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The neuropeptide oxytocin (OT) has been suggested as a promising pharmacological agent for medication-enhanced psychotherapy in
posttraumatic stress disorder (PTSD) because of its anxiolytic and prosocial properties. We therefore investigated the behavioral and
neurobiological effects of a single intranasal OT administration (40 IU) in PTSD patients. We conducted a randomized, placebo-controlled,
cross-over resting-state fMRI study in male and female police officers with (n=37, 21 males) and without PTSD (n=40, 20 males). We
investigated OT administration effects on subjective anxiety and functional connectivity of basolateral (BLA) and centromedial (CeM)
amygdala subregions with prefrontal and salience processing areas. In PTSD patients, OT administration resulted in decreased subjective
anxiety and nervousness. Under placebo, male PTSD patients showed diminished right CeM to left ventromedial prefrontal cortex
(vmPFC) connectivity compared with male trauma-exposed controls, which was reinstated after OT administration. Additionally, female
PTSD patients showed enhanced right BLA to bilateral dorsal anterior cingulate cortex (dACC) connectivity compared with female
trauma-exposed controls, which was dampened after OT administration. Although caution is warranted, our findings tentatively suggest
that OT has the potential to diminish anxiety and fear expression of the amygdala in PTSD, either via increased control of the vmPFC over
the CeM (males) or via decreased salience processing of the dACC and BLA (females). Our findings add to accumulating evidence that

INTRODUCTION

Posttraumatic stress disorder (PTSD) develops in about 10%
of trauma-exposed individuals (de Vries and Olff, 2009). Its
symptoms include intrusions, avoidance of reminders of the
traumatic event, negative alterations in cognitions and mood,
and hyperarousal (American Psychiatric Association, 2013).
Neurobiologically, PTSD is associated with amygdala hyper-
activity toward negative emotional stimuli (Hayes et al, 2012)
and increased activity in and connectivity between nodes
of the salience network (ie, amygdala, insula, and dorsal
anterior cingulate cortex (dACC) (Patel et al, 2012; Sripada
et al, 2012b). Additionally, PTSD 1is associated with
ventromedial prefrontal cortex (vmPFC) hypoactivity, as
well as with decreased functional and structural connectivity
between the amygdala and vmPFC (Hayes et al, 2012;
Sripada et al, 2012a), supposedly leading to decreased top-
down prefrontal control over the fear response.
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As approximately one-third of PTSD patients completing
treatment still meet criteria for PTSD (Bradley et al, 2005),
there is a need for new or improved interventions to boost
treatment response (de Kleine et al, 2013). Because of its
anxiolytic and prosocial properties, the neuropeptide oxyto-
cin (OT) may be a promising agent for medication-enhanced
psychotherapy in PTSD (Koch et al, 2014; Olff et al, 2010).
Previously, decreased amygdala reactivity toward emotional
stimuli was found after intranasal OT administration in
healthy males (Kirsch et al, 2005), females with borderline
personality disorder (BPD) (Bertsch et al, 2013), males with
generalized social anxiety disorder (GSAD) (Labuschagne
et al, 2010), and male and female PTSD patients (Koch et al,
2015). In addition, OT administration increased resting-state
functional connectivity between the amygdala and vmPFC in
healthy males (Sripada et al, 2013) and in males with GSAD,
normalizing the diminished functional connectivity observed
under placebo in GSAD patients (Dodhia et al, 2014).
Notably, higher amygdala reactivity in PTSD patients before
treatment predicted worse treatment outcome, possibly due
to (more) impaired extinction learning and fear regulation
(Bryant et al, 2008b). Additionally, vmPFC-amygdala
connectivity is important in fear extinction learning (Milad
et al, 2007), assumed to be the underlying mechanism of
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exposure therapy in PTSD (Rothbaum and Davis, 2003).
Therefore, by dampening excessive fear processing of
the amygdala and increasing vmPFC to amygdala connec-
tivity, OT is hypothesized to enhance treatment response
in PTSD.

Although most neuroimaging studies conceptualize the
amygdala as a single brain region, neuroanatomical studies
in primates (Stefanacci and Amaral, 2002) and humans
(Amunts et al, 2005) revealed that the amygdala consists of
structurally and functionally heterogeneous subregions, two
of which are the basolateral nucleus (BLA) and the
centromedial nucleus (CeM). The BLA is involved in fear
learning, by integrating information from the (somato)
sensory cortex, thalamus, and dACC (Jovanovic and Ressler,
2010). The dACC has excitatory projections to the BLA,
which may excite the CeM. The CeM is primarily involved
in fear expression, via efferent projections to the brainstem
and hypothalamus (LeDoux, 1998). In addition, the vmPFC
exerts top—down inhibitory control over the CeM (Jovanovic
and Ressler, 2010), via excitatory projections to GABA-ergic
intercalated interneurons, which can inhibit CeM output.
Functional imaging studies in healthy individuals have
confirmed these distinct connectivity patterns (Brown et al,
2014; Roy et al, 2009).

Recently, the distinct functional connectivity patterns of
the BLA and CeM were investigated in male PTSD patients,
showing increased connectivity of the BLA with the
pregenual anterior cingulate cortex, dACC, and dorsomedial
prefrontal cortex (dmPFC) and decreased connectivity of the
BLA with the inferior frontal gyrus (IFG), compared with
trauma-exposed controls (Brown et al, 2014). However,
when the two subregions were combined into one amygdala
seed, only differential amygdala connectivity with the
anterior medial PFC was found in PTSD patients (Brown
et al, 2014). These findings indicate increased BLA
connectivity with fear processing areas in PTSD, which
would not have been identified using the entire amygdala as
one seed region.

To investigate the neurobiological effects of OT adminis-
tration in PTSD patients, we conducted a randomized,
placebo-controlled, cross-over resting-state fMRI study in
trauma-exposed police officers with and without PTSD. We
specifically investigated the effects of a single intranasal OT
administration on subjective anxiety and functional con-
nectivity of BLA and CeM amygdala subregions with
prefrontal areas (vmPFC) and salience processing areas
(insula and dACC). We expected to find decreased
connectivity between these amygdala subregions and pre-
frontal cortices but increased connectivity with salience
network nodes in PTSD patients compared with trauma-
exposed controls. Additionally, we hypothesized that OT
would normalize aberrant amygdala connectivity patterns in
PTSD patients. We included both sexes to investigate
possible sex differential effects of OT administration. This
may be relevant as amygdala reactivity toward socially and
non-socially threatening scenes was enhanced after OT
administration in healthy females (Lischke et al, 2012), in
contrast to the amygdala-dampening effects of OT admin-
istration observed in healthy males in response to compar-
able stimuli (Kirsch et al, 2005).
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METHODS
Participants

Participants (n=77) were recruited via advertisements in
journals and on websites of the Dutch police and via a
psychotrauma diagnostic outpatient clinic for police person-
nel (PDC politiepoli, Diemen, the Netherlands; PTSD
patients only). Participants were between 18 and 65 years,
did not have a history of neurological disorders or any
current severe or chronic disease, did not use psychotropic
medication, and female participants were not pregnant or
breastfeeding.

Male (n=21) and female (n=16) PTSD patients fulfilled
DSM-IV criteria for PTSD, with a score of >45 on the
Clinician Administered PTSD Scale (CAPS; Blake et al,
1995). Current comorbidity was assessed with the Mini
International Neuropsychiatric Interview (MINI-plus;
Sheehan et al, 1998) or the Structured Clinical Interview
for DSM-IV (First et al, 2012) (for patients recruited via
the police outpatient clinic, n=15). PTSD patients were
excluded if they met diagnostic criteria for current
substance-related disorder, severe major depressive disorder
(MDD), psychotic disorder, personality disorder, or current
suicidal risk.

Forty trauma-exposed male (n=20) and female (n=20)
controls were matched to the PTSD patients on sex, age,
years of service, and educational level. Control participants
were exposed to at least one potentially traumatic event,
according to the DSM-IV Al PTSD criterion, and had a
CAPS score of < 15. Trauma-exposed controls did not have
any current DSM-IV axis-1 psychopathology and no history
of PTSD or MDD, as assessed with the MINI-plus.

The study was conducted in accordance with the
declaration of Helsinki and approved by the Institutional
Review Board of the Academic Medical Center in Amster-
dam, The Netherlands. All participants provided written
informed consent before study participation.

Experimental Procedure

This within-subjects study consisted of three appointments:
one baseline session (T0) and two fMRI sessions (T1 and
T2). During TO, inclusion and exclusion criteria were
assessed. T1 and T2 were scheduled on average 11.5
(+9.90) days apart and preferably took place in the afternoon
or evening. Participants were asked to abstain from alcohol
and drugs 24 h before scanning and from food, nicotine,
beverages (except water), and rigorous exercise 2.5 h prior to
scanning. Before scanning, participants self-administered
intranasal OT (401U, Syntocinon, five puffs of 41U per
nostril) during one fMRI session and placebo (saline, NaCl
0.9%, five puffs per nostril) during the other fMRI session,
under experimenter supervision. The dose of 401U was
based on a previous study in which therapeutic effects of OT
administration in psychiatric patients were observed (Feifel
et al, 2010). The order of nasal spray administration was
randomized, double-blind, and counter-balanced between
sessions. The resting-state scan was part of a larger scanning
protocol. First, two task-based fMRI scans were conducted:
an emotional face-matching task (Koch et al, 2015) and a
monetary (Nawijn et al, 2016a) and social (Nawijn et al,
2016b) incentive delay reward task. Hereafter, the resting-



state scan was conducted, which began on average 72.51 min
(£4.03) after intranasal spray administration, when neuro-
pharmacological OT administration effects on cerebral blood
flow (Paloyelis et al, 2014) and elevated OT levels in
cerebrospinal fluid (Striepens et al, 2013) are still observed.
During resting-state scanning, participants were instructed
to relax and let their mind wander, with open eyes. At the
end of each scanning session, we assessed whether partici-
pants had let their mind wander during resting-state
scanning (yes-no question). In case specific thoughts were
reported, content of thought was assessed with an open
question. To investigate behavioral effects of OT adminis-
tration, we assessed current levels of anxiety, nervousness,
happiness, and sadness on visual analog scales (VAS) from 0
(not at all) to 100 (entirely). During each fMRI session, these
VAS questionnaires were administered before intranasal
spray administration and after functional scanning was
completed. Finally, after each scanning session, participants
were asked to guess which intranasal spray they received and
the primary reason for their guess.

fMRI Acquisition

Scanning was performed with a 3-T Philips Achieva MR
system (Philips Medical Systems, Best, The Netherlands),
using a 32-channel head coil. A FAST MPRage sequence was
used to obtain a high-resolution anatomical scan (220 slices;
voxel size = 1 mm?; repetition time=8.2's; echo time =3.8s;
flip angle = 8°). Resting-state scanning was performed using
an echo planar sequence sensitive to BOLD contrast
(7.9 min; 238 volumes; 37 slices; voxel size =3 mm?; repeti-
tion time=2s, echo time =28 ms; flip angle =76°).

Data Analysis

Demographics and questionnaires. SPSS version 20 (IBM
Statistics, Armonk, NY, USA) was used to assess differences
in demographical characteristics between PTSD patients and
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trauma-exposed controls, for male and female participants
separately. After checking for outliers and normality and
(log)transforming when necessary, independent ¢-tests and
repeated-measures ANOVAs were performed for continuous
variables and chi-square tests for categorical variables.
Additionally, we used two repeated-measures ANOVAs to
compare subjective anxiety and mood ratings during the OT
and placebo sessions: one for ratings acquired before drug
administration and one for ratings acquired after scanning.
Drug order was included as covariate. VAS ratings were
missing for two male PTSD patients. A P-value <0.05 (two-
tailed) was considered significant.

fMRI Data Analysis

SPM8 (http://www.fil.ion.ucl.ac.uk/spm) was used for fMRI
analysis. Amygdala seeds for the left and right BLA and CeM
subregions were defined using the Juelich histological atlas
(Amunts et al, 2005; Eickhoff et al, 2005) as implemented in
FSL (FMRIB Software Library, http://fsl.fmrib.ox.ac.uk/fsl;
see Figure 1a). For the CeM, voxels were included if they had
a >50% probability of belonging to the CeM amygdala
subregion according to the Juelich atlas. Because of signal
drop-out in the temporal cortex, a more stringent probability
threshold of 80% (and hence a smaller seed) was used for the
BLA subregion. For each participant, the first eigenvariates
of the left and right BLA and CeM amygdala time courses
were extracted using the Volume of Interest module in
SPMS8, which were subsequently used as regressor of interest
in the first-level models (see Supplementary Material pages
2-3 for details regarding preprocessing and first-level
analyses).

Contrast estimates of positive correlations with the
amygdala seeds were used in second-level repeated-measures
ANOVAs, for each left and right-sided amygdala seed
separately. Between-subjects factors included group
(PTSD—control) and sex (male—female) and the within-
subjects factor included drug (OT—placebo). Drug order

d
Male PTSD patients

BLA and CeM subregion connectivity. (a) Seeds for the basolateral (BLA) and centromedial (CeM) amygdala subregions used in the functional

connectivity analyses, defined using the Juelich probabilistic atlas (Amunts et al, 2005; Eickhoff et al, 2005). Right-sided BLA and CeM connectivity under
placebo in (b) male trauma-exposed controls, (c) female trauma-exposed controls, (d) male PTSD patients, and (e) female PTSD patients. Blue overlay
represents the right-BLA functional connectivity pattern; red overlay represents the right CeM functional connectivity pattern (MNI x, y, z=6, =5, 5). Left and
right-sided connectivity pattems were comparable. A full color version of this figure is available at the Neuropsychopharmacology journal online.
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was added as a covariate. Additionally, we calculated the
mean frame-wise displacement (FD) for each individual,
for each session, using the Data Processing Assistant
Resting-State  fMRI toolbox (Chao-Gan and Yu-Feng,
2010). Mean FD values were added as a covariate to all
second-level models, to account for variance in relative
displacement between scans (Yan et al, 2013).

We tested within predefined regions of interest (ROIs)
created with the anatomical 50% Harvard-Oxford probabil-
istic atlas (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases) corre-
sponding to these regions: insula, vmPFC, (ie, subcallosal
ACC mask), dmPFC (ie, superior frontal gyrus mask),
middle frontal gyrus, orbital frontal cortex (OFC), and ACC
(ie, ACC and paracingulate cortex masks). P-values were
family-wise error (FWE) corrected for multiple comparisons
within predefined ROIs using small volume correction. For
significant interaction effects (Ppwg<0.05), contrast esti-
mates were extracted using Marsbar (http://marsbar.source
forge.net) with a 5-mm sphere surrounding the peak voxel of
the interaction effects and post hoc tested in SPSS. Alpha-
values were Bonferroni corrected for the number of post-hoc
t-tests conducted for each ROI (eg, 0.05/8 =0.0063).

Two trauma-exposed controls were excluded from the
analyses owing to scanner artifacts. Additionally, two male
and two female PTSD patient were excluded owing to
excessive movement (>6mm/degrees in any direction).
After exclusion of these participants, average translation and
rotation in any direction were not significantly different
between PTSD patients and trauma-exposed controls (all
P>0.05). In total, 33 PTSD patients (19 males) and 38
trauma-exposed controls (19 males) were included in CeM
subregion analyses. For BLA amygdala subregion analyses,
additional participants had to be excluded because of signal
drop-out in voxels belonging to these seeds (one participant
for left and two participants for right BLA, see
Supplementary Methods). To ensure that our analyses were
not driven by excessive head motion, we reran the analyses
with a more conservative threshold of 3 mm/degrees in any
direction, additionally excluding one female participant, two
male, and two female PTSD patients (see Supplementary
Methods).

RESULTS
Demographics

PTSD patients did not differ from trauma-exposed controls
regarding age, years of service, educational level, hormonal
contraceptive use (females only), and time between intra-
nasal spray administration and resting-state scanning (all
P>0.05; see Table 1). Female trauma-exposed controls
experienced more types of work-related traumatic events
compared with female PTSD patients (P=0.042), whereas
male PTSD patients experienced more types of childhood
traumatic events than male trauma-exposed controls
(P=0.037). Of all participants, 85.91% reported alternating
thoughts during resting-state scanning, as opposed to
thoughts about a specific topic (ie, 14.09%). Both PTSD
patients and trauma-exposed controls were equally successful
at letting their mind wander during resting-state scanning
(T1 controls: 89.74% alternating thoughts, PTSD: 80.56%
alternating thoughts, P=0.264; T2 controls: 89.74%
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alternating thoughts, PTSD: 82.86% alternating thoughts,
P=0.390). During each scanning session, three PTSD
patients reported symptom-related thoughts during resting-
state scanning, whereas three trauma-exposed controls
reported thoughts about leisure activities, family, and friends
(see Supplementary Table S1 for thought content in PTSD
patients and trauma-exposed controls during the first and
second fMRI session).

Functional Connectivity—CeM Amygdala

See Figure 1b for CeM and BLA functional connectivity
patterns in male and female trauma-exposed controls and
PTSD patients under placebo. A significant group by sex by
drug interaction effect was found regarding functional
connectivity of the right CeM with the left vmPFC (peak
voxel x, y, z=-2, 30, — 8, Z=2.86, K=16, Prywg =0.032; see
Figure 2). We therefore investigated OT administration
effects on right CeM to left vmPFC functional connectivity
separately for male and female PTSD patients and trauma-
exposed controls. Under placebo, male PTSD patients
showed significantly less right CeM to left vmPFC con-
nectivity compared with male trauma-exposed controls
(t(35) =3.93; P<0.001), whereas no connectivity differences
were found for female participants (P=0.890). In addition,
we found a trend significant group by sex interaction effect
regarding right CeM to right vmPFC connectivity (peak
voxel x, y, z =2, 30, -8, Z=2.39, K=5, Ppywg=0.077),
in which the male trauma-exposed controls showed stronger
connectivity between the right-sided CeM and vmPFC com-
pared with male PTSD patients (#(35) =3.18, P=0.003). OT
administration resulted in enhanced connectivity between
the right CeM and left vmPFC in male PTSD patients
(t(17) =—3.32, P=0.004) but not in female PTSD patients or
trauma-exposed controls (all P>0.05). The under placebo
observed difference in right CeM to left vmPFC connectivity
between male PTSD patients and male trauma-exposed
controls was no longer significant after OT administration
(P=0.570). These results remained significant after addi-
tionally excluding participants moving >3 mm/degrees in
any direction (see Supplementary Table S2 and S3).

Controlling for differences in the number of different
types of work-related and childhood traumatic events did not
alter our results. No main effects of drug, group by drug,
or sex by drug interactions were observed for left and right
CeM functional connectivity (all Ppwg>0.05). Under
placebo, no main effects of sex or group or sex by group
interactions were found regarding left and right CeM
functional connectivity.

Functional Connectivity—BLA Amygdala

When investigating OT administration effects on left and
right BLA functional connectivity, we found a (trend)
significant group by sex by drug interaction effect regarding
connectivity of the right BLA with the bilateral dACC (left:
peak voxel x, y, z=—8, 50, 16; Z=3.27, K= 26, Pgw = 0.070;
right: peak voxel x, y, z=6, 38, 34; Z=3.70, K=99,
Prwg=0.019). Therefore, OT administration effects on
right BLA connectivity with the bilateral dACC were investi-
gated separately for male and female PTSD patients and
trauma-exposed controls. Further testing showed that OT
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Table | Participant Characteristics

PTSD patients (n=236) Healthy controls (n=40) Group differences
Males (n=21) Females (n=16) Males (n=20) Females (n=20) Males, Females,
P-value P-value
Age (years) 4229 (9.83) 37.56 (9.78) 4135 (10.62) 38.65 (948) 0.771 0.738
Years of service 1629 (10.82) 14.53 (10.74) 1842 (10.05) 18.60 (9.84) 0516 0.253
Educational level
Low 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0939 0.193
Middle 17 (81%) 15 (93%) 16 (80%) |7 (85%)
High 4 (19%) I (7%) 4 (20%) 3 (15%)
CAPS total score (PTSD severity) 68.05 (15.62) 6756 (11.83) 470 (4.79) 445 (4.66) < 0001 < 0001
Current comorbidity (N)
MDD 4 (19%) 4 (25%) NA NA NA NA
Dysthymia 2 (9.5%) | (6.3%)
Panic disorder I (4.8%)
Specific phobia I (4.8%)
PLES, number of different work-related traumatic experiences 22.50 (5.95) 13.50 (4.49) 2045 (642) 194 (727) 0.302 0.042
ETI, number of different childhood traumatic experiences 6.09 (4.55) 525 (5.18) 3.65 (2.35) 4.25 (4.82) 0.037 0.542
Hormonal contraceptive use
No NA 7 (44%) NA 8 (40%) NA 0.708
Yes 8 (50%) 9 (45%)
Menopause I (6%) 3 (15%)
TI T2 TI T2 TI T2 TI T2 P-value, P-value, P-value, P-value,
time® time X group Time® Time X group
Time medication— 7324 (591) 72.38 (590) 73.88 (431) 73.00 (3.80) 72.10 (495) 7275 (7.30) 7320 (846) 6990 (5.44) 0943 0.603 0.156 0405

resting-state (min)

Abbreviations: CAPS, Clinician Administered PTSD Scale; ETI, early trauma inventory, number of different events; PLES, police life events scale; MDD, major depressive disorder; NA, not applicable.

Values are mean (+SD) or N (%). Differences between male and female PTSD patients and trauma-exposed controls on continuous variables were tested with independent sample t-tests, and differences on categorical
variables were tested using the Chi-square test. To test whether time between intranasal spray administration and resting-state scanning differed between male and female PTSD patients and trauma-exposed controls for the
first and second fMRI session, a repeated-measures ANOVA was conducted. Significant group differences (P <0.05) are printed in bold.

The number of different types of police-related traumatic events was assessed with the police life events checklist (PLES) (Carlier and Gersons, 1992) and the number of different types of childhood traumatic events was
assessed with the self-report version of the Early Trauma Inventory (ETI) (Bremner et al, 2007).

*Main effect of group (P=0.758).

®Main effect of group (P=0.184).
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Figure 2 Right CeM amygdala—left vimPFC connectivity. (a) Statistical map of the drug by group by sex interaction effect regarding functional connectivity of
the right centromedial amygdala (CeM) with the left ventromedial prefrontal cortex (vmPFC). Results are overlaid on a single-subjects template and statistically
thresholded at P<0.005 (uncorrected) for display purposes. (b) Contrast estimates in arbitrary units (a.u.) of right CeM connectivity with the vmPFC (5 mm
sphere, peak voxel x, y, z=—2, 30, — 8) in male trauma-exposed controls and male PTSD patients. Error bars represent SEM. #*P < 0.005. A full color version

of this figure is available at the Neuropsychopharmacology journal online.
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Figure 3 Right BLA amygdala—dACC connectivity. (a) Statistical map of the group by sex by drug interaction effect regarding functional connectivity of the
right basolateral amygdala (BLA) with the dorsal anterior cingulate cortex (dACC). Results are overlaid on a single-subjects template and statistically
thresholded at P<0.005 (uncorrected) for display. (b) Contrast estimates in arbitrary units (a.u.) of right BLA-right JACC (5 mm sphere, peak voxel x, y, z=6,
38, 34) connectivity in female PTSD patients and trauma-exposed controls. Error bars represent SEM. ##P < 0.005. A full color version of this figure is available

at the Neuropsychopharmacology journal online.

administration decreased connectivity between the right
BLA and right dACC in female PTSD patients (#(12) =4.45,
P=0.001; see; Figure 3) and tended to decrease right BLA to
left dACC connectivity in female PTSD patients (£(12) =2.61,
P=0.023) and in male trauma-exposed controls (#(18)=
2.49, P=0.023). Under placebo, we found significantly
greater right BLA to right dACC connectivity in female
PTSD patients compared with female trauma-exposed
(¢(30) =—3.19, P=0.001). This difference between female
PTSD patients and trauma-exposed controls was absent after
OT administration (P=0.902). These results remained
significant after more stringently excluding participants with
excessive head movement (ie, 3 mm/degrees in any direction;
see Supplementary Table S2 and S3). Regarding left BLA
connectivity, no significant OT administration effects were
found for PTSD patients and trauma-exposed controls (all
Pgwi>0.05). Controlling for differences in the number of
different types of work-related and childhood traumatic
events did not alter our results. No main effects of drug,
group by drug, or sex by drug interactions were observed for
left and right BLA functional connectivity (all Pgyg > 0.05).
No main effects of drug or other group by drug interactions
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were observed for left and right BLA functional connectivity

Under placebo, we observed a significant group by sex
interaction effect for left BLA functional connectivity
with the right insula (peak voxel x, y, z=34, 22, —4;
Z=4.10, K=50, Ppyg=0.003), in which male trauma-
exposed controls showed enhanced functional connectivity
between the left BLA and right insula compared with female
trauma-exposed controls (P =0.045). No sex differences were
observed between male and female PTSD patients regarding
left BLA-right insula connectivity (P=0.152). Additionally, a
significant group by sex interaction effect was observed for
functional connectivity of the right BLA with the left IFG
(peak voxel x, y, z=-50, 18, 4; Z=3.69, K=29, Prywg=
0.006), in which male trauma-exposed controls showed
increased functional connectivity between the right BLA and
left IFG, compared with female trauma-exposed controls
(P=0.005). Again, no sex differences were found between
male and female PTSD patients regarding right BLA to left
IFG functional connectivity (P=0.186; see Supplementary
Table S4 for test statistics of these group and sex differences
under placebo).
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Figure 4 Behavioral effects of OT administration in PTSD patients. Average rating on visual analog scales (VAS) assessing current subjective anxiety,
nervousness, happiness, and sadness on a scale of O (not at all) to 100 (entirely) after placebo and OT administration in PTSD patients (males and females

combined). Error bars represent SEM. *P<0.05, #P<0.I.

Behavioral OT Effects in PTSD Patients

We investigated whether OT administration altered sub-
jective experiences in PTSD patients. Compared with
placebo, OT administration in PTSD patients was associated
with lower ratings of subjective anxiety (F(1,32)=4.42,
P=0.044) and nominally lower ratings of nervousness
(F(1,32)=3.98, P=0.055) but not happiness and sadness
(all P>0.05) (see Figure 4; see Supplementary Figure S1 for
subjective ratings in male and female PTSD patients
separately). Ratings of anxiety, nervousness, happiness, and
sadness prior to drug administration did not differ between
scanning sessions (all P>0.05). OT-induced reductions in
anxiety and nervousness were not significantly correlated
with OT-induced alterations in amygdala functional con-
nectivity with the vmPFC (male PTSD patients) or right
dACC (female PTSD patients) (all P> 0.05; Supplementary
Table S5). CAPS total and subscale scores were not
significantly correlated to functional connectivity measures
under placebo (all P> 0.05; Supplementary Table S6).

After the first scanning session, 51.4% of trauma-exposed
controls and 57.1% of PTSD patients correctly guessed which
intranasal spray they received, which is not significantly
different from chance levels (ie, 50%, binominal test,
controls: P=1.00, PTSD: P=0.500). After the second
scanning session, trauma-exposed controls still guessed at
chance level (ie, 62.2% of controls guessed correctly, 50%
binominal test, P=0.188), whereas PTSD patients were able
to correctly guess intranasal treatment allocation (ie, 77.1%
of PTSD patients guessed correctly, 50% binominal test,
P=0.002). This seemed more pronounced in female PTSD
patients (86.7% correct, 50% binominal test, P=0.007) than
in male PTSD patients (70% correct, 50% binominal test,
P=0.115). Of note, in those participants correctly guessing
intranasal treatment allocation during the second scanning
session, the most common reason for their correct guess was
psychological effects, such as increased calmness, sleepiness,
and changes in concentration (ie, 59.09% of controls and
55.56% of patients), whereas a minority reported mild side
effects (eg, dizziness, headache; ie, 4.54% of controls and
7.41% of patients) or differences in taste or smell between

placebo and oxytocin (ie, 22.7% of controls and 29.6% of
patients) as primary reason.

DISCUSSION

We investigated OT administration effects on amygdala
subregion functional connectivity in male and female PTSD
patients and trauma-exposed controls. We found diminished
functional connectivity between the right CeM and left
vmPFC in male PTSD patients under placebo, which was
reinstated after OT administration. Female PTSD patients,
on the other hand, showed higher connectivity between
the right BLA and right dACC under placebo, which
was attenuated after OT administration to levels similar
to that of female trauma-exposed controls under placebo.
These neural effects were paralleled by decreased subjective
anxiety and nervousness in PTSD patients after OT
administration.

Under placebo, male PTSD patients showed lower CeM to
vmPFC connectivity compared with male trauma-exposed
controls. Previously, Sripada et al (2012a) found decreased
anticorrelations between amygdala and vmPFC activity in
male PTSD patients compared with male traumatized
controls, indicating decreased inhibitory connectivity be-
tween the vmPFC and amygdala. Decreased amygdala to
prefrontal connectivity is thought to represent decreased
top-down control over the fear response, via excitatory
glutamatergic vmPFC projections to GABA-ergic interneur-
ons of the amygdala, which in turn inhibit fear expression of
the CeM (Jovanovic and Ressler, 2010). In line with the
notion of top-down control, vmPFC activity has been
positively associated with extinction learning in healthy
individuals, inhibiting the conditioned fear response of the
amygdala when an extinction memory is retrieved (Milad
et al, 2007). Notably, we found OT-induced decreased
subjective anxiety, as well as increased connectivity between
the vmPFC and CeM in male PTSD patients. Based on the
prevailing amygdala neurocircuitry model, increased CeM to
vmPFC connectivity may indicate increased top-down
prefrontal control over the fear response, although caution
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should be warranted in assigning causal relations to
correlational resting-state data.

Our finding of stronger BLA to dACC connectivity in
female PTSD patients compared with female trauma-
exposed controls replicates a previous finding on amygdala
subregion connectivity, albeit in male veterans with PTSD
(Brown et al, 2014). The dACC is implicated in the
expression of fear via excitatory glutamatergic projections
to the BLA, which in turn may increase fear-associated
output of the CeM (Jovanovic and Ressler, 2010). Further-
more, the dACC and amygdala are key nodes of the salience
network, which is important for directing attention to salient
stimuli in the environment. This is particularly relevant in
light of the commonly observed hypervigilance in PTSD.
Indeed, dACC activity in female PTSD patients was
previously associated with attentional bias toward threaten-
ing facial expressions in a dot-probe task (Fani et al, 2012).
We found that OT administration attenuated BLA-dACC
connectivity in female PTSD patients to the same level as
female trauma-exposed controls under placebo. Reducing
(excessive) connectivity between the dACC and amygdala in
PTSD patients may lead to decreased hypervigilance, thereby
dampening fear responsiveness and decreasing subjective
anxiety and nervousness.

Behaviorally, PTSD patients reported decreased subjective
anxiety and nervousness after OT administration but no
alterations in self-reported happiness or sadness. This is in
line with a previous study, in which reduced subjective
anxiety during public speaking stress in healthy males was
observed after a single OT administration (de Oliveira et al,
2012). PTSD patients, who are characterized by exaggerated
fear responses, may be especially sensitive to the anxiolytic
effects of OT administration, resulting in decreased reported
anxiety and nervousness in this group specifically. In
addition, 77.1% of PTSD patients (but not trauma-exposed
controls) were able to correctly guess treatment allocation at
the end of the second scanning session, reporting noticeable
OT administration effects on psychological functioning as
primary reason underlying their guess. These findings seem
to be in line with the suggestion that OT administration
effects may be especially beneficial for those individuals
who have something to gain regarding fear regulation
(Labuschagne et al, 2010). As mentioned previously, our
observed OT-induced alterations in amygdala subregion
connectivity may have resulted in decreased fear expression
of the CeM, either via increased (inhibitory) top-down
control of the vmPFC over the CeM (male PTSD patients) or
via decreased excitation of the BLA by the dACC (female
PTSD patients). This could be a potential underlying neural
mechanism of the observed decreased subjective anxiety and
nervousness. However, we did not find significant associa-
tions between OT-related reductions in anxiety and nervous-
ness and OT-induced alterations in amygdala subregion
functional connectivity. Several possible explanations can be
put forward. First, anxiety and nervousness were assessed at
the end of the fMRI session, approximately 25 min after
resting-state scanning, and therefore we cannot exclude
additional influences on these behavioral outcomes. Second,
male and female PTSD patients showed differential neural,
but not behavioral, correlates of OT administration. There-
fore, we conducted subgroup analyses on the association
between OT-induced alterations in subjective anxiety and
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amygdala subregion connectivity for male and female PTSD
patients separately. Possibly, these analyses suffered from a
lack of power owing to the subgroup analysis. This may be
especially true for male PTSD patients, in whom the
correlation coefficients between OT-induced subjective and
neural alterations were of moderate effect size (ie, anxiety:
Pearson’s r=0.333; nervousness: Pearson’s r=0.336).

In contrast to a previous intranasal fMRI resting-state
study in which increased amygdala to vmPFC connectivity
was found after OT administration in healthy individuals
(Sripada et al, 2013), we did not find OT administration
effects in our healthy trauma-exposed controls, except for the
dampening of right BLA to right dACC connectivity in male
controls. It has been suggested that the effects of OT depend
on inter-individual and contextual factors (Bartz et al, 2011)
and may be more beneficial in those who have something
to gain regarding fear regulation (Labuschagne et al, 2010;
Olff et al, 2013). Of note, we included a healthy sample of
apparently highly resilient controls, with few PTSD symp-
toms and no current psychopathology, despite high trauma
exposure. Presumably, they had little to gain regarding fear
regulation, explaining the almost complete absence of OT
administration effects in this group.

Notably, our male and female PTSD patients showed
distinct amygdala functional connectivity abnormalities
compared with their same-sex traumatized controls, suggest-
ing that the underlying neurobiological correlates of PTSD
differs for males and females To our knowledge, to date only
one fMRI study investigated sex differences in functional
connectivity of amygdala subregions, albeit in relation to the
personality trait harm avoidance in healthy individuals (Li
et al, 2012). Harm avoidance was more strongly associated
with functional connectivity patterns of the BLA in females
and of the CeM in males (Li et al, 2012). However, sex
differences in functional connectivity patterns of amygdala
subregions have not yet been studied in PTSD patients. Our
findings underline the importance of investigating such
possible neurobiological sex differences in PTSD.

Presumably, the effects of OT administration on amygdala
subregion connectivity in PTSD patients may be associated
with dampened fear expression toward threat-related stimuli.
Although causal relations cannot be inferred from these
correlational data, the increased connectivity between the
CeM and vmPFC after OT administration observed in male
PTSD patients may suggest increased prefrontal control over
the amygdala. Additionally, the decreased BLA to dACC
connectivity observed in female PTSD patients may repre-
sent decreased excitatory dACC projections to the BLA.
However, this remains speculative. In line with the notion of
dampened fear expression, PTSD patients showed decreased
anxiety and nervousness after OT, but no alterations in
mood. In PTSD patients, higher amygdala reactivity toward
masked fearful faces, measured before psychotherapy, has
been associated with worse treatment outcome (Bryant et al,
2008a). In addition, increased amygdala and dACC activity
toward pictures of negative emotional scenes before treat-
ment predicted the persistence of PTSD symptoms post-
treatment (van Rooij et al, 2014). It has been suggested that
excessive fear during psychotherapy could impair extinction
learning, resulting in less favorable therapy outcomes (Bryant
et al, 2008a). Successful treatment has been associated with
decreased amygdala activity and increased vmPFC activity



toward emotional faces over the course of treatment
(Felmingham et al, 2007). Notably, the vmPFC is important
in extinction learning, the underlying mechanism of
exposure therapy (Rothbaum and Davis, 2003) and the
treatment of choice for PTSD (Foa et al, 2009). Previous
animal (Zoicas et al, 2014) and human studies (eg, Eckstein
et al, 2014) have shown that OT administration enhanced
extinction learning (but see (Acheson et al, 2015). In healthy
individuals, OT administration increased prefrontal involve-
ment during the early phase of fear extinction and attenuated
general amygdala responsivity (Eckstein et al, 2014). Taken
together, decreasing (excessive) fear response and subjective
anxiety, and possibly enhancing fear extinction learning, may
be beneficial during psychotherapy in PTSD. However,
caution is warranted with regard to routine clinical OT
application in the context of medication-enhanced psy-
chotherapy for PTSD. In a recent pilot study, OT was
administered prior to an exposure therapy session for
arachnophobia (fear of spiders), investigating whether OT
could augment exposure-based treatment response (Acheson
et al, 2015). Although behavioral measures of fear were not
altered, OT administration resulted in increased self-
reported symptoms both at 1 week and 1 month follow-up,
as well as decreased confidence in treatment and therapeutic
alliance prior to the therapy session (Acheson et al, 2015).
To our knowledge, this is the first study investigating OT
administration effects on amygdala subregion functional
connectivity. Additionally, OT administration effects on
resting-state functional connectivity have never been studied
before in PTSD patients. Furthermore, male and female
psychiatric patients have never been directly compared in
one intranasal OT fMRI study on amygdala functional
connectivity. However, several limitations need to be
addressed. First, no causal inferences can be drawn based
on the correlational functional connectivity analyses nor can
we infer whether connections are inhibitory or excitatory.
Although the vast majority of participants (ie, >85%) was
able to let their mind wander during resting-state scanning,
we cannot exclude that differences in content of thought
between PTSD patients and trauma-exposed controls may
have influenced our observed resting-state differences
between PTSD patients and trauma-exposed controls. Future
resting-state studies in PTSD patients should investigate the
possible effects of content of thought on functional
connectivity findings. Additionally, although our overall
sample size was fairly large for a crossover fMRI study in
psychiatric patients, it was relatively small to investigate
possible sex differential effects of OT administration.
Furthermore, we included a specific, highly traumatized
sample of police officers, who experienced police-related
traumatic events. This allowed us to not only control for the
possible confounding effect of high trauma exposure and
differences in types of traumatic experiences but also limits
the generalizability of our findings to other PTSD patient
samples and types of traumatic experiences. Additionally, we
included female participants using hormonal contraceptives,
which may have influenced basal OT levels and OT receptor
affinity (Caldwell et al, 1994). However, female PTSD
patients did not differ from female trauma-exposed regard-
ing hormonal contraceptive use, indicating that the observed
differential OT effects between these groups are unlikely to
be explained by differences in hormonal contraceptive use.
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Finally, we were unable to control for the phase of menstrual
cycle our female participants were scanned in, as we aimed to
minimize the time and hence differences in PTSD symptom
severity between both scanning sessions. As extinction recall
(Milad et al, 2006) was previously found to be influenced by
phase of menstrual cycle, future studies on medication-
enhanced psychotherapy for PTSD should take phase of
menstrual cycle into account.

In conclusion, we showed that OT administration
dampened subjective anxiety and nervousness in PTSD
patients and that aberrant functional connectivity patterns in
PTSD patients were normalized to similar levels as trauma-
exposed controls. This suggests that OT has the potential to
diminish fear expression and enhance treatment response in
PTSD patients. Our findings open the way for research
investigating the therapeutic potential of OT administration
in PTSD patients in more clinical settings, for example,
during symptom provocation, and eventually during
exposure-based therapy.
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