele et al., 2013; Feng
et al., 2015; Hu et al., 2015; Scheele et al., 2016; Nawijn et al., 2016).
Seeing the role of the putamen in motivation and reward feed-
back evaluation (Liu et al., 2011), oxytocin may thus facilitate re-
ward evaluation, social reinforcement learning and goal-
directed behavior, as was observed in previous studies in
healthy individuals (Groppe et al., 2013; Hu et al., 2015; Scheele
et al., 2016).

Previously, oxytocin administration increased SID accuracy
in participants with low hit rates under placebo (Groppe et al.,
2013). However, accuracy levels in our sample were already rela-
tively high under placebo in all participants, leaving little room
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for improvement by oxytocin. Oxytocin did increase accuracy
levels on feasible punishment trials in PTSD patients from 95 to
99%. Although the clinical significance of this increase in accur-
acy seems negligible, it is possible that stronger behavioral
effects on the SID task would have been observed if a ceiling-
effect had not been reached in all groups and trial types (reward,
neutral, punishment).

Oxytocin did not affect subjective ratings of social reward in
our study in a similar fashion as neural responses—possibly be-
cause subjective ratings were assessed in retrospect (+2 h after
nasal spray administration). However, in previous studies in
healthy individuals oxytocin-induced increases in striatal and
Al responses were paralleled by (concurrent) ratings of
increased pleasantness of touch and attractiveness of faces
(Scheele et al., 2013, 2014, 2016; Striepens et al., 2014). Also, the
fact that under placebo, insula responses to social reward feed-
back were positively correlated with subjective ratings of re-
ward in patients, fits with the interpretation that stronger
insula responses are associated with higher reward sensitivity.
Thus, by increasing putamen and Al responses to positive social
reward, oxytocin administration may restore a decreased re-
ward sensitivity towards positive affective stimuli in PTSD.

Notably, whereas oxytocin increased putamen and Al re-
ward sensitivity in PTSD patients, it decreased putamen and Al
reward sensitivity in controls. This is at odds with previous
findings of oxytocin increasing putamen and Al responses in
healthy individuals, as discussed above (meta-analysis Rilling
et al., 2012; Groppe et al., 2013; Scheele et al., 2013, 2014, 2016;
Feng et al., 2015; Striepens et al., 2014; Hu et al., 2015; Wigton
et al., 2015; Nawijn et al., 2016). However, differential effects of
oxytocin administration depending on clinical status have been
observed before. Several groups have reported that oxytocin ad-
ministration mitigated aberrant amygdala connectivity and ac-
tivity towards angry or fearful faces in psychiatric patients, but
had no or even opposite effects in controls (e.g. Labuschagne
et al., 2010; Bertsch et al., 2013; Dodhia et al., 2014; Gorka et al.,
2015). Authors of previous studies showing differential oxytocin
effects have suggested an inverted U-shaped response curve for
effects of intranasal oxytocin (Feng et al., 2015; Rilling et al.,
2014). They suggest that oxytocin administration has beneficial
effects in individuals with suboptimal functioning, potentially
due to low endogenous oxytocin levels, but has no or even
detrimental effects in individuals with optimal functioning
(Feng et al., 2015; Rilling et al., 2014). Our observed differential ef-
fects of oxytocin administration on putamen and Al responses
to social reward feedback in controls and patients can be ex-
plained from this viewpoint, as these groups differed in neural
functioning under placebo. Interestingly, within the males of
this same group of participants we recently reported reduced
endogenous salivary oxytocin levels in PTSD patients compared
with controls (Frijling et al., 2015). It is therefore possible that
dysregulated endogenous oxytocin levels underlie these
reduced neural responses to social reward in PTSD patients.
Indeed, endogenous oxytocin levels have been positively corre-
lated to striatal responses to positive stimuli (Rilling et al., 2012;
Scheele et al., 2016). The relatively high dosage of oxytocin used
in the current study (40 IU) may explain the different findings in
our healthy controls compared with previous studies in healthy
individuals. One of the few dose-response studies of oxytocin to
date reported that 241U had beneficial effects on cortisol re-
activity to physical exercise in healthy controls, but 481U had
no effect (Cardoso et al., 2013), suggesting an inverted-U-shaped
dose-response curve. Thus, whereas a dosage of 241U, as was
used in most previous studies in healthy individuals (meta-
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analysis Scheele et al., 2013, 2014, Striepens et al., 2014; Wigton
et al., 2015), may still have beneficial effects in healthy individ-
uals, 40IU may have overstimulated oxytocin system in our
control group. This further substantiates the notion that oxyto-
cin administration may only have beneficial effects in individ-
uals with suboptimal (oxytocin system) functioning, but that
the relatively high dosage of oxytocin may have overstimulated
the already optimal functioning controls.

Contrary to our hypothesis, we did not observe oxytocin ef-
fects in the amygdala. Although oxytocin effects on amygdala
responses towards emotional faces have often been reported in
literature, the meta-analysis of Wigton et al., (2015) did not re-
port an overall amygdala effect but only an increase in insula
responses after oxytocin. Oxytocin may only robustly decrease
amygdala responses towards implicitly-shown emotional faces,
whereas findings are less consistent in response to explicitly-
shown faces (Wigton et al., 2015). In the same sample as the cur-
rent study, oxytocin was found to dampen amygdala reactivity
in PTSD patients in response to emotional faces (happy/neutral
and angry/fearful) in an explicit emotional face-matching task
(Koch et al.,, 2016). Although the stimuli in the SID task were
comparable (i.e. positive and negative emotional faces), these
were presented within a different context (i.e. as reinforcers in a
motivational task vs explicit emotion recognition task). This
suggests that oxytocin effects may differ depending on context,
as has been suggested before (Landgraf and Neumann, 2004;
Bartz et al., 2011; Bethlehem et al., 2013; Wigton et al., 2015), even
within the same individuals.

Although sex has also been suggested as a potential moderator
of oxytocin administration effects, we did not see any sex-
dependent oxytocin effects on neural responsivity, opposing previ-
ous findings in healthy individuals (Feng et al., 2015; Rilling et al.,
2014). In the previous studies, oxytocin increased striatal and Al re-
sponses to social cooperation in men, but had no effect or even
decreased striatal and Al responses in women. Following the con-
cept of the inverted-U-shaped response curve, effects of oxytocin
administration depend on baseline functioning. Consequently it
follows that when sex-differences are present under placebo, as in
the studies by Rilling and colleagues, oxytocin administration may
have sex-dependent effects (Feng et al.,, 2015; Rilling et al., 2014).
If however no sex-differences are present under placebo, as
observed in our study, intranasal oxytocin may have similar effects
in men and women.

Taken together, our and previous findings fit with the notion
that neural effects of oxytocin administration depend on indi-
vidual factors such as patient status, sex or other individual
characteristics, but only if these factors are related to differ-
ences in baseline functioning (Labuschagne et al.,, 2010; Bartz
et al., 2011; Bakermans-Kranenburg and van I Jzendoorn, 2013;
Olff et al., 2013; Feng et al., 2015; Rilling et al., 2014).

We did not observe effects of oxytocin administration on re-
activity in response to social punishment feedback in patients
or controls. Thus, our results do not match with previous find-
ings of oxytocin-induced changes in sensitivity to negative so-
cial stimuli (e.g. Riem et al., 2011; Bos et al., 2015), nor with a
general increase in social salience processing independent of
valence, as was suggested by a recent meta-analysis of studies
in healthy individuals (Wigton et al., 2015).

Our findings provide insight in the neurobiological mechan-
isms underlying the previously observed effects of oxytocin on
social approach behavior (Harari-Dahan and Bernstein, 2014,
Preckel et al, 2014; Auyeung et al., 2015), trust (Bakermans-
Kranenburg and van I Jzendoorn 2013) and social support
(Heinrichs et al., 2003; Cardoso et al.,, 2016). More importantly
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however, our findings specifically support the hypothesis that
intranasal oxytocin administration can enhance neural sensi-
tivity to social reward in PTSD patients, which could potentially
increase treatment response by applying oxytocin in addition to
psychotherapy (MEP). By increasing neural responses to social
reward, oxytocin administration may (temporarily) restore a
decreased sensitivity towards positive affective stimuli seen in
PTSD patients (e.g. Mazza et al., 2012) and enhance the focus to-
wards socially rewarding stimuli. By enhancing neural sensitiv-
ity for social reward, oxytocin may facilitate the initiation and
maintenance of a therapeutic alliance as well as the sensitivity
for social support in a treatment setting when applied as MEP
(OIff et al., 2010; Quirin et al., 2014). This in turn can improve
treatment response in PTSD patients and reduce dropout rates.
However, given the neuroimaging nature of our study we can
only speculate about the clinical inferences of our results, which
need to be replicated and extended in a more clinical setting.
Although neural effects were observed, these were not paral-
leled by behavioral or subjective effects, possibly due to ceiling
effects in behavioral measures (accuracy) or questionnaire ad-
ministration outside of the suspected active oxytocin window
(subjective ratings). Future clinical studies should investigate
whether oxytocin administration prior to treatment can indeed
enhance sensitivity to positive social interaction in PTSD pa-
tients within a treatment setting, and subsequently benefit
therapeutic alliance and perceived social support. Such clinical
studies are crucial, especially seeing recent clinical (pilot) stud-
ies in mood- and anxiety disorders, showing mixed effects of
combining oxytocin administration with psychotherapy
(MacDonald et al., 2013; Acheson et al., 2015). As the currently
published clinical studies incorporating oxytocin administra-
tion had fairly small samples, larger randomized controlled tri-
als are needed to further investigate the potential of oxytocin in
MEP. The hypothesized inverted U-shaped response curve of
oxytocin administration based on our and previous findings fur-
ther emphasizes the importance of dosage in relation to en-
dogenous oxytocin system functioning. The few studies that
investigated different dosages of oxytocin have found dose-
dependent effects, with low dosages (24 IU) resulting in benefi-
cial effect on e.g. positive ratings of social affiliation memory
and cortisol stress responses, but high dosages (48 IU) having no
effects in healthy individuals (Cardoso et al., 2013, 2014). Animal
studies suggest similar dose-dependent effects (e.g. Bielsky and
Young, 2004; Chini et al., 2014; Peters et al., 2014). Therefore, fu-
ture (clinical) studies should focus on the potential influence of
individual characteristics that relate to baseline (oxytocin) sys-
tem functioning and oxytocin effects (e.g. sex, psychopath-
ology), in combination with dosage effects (Macdonald and
Feifel, 2013; Chini et al., 2014).

Some limitations of this study must be mentioned. The par-
ticipants in our study were highly trauma-exposed police offi-
cers, resulting in a homogeneous but also specific sample. This
has the benefit of controlling for potentially confounding effects
of trauma-exposure on neurobiology of reward functioning, but
also decreases the generalizability of our findings towards other
PTSD patients groups (e.g. civilian trauma). Also, it is possible
that group differences are (in part) related to resilience of the
control group instead of PTSD status. Furthermore, although we
are one of the first to study oxytocin effects in male and female
participants simultaneously, we could not control for potential
effects of menstrual cycle in our female participants. Although
this will likely have evened out between treatment sessions,
menstrual cycle phase may have influenced effects of oxytocin
(Macdonald, 2012). Some methodological issues must also be

mentioned. We used a saline solution as placebo. Although sub-
jective awareness of received treatment during the second scan
session was (trend) significantly above chance level, the vast
majority of participants indicated this was due to noticeable ef-
fects on psychological functioning, and not smell or taste. Also,
it must be noted that the observed group by drug interaction in
the insula was only marginally significant with a P-value of
0.067. Therefore, replication of our findings is warranted to con-
firm the current results.

In conclusion, by increasing neural sensitivity to social re-
ward, a single intranasal oxytocin administration may alter sali-
ence processing of social reward in both male and female
patients with PTSD. This could potentially enhance sensitivity
for social support and therapeutic alliance, which in turn may
positively affect treatment response and recovery from PTSD
symptoms. This is one of the first studies investigating the ef-
fects of oxytocin in PTSD patients and our findings are a promis-
ing first step in investigating the therapeutic potential of
intranasal oxytocin in patients with PTSD. Future clinical stud-
ies are needed to investigate whether our findings translate to a
clinical setting, and to further substantiate the potential bene-
fits of oxytocin administration in MEP to enhance the efficacy of
currently available psychotherapy.
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