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In human evolution, social group living and Pavlovian fear conditioning have evolved as adaptive mechanisms promoting survival and
reproductive success. The evolutionarily conserved hypothalamic peptide oxytocin is a key modulator of human sociality, but its effects on
fear conditioning are still elusive. In the present randomized controlled study involving 97 healthy male subjects, we therefore employed
functional magnetic resonance imaging and simultaneous skin conductance response (SCR) measures to characterize the modulatory
influence of intranasal oxytocin (24 IU) on Pavlovian fear conditioning. We found that the peptide strengthened conditioning on both the
behavioral and neural levels. Specifically, subjects exhibited faster task-related responses and enhanced SCRs to fear-associated stimuli in
the late phase of conditioning, which was paralleled by heightened activity in cingulate cortex subregions in the absence of changes in
amygdala function. This speaks against amygdalocentric views of oxytocin having pure anxiolytic-like effects. Instead, it suggests that the
peptide enables extremely rapid and flexible adaptation to fear signals in social contexts, which may confer clear evolutionary advantages

INTRODUCTION

Humans are inherently social, suggesting that cooperative
behaviors, and a brain architecture that supports them, must
have clear adaptive advantages. Current concepts of human
evolution posit that the major driving force for the increase in
brain, and particularly neocortex, size was the development
of social group living and monogamous pair bonds
(Dunbar and Shultz, 2007), thus promoting offspring survival
in a hostile environment, where threat was ubiquitous,
primarily through natural disasters, hunting predators, and
aggressive out-groups (Ohman and Mineka, 2001).

From a neurobiological perspective, a pivotal mechanism
for transforming threat into adaptive behaviors is Pavlovian
fear conditioning, a form of associative learning that allows
to predict aversive events (Herry and Johansen, 2014).
Experimentally, Pavlovian fear conditioning is established by
repeatedly coupling a neutral stimulus (CS+) with an
aversive stimulus (UCS), which leads to a conditioned
response (CR) to the CS+ alone (Sehlmeyer et al, 2009).
However, whether or not Pavlovian fear conditioning
benefits from human sociality has received less attention
from neurobiology.
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Key among the molecular substrates of social group living
and monogamous pair bonds in humans is the hypothalamic
peptide oxytocin (OXT) (Scheele et al, 2012, 2013). Studies of
intranasally delivered exogenous OXT (OXT™) have shown
that the peptide produces anxiolytic-like effects as a result of
dampened amygdala reactivity to threat (Eckstein and
Hurlemann, 2013; Domes et al, 2007, but see Lischke et al,
2012), thereby promoting in-group trust (Kosfeld et al,
2005), cooperation (De Dreu et al, 2010) and affiliative
behaviors (Hurlemann and Scheele, 2015; Rilling and Young,
2014). The amygdala—an ensemble of functionally distinct
nuclei located in the medial temporal lobe-is central to a
distributed neural circuitry orchestrating Pavlovian fear
conditioning in humans and other species, underscoring its
crucial role in promoting reproductive fitness (Herry and
Johansen, 2014).

In a previous study, we found that OXT™ administered
following a Pavlovian fear-conditioning paradigm and prior to
fear extinction facilitated fear extinction and inhibited
amygdala response (Eckstein et al, 2014b). This raised the
possibility of OXT™ as a potential enhancer of psychotherapy
for social anxiety disorder (SAD) and posttraumatic stress
disorder (PTSD) especially. Indeed, the prevailing pathome-
chanistic models of anxiety disorders have emphasized a key
role of Pavlovian fear conditioning in the acquisition of
avoidance behavior (Lissek et al, 2008; Rauch et al, 2006).

This finding of increased fear extinction, however, seems
to contradict further research showing that OXT™ facilitates
bodily reactions to and episodic memory for aversive events
(Striepens et al, 2012), increases the perception of social
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stress in the absence of support (Eckstein et al, 2014a), and
promotes defensive aggression towards competing out-
groups (De Dreu et al, 2010). We therefore sought to answer
the question whether OXT’s influence is dependent on the
timing of administration. More specifically, we examined
whether the seemingly contradictory findings were based on
OXT’s facilitation of two separate learning processes, namely,
the learning of negative and avoidance behaviors compared
with positive, prosocial behaviors. According to one model of
fear conditioning and extinction as being two competing
processes, the stronger of the two processes overrides and
thus inhibits the other (Lissek and van Meurs, 2014). Given
our previous findings that OXT prior to extinction learning
increased fear extinction, we hypothesized that it could also
increase fear learning if given prior to conditioning.

We therefore addressed the question of OXT™s influence
on fear learning itself. With this study, we administered
OXT™ to participants prior to Pavlovian fear conditioning in
a randomized, double-blind, parallel group, placebo (PLC)-
controlled study with concomitant functional magnetic
resonance imaging (fMRI) and psychophysiological assess-
ments in 97 healthy men. After the intranasal administration
of either OXT (24 IU) or PLC, all participants completed an
fMRI fear-conditioning procedure. We predicted that OXT™
would facilitate rather than inhibit Pavlovian fear condition-
ing. We expected this to be evident in psychophysiology as
well as in fear-related neural networks (Sehlmeyer et al,
2009). These networks include the amygdala as well as
middle and anterior parts of the cingulate cortex, which are
involved in negative affect (Vogt, 2005) and whose activa-
tions have been found to be susceptible to OXT™ (Eckstein
et al, 2014a, b; Preckel et al, 2014; Scheele et al, 2014a, b).

MATERIALS AND METHODS
Participants

Ninety-seven healthy, right-handed adult males (mean
age =+ SD, 24.45 + 4.02 years) participated after giving written,

Table I Demographics and Neuropsychological Performance
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informed consent. The study was approved by the local
Institutional Review Board (IRB) (Identifier 329/12) and
carried out in compliance with the latest revision of the
Declaration of Helsinki. The study was registered in the
ClinicalTrials.gov database (Identifier: NCT02156661) pro-
vided by the US National Institutes of Health. Subjects were
free of current and past physical or psychiatric illness, as
assessed by medical history and the Mini-International
Neuropsychiatric Interview (Sheehan et al, 1997). All were
non-smokers, naive to prescription-strength psychoactive
medication, and had not taken any over-the-counter
psychoactive medication in the past 4 weeks.

Experimental Design

We applied a randomized, placebo-controlled, double-blind,
between-subject design. We preferred a parallel group design
over a cross-over, within-subject design in order to avoid
potentially confounding effects of repetitive fear condition-
ing. Volunteers were randomly assigned to intranasal
administration of either OXT (24IU; Syntocinon-Spray,
Novartis; three puffs per nostril, each with 4 IU OXT) or PLC
(0.9% sodium chloride solution) in accordance with current
guidelines (Guastella et al, 2013). The screening of the
subjects was conducted prior to the test sessions. Participants
completed a baseline skin conductance response (SCR)
measurement and a comprehensive neuropsychological test
battery to control for possible pretreatment differences. The
experimental groups did not differ in demographic variables
or neuropsychological performance (cf. Table 1).

FMRI Conditioning Paradigm

We used an adapted version of a validated fMRI fear-
conditioning procedure (Becker et al, 2013). During this
paradigm, neutral conditioned stimuli (CS+) were paired
with an aversive, unconditioned stimulus (UCS) (electric
shock) in 70% contingency, while other neutral stimuli were
never paired with the UCS (CS-). To account for previous

OXT group, mean (SD) PLC group, mean (SD) t df P

Age (years) 24.17 (3.58) 24.61 (4.28) -05I 94 061
Education (years) 1647 (2.26) 16.50 (2.40) -0.06 88 095
SsTe

Median reaction time (ms) 491.16 (148.20) 467.32 (139.67) 0.75 90 0.55

Stop signal reaction time (ms) 21578 (13051) 197.88 (139.62) 0.58 89 0.56

Proportion of correct stops 0.52 (0.15) 051 (0.1 0.12 90 0.90
PAL®

Total errors 1700 (16.14) 20,69 (17.77) -097 91 033

Mean errors to success 242 (5.38) 1.73 (292) 0.81 91 042
STAI Trait® 4381 (2.90) 44.19 (2.62) —063 89 053

*Subjects’ ability to inhibit a reaction was measured with the stop signal task (SST). ®Subjects’ visual memory was measured with the paired associates learning task (PAL),
using the Cambridge Neuropsychological Test Automated Battery (CANTAB). “Trait anxiety was assessed by the Spielberger State Trait Anxiety Inventory.
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findings suggesting that OXT specifically modulates proces-
sing of social stimuli (Hurlemann et al, 2010; Scheele et al,
2012), we included a social CS pair (face CS+, face CS—) and
a non-social CS pair (house CS+, house CS-).

The fMRI conditioning procedure started 30 min after
inhalation of the nasal spray. All CS+ and CS— stimuli were
presented 30 times in total for 4000 ms each in a randomized
order throughout the conditioning procedure (restriction:
there were no more than two consecutive presentations of
any one type of CS). CSs were separated by a variable
interstimulus interval ranging from 8 to 11 s, during which
subjects viewed a central fixation cross (low-level baseline).

Processing of Psychophysiological Data

Details on the psychophysiological measurement and
electrical stimulation can be found in the Supplementary
Material. In line with previous studies, the SCR was defined
as the maximum amplitude of the eletrodermal signals
during the 5s following CS onset minus the mean
electrodermal amplitude 1s prior to stimulus onset (Becker
et al, 2013). Quality checks were conducted in order to
identify and exclude non-responders and invalid recordings
(Eckstein et al, 2014b). We focused our SCR analysis on the
data of subjects who displayed successful conditioning
manifest in a larger SCR to the CS+ than to the CS— in
the late conditioning phase. Of note, the treatment groups
did not differ in the number of exclusions ()((21) =1.33,
P=0.25) and 47 subjects (n=17 for OXT and n=30 for
PLC) entered the final analysis.

Furthermore, to account for inter-individual differences in
physiological reactivity (LaBar et al, 1998), SCR data from
the fMRI session was baseline-corrected to the mean SCR in
the screening session. Furthermore, consistent with previous
studies (Biichel et al, 1998), the raw SCR to the electric shock
(UCS) was z-standardized relative to the subject’s individual
mean and SD as this SCR had no comparable counterpart in
the screening session.

Acquisition and Analysis of fMRI Data

The MRI data was collected using a 1.5-T Siemens Avanto
MRI system (Siemens, Erlangen, Germany). T2*-weighted
echoplanar (EPI) images with blood-oxygen-level-depen-
dent (BOLD) contrast were obtained (TR =3000ms, TE=
35ms, matrix size: 64 x 64, pixel size: 3x3x3 mm3, slice
thickness =3.0 mm, distance factor=10%, FoV =192, flip
angle=90°, 36 axial slices). High-resolution anatomical
images were acquired using a T1-weighted 3D MPRAGE
sequence (imaging parameters: TR =1570 ms, TE =3.42 ms,
matrix size: 256x 256, pixel size: 1x1x1mm’ slice
thickness = 1.0 mm, FoV =256, flip angle=15° 160 sagittal
slices).

A two-level random effects approach based on the general
linear model as implemented in SPM8 was used for statistical
analyses. On the first level, the four CS stimuli and the
UCS were modeled as separate regressors. To account for the
gradual development and temporal modulation of fear
acquisition, condition-specific regressors were defined for
the early (spanning the trials 1-15) and late (spanning the
trials 16-30) phases of conditioning (face CS+°*", face
CS—, house CS+°™Y, house CS— ", face CS+™¢, face
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CS-'2¢ house CS+™*, house CS—') (LaBar et al, 1998).
Additional regressors for movement were included, and all
regressors were convolved with the hemodynamic response
function. Each experimental condition was compared
relative to the low-level baseline, and differences between
the CS+ and CS— conditions were computed separately for
the OXT and PLC group.

Based on the first-level contrast (CS+>CS-), time-
specific effects of OXT on conditioning were assessed at
the second-level using repeated-measures analyses of vari-
ance (ANOV As) with the within-subject factor ‘phase’ (early,
late) and the between-subject factor ‘treatment’ (OXT, PLC).
To account for an overestimation of between-subject effects
in the mixed-effect models, as currently implemented in
SPM, main effects of treatment were assessed using two-
sample t-tests and appropriate first-level contrasts.

Furthermore, the modulatory influence of the social
context on treatment effects was explored in a separate
repeated-measures ANOV A model incorporating the within-
subject factor ‘sociality’ (face, house) and the between-
subject factor ‘treatment’ (OXT, PLC). Based on previous
studies investigating the neural effects of OXT (Eckstein et al,
2014a; Scheele et al, 2014a), we defined regions of interest
(ROIs) for the amygdala (Hurlemann et al, 2008) and
subdivisions of the cingulate cortex (ie, the anterior cingulate
cortex (ACC) and the middle cingulate cortex (MCC)) (Vogt,
2005) by applying atlas-based structural ROI masks. A
significance threshold of P<0.05, corrected for multiple
comparisons (family-wise error (FWE)), was used. For the
ROI analyses, FWE-correction was adjusted to the size of
the ROL

In order to determine the direction and specificity of OXT
effects, parameter estimates were extracted from 10-mm
spheres around the peak voxel of regions showing significant
treatment effects using MarsBaR toolbox (see also http://
marsbar.sourceforge.net/) (Brett et al, 2002). Anatomical
classification was done using WFU pick atlas, automatic
anatomic labeling (aal), or Talairach Daemon (TD) labels.

RESULTS
Behavioral Results

Pavlovian fear conditioning typically accelerates the reaction
to the CS+ but not the CS— (Critchley et al, 2002). Therefore,
mean reaction times from all participants were submitted to
a repeated-measures ANOVA with the within-subject factors
‘phase’ (early: trials 1-15, late: trials 16-30), 'type’ (CS+,
CS-), ‘sociality’ (face, house) and ‘treatment’ (OXT, PLC)
as between-subject factor. The analysis yielded a significant
main effect of type (F(;,90)=7.67, P<0.01, 7*=0.08) and an
interaction of type and treatment (F(jq0)=3.13, P=0.04
one tailed, 172 =0.03, cf. Figure 1la). Post-hoc t-tests revealed
faster responses to the CS+ than to the CS— under OXT™
influence (fz2=-3.57, P<0.01, d=-0.15) but not under
PLC (P=045). Thus OXT seems to strengthen the
conditioning effect.

Psychophysiological Results

We performed a repeated-measures ANOVA with the
within-subject variables ‘type’ (CS+, CS—), ‘phase’ (early,
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Behavioral and psychophysiological effects of oxytocin on fear conditioning. Intranasal oxytocin facilitated fear conditioning, as evident in a greater

reaction time difference between fear- and safety-associated stimuli (a) and enhanced electrodermal responses to the CS+ in the late conditioning phase (b).
Importantly, oxytocin concurrently diminished electrodermal responses to electric shocks (c). CS+, fear-associated stimulus; CS—, safety-associated stimulus;
OXT, oxytocin; PLC, placebo; SCR, skin conductance response; *P<0.05. Error bars indicate SEM.

late), ‘sociality’ (face, house), the between-subject factor
‘treatment’ (OXT, PLC), and the baseline-corrected SCR as
dependent variable. This analysis revealed significant main
effects of ‘type’ (F(,45)=10.71, P<0.01, n*=0.19), ‘phase’
(F1s)=6.31, P=0.02, °=0.12), ‘sociality’ (F(; s =4.89,
P=0.03, 7 =0.10), and ‘treatment’ (Fa,45y=8.12, P<0.01,
n*=0.15), indicating successful conditioning, habituation
across the phases, as well as enhanced responses to social
stimuli in both groups and to all stimuli within the OXT™
group (Eckstein et al, 2014b). We also detected significant
interactions of ‘type’ and ‘phase’ (F(;45=9.02, P<0.01,
n*=0.17) and ‘sociality’ and ‘treatment’ (F(j45)=4.91,
P=0.03, #>=0.10). Differential responses to the CS+ and
CS— were larger in the late phase than in the early phase of
conditioning and the OXT group displayed stronger
responses to social stimuli per se. Importantly, there was
also a significant interaction of ‘type’, ‘phase’, and ‘treatment’
(F1,45y=6.20, P=0.02, n*=0.12, cf. Figure 1b). Post-hoc
t-tests showed that during the late phase the electrodermal
response to the CS+ was significantly more pronounced
under OXT (Mean +SD =1.09 + 0.94 mS) than under PLC
(Mean +SD =0.66 +0.11 mS) (¢;627)=1.88, P=0.038, one-
tailed, d =0.78), while there was no significant difference for
the CS— (P=0.30).

Interestingly, the electrodermal responses to the electric
shocks were decreased under OXT (0.27 +0.74 z values)
compared with PLC (0.74+0.69 z values) (f9s)=—3.14,
P<0.01, d=0.67, cf. Figure 1c). Therefore, the OXT-induced
facilitation of conditioning cannot be considered a byproduct
of an enhanced UCS processing.

FMRI Results

A comparison of fear-associated stimuli and safety cues (face
CS+>face CS— and house CS+>house CS-) revealed
typical activations in large conditioning networks, including
the insula, cingulate cortex, and prefrontal areas (cf. Table 2).
A two-sample t-test yielded no general OXT effect for the
processing of social vs non-social stimuli (face CS— >house
CS-).

We observed a main effect of OXT™ on conditioning
(CS+>CS-) such that the OXT group exhibited a
significantly higher activation in the right subgenual anterior
cingulate cortex (sACC) compared with the PLC group (peak
MNI x, y, =3, 29, — 2, t(94y = 3.57, Prwg = 0.03, cf. Figure 2a

and Supplementary Table S1). Thus OXT not only facilitated
behavioral indices of fear conditioning but also enhanced
activity in brain regions implicated in this paradigm. A
repeated-measures ANOVA with the additional within-
subject variable ‘phase’ (early, late) did not yield a significant
interaction between phase and treatment.

Separate analysis for the OXT effect on fear acquisition in
the social and non-social contexts revealed that OXT™
enhanced activity in the left posterior midcingulate cortex
(pMCC) (peak MNI x, y, z=-15, —43, 37, tw3=3.73,
Prywg =0.04, cf. Figure 2b and Supplementary Figure S1) only
for the social condition. In fact, a subsequent repeated-
measures ANOVA with the within-subject variable ‘sociality’
(face, house) and the between-subject factor ‘treatment’
(OXT, PLC) showed that this OXT effect was significantly
stronger for social than non-social stimuli (peak MNI x, y,
Z=- 15, - 43, 37, t(184) = 3.54, PFWE = 0.049).

To explore whether OXT™ influenced processing of the
UCS, a whole-brain analysis was conducted. In line with
our psychophysiological observations, OXT significantly
decreased neural responses to the electric shock in the left
pregenual ACC compared with PLC (peak MNI x, y, z=—3,
44, 4, t(94)=409, and —3, 59, 4, t(94)=362, PFWE=002>
k=77; cf. Figure 2c). Interestingly, additional ROI
analyses of the amygdala did not yield any significant
results, suggesting that the observed enhancement of fear
conditioning is mediated by extra-amygdalar pathways
(cf. Supplementary Results).

DISCUSSION

The rationale of the present study was to examine the
modulatory effects of OXT on human fear learning using
Pavlovian fear conditioning during fMRI and concomitant
psychophysiological SCR measurement. Fear conditioning is
an established model for mimicking the psychopathology of
patients with SAD or PTSD. This preclinical study can thus
contribute to closing the translational gap from animal
research (Knobloch et al, 2012) to humans. Our findings
indicate that OXT™ increases learning performance during
conditioning as evident in both reaction times and SCRs. At
the neural level, OXT™ did not affect amygdala function,
suggesting that the observed behavioral and psychophysio-
logical effects result from activity changes in extra-amygdalar
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Table 2 Activation Table for the Whole-Brain General Linear Model (GLM) Analysis of Fear Conditioning

Region Cluster size® Peak T MNI coordinates
x y z

Face CS+> face CS—
L Supplementary motor area 6372 .18 0 2 46
R Supplementary motor area 1035 6 - 19 49
L Rolandic operculum 9.37 =51 =1 4
L Superior parietal lobule 525 - 12 -70 40
L Precuneus 4.21 —15 —64 31
R Superior parietal lobule 497 12 -70 40
L Middle frontal gyrus 434 -33 44 25
L Middle frontal gyrus 4.29 -30 38 31

House CS+ > house CS—
L Middle cingulum 3959 10.52 -3 2 40
R Precentral gyrus 9.08 39 - 16 49
R Anterior cingulum 8.75 6 20 28
L Supramarginal gyrus 2269 7.10 —54 -25 19
L Insula 707 -30 23 7
L Insula 6.80 -30 23 -2
R Precuneus 578 I5 =73 40
L Middle frontal gyrus 4.87 -36 38 22
R Middle frontal gyrus 4.79 33 44 25

Abbreviations: CS+, fear-associated stimulus; CS-, safety-associated stimulus; L, left; R, right.

“Height threshold=0.001, P<0.05 FWE-corrected.

regions. Indeed, we observed strengthened activity in the
sACC for all fear-associated stimuli (CS+) and in the pMCC
for the social fear-associated stimulus (face CS+). This
specific profile suggests that OXT facilitates Pavlovian fear
conditioning by potentiating neural responses to fear-
associated stimuli in regions other than the amygdala,
highlighting their importance in the acquisition of fear
(Eckstein et al, 2014a; Striepens et al, 2012). Furthermore, in
accordance with previous findings (Rash et al, 2014), OXT
attenuated both neural and psychophysiological responses to
the aversive electric shock. Thus an OXT-induced augmen-
tation of fear conditioning cannot be attributed to increased
pain responses but appears to be mediated by improved
learning (Hurlemann et al, 2010).

The current study showed an OXT™ effect on sACC
response to fear-conditioning stimuli overall. This response
is not surprising owing to previous findings showing that the
ACC has a crucial role within a general neural fear circuit
(Hariri et al, 2003) as well as within the framework of
Pavlovian fear conditioning (see reviews by Milad et al, 2007;
Sehlmeyer et al, 2009). Furthermore, OXT has been found to
moderate ACC activity (Gorka et al, 2015; Scheele et al,
2014a), and the ACC is characterized by a high OXT receptor
density (Boccia et al, 2013). More specifically, activation in
this study was found in the subgenual ACC, which is
especially involved in fear responses and shows abnormal
activity in mood disorders (Drevets et al, 2008). Interestingly,
this neural signature of the OXT™ effect was distinct from
the conditioning-related cingulate cortex responses in the
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PLC group, which predominantly occurred in dorsal parts.
OXT™ therefore seems not only to enhance preexisting
activations but also to alter the underlying neural circuitry of
fear conditioning.

In contrast to the ACC, we found activation in the pMCC
only in response to social stimuli following OXT adminis-
tration. This could be a result of various factors. For one,
OXT could be magnifying effects related to the neural
integration of pain and threat (Shackman et al, 2011). In
patients with SAD, which is characterized in part by an
increased sensitivity to social signals, pMCC activation
typically occurs in response to threat stimuli (Gaebler et al,
2014), which could suggest a similar mechanism to OXT,
namely, that increased sensitivity to social stimuli takes place
in the pMCC. Another reason could be the hypothesized role
of this region in ‘orienting the body toward innocuous and
noxious somatosensory stimuli’ (Vogt, 2005). In our study,
we observed an increase in pMCC activity only under OXT
and only in social stimulus-paired trials. OXT has been
shown to increase social cognition in the face of both positive
and negative stimuli (Shahrestani et al, 2013). It follows that
OXT could generally increase the perception of social-related
stimuli during fear conditioning. This could illustrate a key
evolutionary function of OXT, ie, by increasing the perceived
salience of social cues, OXT could optimize the efficiency of
fear learning in social settings, thereby increasing the
likelihood of avoiding distressing situations in interpersonal
relationships. Third, it could be that social stimuli are
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Figure 2 Neural effects of oxytocin on fear conditioning. Intranasal oxytocin enhanced conditioning-associated activity in the subgenual anterior cingulate
cortex (a) and increased neural responses in the posterior midcingulate cortex selectively in the social stimuli condition (b). In accordance with the
psychophysiological observations, oxytocin dampened neural responses to the electric shock in the pregenual anterior cingulate cortex (c). OXT, oxytocin;
pACC, pregenual anterior cingulate cortex; PLC, placebo; pMCC, posterior midcingulate cortex; sSACC, subgenual anterior cingulate cortex; SCR, skin

conductance response. ¥*P<0.01, *P<0.05. Error bars indicate SEM.

processed via a secondary route, different from a more
general processing of all stimuli in the ACC.

In our previous work, it was found that a single-dose
administration of OXT potentiates episodic encoding of
aversive events (Striepens et al, 2012) as well as the extinction
of conditioned fear (Eckstein et al, 2014b) by amplifying
activity in extra-amygdalar regions, including insular cortex,
precuneus, and dorsomedial prefrontal cortex. In the present
study, OXT enhanced pMCC responses to social stimuli
during fear conditioning, which is consistent with findings in
mice suggesting that OXT specifically facilitates social fear
conditioning (Zoicas et al, 2014). Taken together with
previous research (Eckstein et al, 2014a; Striepens et al,
2012), this study presents a model of OXT as an enhancer of
adaptation in social contexts. This heightened ability to adapt
could, however, simultaneously be the groundwork for
debilitating hypersensitivity to cues if extinction is not
successful. This increased vigilance or defense typically

characterizes SAD (Heeren et al, 2015) and PTSD (Cantor,
2009). It is widely accepted that both disorders are based on a
fear-conditioning pathomechanism. As of yet, however,
there has been no data-driven explanation as to why PTSD
affects victims of various types of traumas at differential
rates: intentional acts of interpersonal violence, in particular
sexual assault, lead to PTSD at far higher rates than do
accidents or disasters (Cantor, 2009). There is evidence at
least in females that interpersonal stress is linked to
heightened endogenous OXT release (Taylor et al, 2010),
and we have previously shown that heightened OXT
increases learning in a social context (Hurlemann et al,
2010). Taken together with the results of the current study,
we speculate that vulnerability for SAD and socially elicited
PTSD could be associated with OXT’s enhanced adaptation
to social situations as discussed above. Indeed, the rates of
PTSD within a society could fit within this evolutionary
model: whereas men are more likely to experience trauma

Neuropsychopharmacology

937



Oxytocin facilitates Pavlovian conditioning
M Eckstein et al

938

overall, women experience more interpersonal violence, such
as rape (Kessler et al, 1995). At the neural level, our results
are consistent with findings implicating dysfunction of the
ACC in the development of PTSD (Bremner et al, 2005;
Hamner et al, 1999; Shin et al, 2005). Clearly, future studies
are warranted to further explore possible oxytocinergic
mechanisms related to SAD or PTSD.

Some research indicates that OXT could be influential in
the treatment of established SAD (Labuschagne et al, 2010)
and PTSD (OIff et al, 2014). Our previous findings also
indicate a potential benefit via accelerated fear extinction,
thus implicating OXT as a potential augmentation strategy in
medication-enhanced cognitive-behavioral therapy of anxi-
ety disorders (Eckstein et al, 2014b). The present results,
however, together with findings of heightened alertness to
threat (Eckstein et al, 2014a; Striepens et al, 2012) and
enhanced social-emotional learning following OXT treat-
ment (Eckstein et al, 2014b; Hurlemann et al, 2010), indicate
that the peptide demands rigorous control of the therapeutic
context in order to avoid suboptimal clinical outcomes.
Secondary prevention intervention targeting the ‘golden
hours’ (or early consolidation phase) immediately following
a traumatic event might even yield contra-therapeutic effects
if OXT enhances the acquisition of conditioned fear
responses more efficiently than their extinction (see also
Eskandarian et al, 2013).

The present study has several limitations. First, we have
only tested healthy men, and given the gender-dimorphic
effects of OXT and fear circuits, the extrapolation to females
is hampered (Preckel et al, 2014; Scheele et al, 2014b). This is
especially important as the prevalence of anxiety disorders is
higher for women. This limitation, together with a general
lack of sufficient literature illustrating the potential effects of
OXT in PTSD and SAD, indicate that a treatment model
with OXT is currently not yet feasible. Second, we did not
obtain expectancy or probability ratings as subtle measures
of conditioning. Third, imaging data were acquired on a 1.5-
T scanner and thus the absence of an OXT effect on
subcortical structures such as the amygdala might be related
to the restricted spatial resolution of the scanner. Fourth, we
focused our SCR analysis on the data of subjects whose SCRs
indicated successful conditioning and our SCR results are
therefore based on a smaller sample size than our fMRI
results (cf. Supplementary Results).

In conclusion, our study presents important preliminary
evidence for facilitation of fear learning by OXT. We present
an evolutionary model of OXT as the basis of increased
adaptation to dynamic social contexts and pose that the cost
of this increase is a higher susceptibility to social trauma.
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