
Common and dissociable effects of oxytocin and
lorazepam on the neurocircuitry of fear
Ann-Kathrin Kreudera, Dirk Scheelea,b, Johannes Schultzc, Juergen Hennigd, Nina Marshb

, Torge Dellerte,
Ulrich Ettingerf, Alexandra Philipseng, Mari Babasiza, Angela Herscheida, Laura Remmersmanna, Ruediger Stirnbergh,
Tony Stöckerh,i, and René Hurlemanna,b,j,1



aDivision of Medical Psychology, Department of Psychiatry and Psychotherapy, University Hospital Bonn, 53105 Bonn, Germany; bDepartment of Psychiatry,
School of Medicine & Health Sciences, University of Oldenburg, 26129 Oldenburg, Germany; cCenter for Economics and Neuroscience, University of Bonn,
53113 Bonn, Germany; dDivision of Personality Psychology and Individual Differences, University of Giessen, 35390 Giessen, Germany; eInstitute of Medical
Psychology and Systems Neuroscience, University of Muenster, 48149 Muenster, Germany; fDepartment of Psychology, University of Bonn, 53113 Bonn,
Germany; gDepartment of Psychiatry and Psychotherapy, University Hospital Bonn, 53105 Bonn, Germany; hDivision of MR Physics, German Center for
Neurodegenerative Diseases, 53175 Bonn, Germany; iDepartment of Physics and Astronomy, University of Bonn, 53113 Bonn, Germany; and jResearch
Center Neurosensory Science, University of Oldenburg, 26129 Oldenburg, Germany

Edited by Bruce S. McEwen, Rockefeller University, New York, NY, and approved March 31, 2020 (received for review November 15, 2019)

Benzodiazepines (BZDs) represent the gold standard of anxiolytic
pharmacotherapy; however, their clinical benefit is limited by side
effects and addictive potential. Consequently, there is an urgent
need to develop novel and safe anxiolytics. The peptide hormone
oxytocin (OXT) exhibits anxiolytic-like properties in animals and
humans, but whether OXT and BZDs share similar effects on the
neural circuitry of fear is unclear. Therefore, the rationale of this
ultra-high-field functional MRI (fMRI) study was to test OXT
against the clinical comparator lorazepam (LZP) with regard to
their neuromodulatory effects on local and network responses to
fear-related stimuli. One hundred twenty-eight healthy male partic-
ipants volunteered in this randomized double-blind, placebo-
controlled, between-group study. Before scanning using an emotional
face-matching paradigm, participants were randomly administered
a single dose of OXT (24 IU), LZP (1 mg), or placebo. On the behav-
ioral level, LZP, but not OXT, caused mild sedation, as evidenced by
a 19% increase in reaction times. On the neural level, both OXT and
LZP inhibited responses to fearful faces vs. neutral faces within the
centromedial amygdala (cmA). In contrast, they had different effects
on intra-amygdalar connectivity; OXT strengthened the coupling
between the cmA and basolateral amygdala, whereas LZP increased
the interplay between the cmA and superficial amygdala. Further-
more, OXT, but not LZP, enhanced the coupling between the cmA
and the precuneus and dorsomedial prefrontal cortex. These data
implicate inhibition of the cmA as a common denominator of anxi-
olytic action, with only OXT inducing large-scale connectivity
changes of potential therapeutic relevance.
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With a lifetime prevalence of >28% in the United States,
anxiety disorders are the most frequent class of psychiatric

diseases (1), imposing tremendous personal suffering and enor-
mous socioeconomic costs (2). Even today, anxiety disorders are
frequently treated with benzodiazepines (BZDs), which act as
positive allosteric modulators through binding to gamma-
aminobutyric acid A (GABAA) receptors, thereby augmenting
the inhibitory action of GABA (3). Amygdala hyperreactivity to
threat signals has been discussed as a key neural substrate me-
diating the pathophysiology of inadequate fear responses in
anxiety disorders (4, 5). Consistent with this model, previous
neuroimaging studies have revealed that single-dose adminis-
tration of BZDs diminishes amygdala responses to facial emo-
tion in healthy subjects (6, 7). Beyond its clinically approved
anxiolytic potential in humans (8), the use of BZDs is often
hampered by acute adverse effects, including impaired cognitive
and motor abilities, drowsiness, and dizziness, as well as de-
pendence and withdrawal symptoms after long-term use (3).
Considering the adverse effects of BZDs and the considerable
number of patients with treatment-resistant anxiety (9), new

compounds that target and modulate the neurocircuitry of fear
are needed.
Currently, several peptide neuromodulators are being trialed

for their anxiolytic efficacy, including the hypothalamic peptide
oxytocin (OXT), which has anxiolytic-like properties by inhibit-
ing amygdala responses to fear signals in patients with anxiety
disorders (10) and healthy subjects (11–14). By demonstrating
OXT-induced target engagement, as evidenced by a dose-
dependent reduction in fear-related amygdala activity in male
subjects (15), an initial step in translating OXT to the clinic, as
recommended by the National Institute of Mental Health
roadmap (16), has been achieved. The present study aimed to
initiate the next step toward the clinical translation of OXT as a
novel anxiolytic agent by testing the neuromodulatory effects of
OXT against those of a clinical comparator, the high-potency
3-hydroxy BZD lorazepam (LZP), on amygdala reactivity and
functional connectivity in humans.
To develop effective anxiolytics, the neurocircuitry regulating

fear must be considered, and current concepts emphasize a key
role of the functional organization within the amygdala complex
(17). A plethora of animal studies have revealed that the baso-
lateral amygdala (blA), composed of the lateral, basal, and ac-
cessory basal nuclei (18), and the centromedial amygdala (cmA),
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composed of the medial and central nuclei (18), play pivotal
roles in the formation and regulation of fear (4). Information
from the unimodal and polymodal sensory cortices, thalamus,
hippocampus, and prefrontal cortex (PFC) enters the amygdala
via the blA and is subsequently conveyed to the cmA (17).
Neurons in the blA encode the threat value of an incoming
stimulus (17), and the cmA mediates species-specific behavioral
and physiological responses to such stimuli through projections
to the brainstem, hypothalamus, and basal forebrain (4). In ad-
dition, the cortical nuclei of the amygdala and the nucleus of the
olfactory tract compose the superficial amygdala (sfA) (18). The
sfA has been linked to intraspecies communication in vertebrates
(19) and to social information processing and approach-
avoidance behavior in humans (20).
While the intra- and extra-amygdalar pathways regulating fear

have been accurately mapped in animals using optogenetics (21,
22), the anxiolytic mechanisms within the human amygdala
subarchitecture, which could be targeted by new compounds and
could enable individually tailored treatment protocols, have re-
ceived less attention. Furthermore, studies in animals have
identified amygdalar subnuclei-specific anxiolytic mechanisms of
OXT (23) and LZP (24), but the anxiolytic mechanisms of both
compounds within the human amygdala subarchitecture have not
been examined due to critical methodological requirements.
Therefore, using ultra-high-field imaging, we conducted this

randomized, placebo-controlled (PLC), double-blind, between-
group functional magnetic resonance imaging (fMRI) study in-
volving 128 healthy males aimed to precisely map and compare
the OXT (24 IU) and LZP (1 mg) effects on amygdalar sub-
region responses to fear-related stimuli (Fig. 1). In addition, we
sought to characterize the effects of OXT and LZP on intra- and
extra-amygdalar functional connectivity while processing fear-
related stimuli to discern local and network effects. During the
scan, an emotional face-matching task (25) was performed

(Fig. 2A) that produces robust amygdala activity (26–28), is
sensitive to the effects of OXT (10, 11) and LZP (6) on amygdala
activity, and elicits increased amygdala activation in patients with
anxiety disorders (10, 29).

Results
Behavioral Results. A mixed analysis of variance with the within-
subjects factor “stimulus category” (fearful, happy, neutral,
house), the between-subjects factor “treatment” (OXT, LZP,
PLC) and reaction times (in seconds) as the dependent variable
was performed. This ANOVA yielded main effects of stimulus
category (F(3, 345) = 9.68, P < 0.001, ƞP2 = 0.08) and treatment
(F(2,115) = 6.54, P = 0.002, ƞP2 = 0.10). Post hoc paired t tests
showed that participants reacted significantly faster to fearful
faces (1.31 ± 0.35) compared with happy faces (1.41 ± 0.40;
t(117) = −5.13, Pcorr < 0.001, d = −0.26), neutral faces (1.44 ±
0.40; t(117) = −6.54, Pcorr < 0.001, d = −0.32), and houses (1.38 ±
0.37; t(117) = −2.71, Pcorr = 0.048, d = −0.18). In addition, the
administration of LZP (1.57 ± 0.41) resulted in increased re-
action times to all stimuli compared with OXT (1.30 ± 0.25;
t(57) = −2.91, Pcorr = 0.015, d = −0.76) and PLC (1.32 ± 0.32;
t(89) = −3.13, Pcorr = 0.006, d = −0.69) (Fig. 2B). Moreover, there
was no significant interaction between stimulus category and
treatment (F(6, 345) = 0.63, P = 0.71, ƞP2 = 0.01), and no treat-
ment effect on the percentage of correct responses (P ≥ 0.05 for
all) (SI Appendix, Results).

fMRI Results.We analyzed the neural response to fearful faces vs.
neutral faces as a task effect in the PLC group and found whole-
brain activations in the right posterior cingulate cortex (Montreal
Neurological Institute [MNI]) peak coordinates: x, y, z: 3, −47,
27; ke = 93, t(224) = 4.34, PFWE < 0.001) and right middle tem-
poral gyrus (52, −41, 8; ke = 52, t(224) = 4.17, PFWE = 0.049) (SI
Appendix, Table S2). Furthermore, a region of interest (ROI)-based

Fig. 1. Flow of participants through the trial.
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analysis revealed that fearful faces significantly increase activity
in the left cmA relative to neutral faces (−22, −12, −14; t(224) =
4.41, PFWE = 0.001).
Importantly, compared with PLC, both intranasal OXT

(−22, −12, −14; t(224) = 3.69, PFWE = 0.008) and LZP
(−24, −7, −14; t(224) = 3.85, PFWE = 0.005) significantly reduced
the neural response to fearful faces vs. neutral faces in the left
cmA (Fig. 3). A direct comparison between the effects of OXT
and LZP on intra-amygdalar activity during the processing of
fearful faces revealed a more pronounced reduction of neural
activity in a posterior subpart of the cmA under the influence of
OXT (−22, −12, −14; t(224) = 3.10, PFWE = 0.047).

Functional Connectivity. The generalized psychophysiological in-
teractions analyses revealed treatment-specific modulations of
intra-amygdalar connectivity in response to fearful faces relative
to neutral faces. OXT significantly increased the connectivity
between the right cmA (seed region) and the left blA
(−19, −3, −19; t(224) = 3.92, PFWE = 0.009) (Fig. 4A) compared
with PLC, whereas LZP significantly strengthened the connec-
tivity between the left cmA (seed region) and the right sfA
(15, −8, −16; t(224) = 3.29, PFWE = 0.029) (Fig. 4B) compared
with PLC. In addition, the analysis showed a selective effect of
OXT on extra-amygdalar functional coupling in response to
fearful faces vs. neutral faces. Intranasal OXT relative to PLC
augmented the connectivity between the right cmA (seed region)
and the left precuneus (−7, −44, 66; ke = 63, t(224) = 4.18, PFWE =
0.003) (Fig. 5A) and between the left cmA (seed region) and the

left dorsomedial PFC (dmPFC; −12, 48, 24; ke = 41, t(224) = 4.55,
PFWE = 0.036) (Fig. 5B). Treatment effects on amygdalar sub-
region responses and intra- and extra-amygdalar connectivity to
happy faces vs. neutral faces and to faces vs. houses are reported
in SI Appendix.

Discussion
This study sought to decipher and compare the effects of OXT
and LZP on fear-related activity and connectivity in distinct
subregions of the human amygdala using functional ultra-high-field
MRI. Crucially, the study provides the first evidence that the two
compounds share comparable effects on amygdala subarchitecture
activity in response to fear-related stimuli but elicit distinct effects
on small- and large-scale neural networks.
Specifically, we found that both OXT and LZP reduce re-

sponses to fearful faces relative to neutral faces within the cmA,
indicating an evolutionarily conserved anxiolytic mechanism
across rodents and humans. Animal studies have identified the
central amygdalar nucleus (CeA), which is part of the cmA
subregion, as the primary site for BZD-dependent anxiolytic
action via activation of GABAergic neurons (24, 30), resulting in
inhibited transmission of aversive signals through the CeA (31).
Likewise, OXT decreases anxiety-related behavior by activating
GABAergic inhibitory neurons originating from the lateral CeA,
which reduces the excitability of neurons in the medial CeA (32,
33). Interestingly, in rats, the infusion of OXT enhances the in-
hibitory effects of BZDs in the medial CeA, implicating that the
anxiolytic effects of OXT and BZDs could be attributed to the

Fig. 2. During ultra-high-field fMRI (7-T), subjects were exposed to an adapted version of a well-established emotional face-matching task. (A)
Participants viewed either a trio of emotional faces (fearful, happy, neutral) or houses as nonsocial control stimuli, and were instructed to select the
face (or house) in the bottom row that was identical to the target stimulus. (B) The administration of LZP resulted in a significant increase in reaction
time in all stimulus categories compared with transnasal OXT (t(57) = −2.91, Pcorr = 0.015, d = −0.76) and PLC (t(89) = −3.13, Pcorr = 0.006, d = −0.69).
Furthermore, the reaction time to fearful faces was significantly shorter compared with happy faces (t(117) = −5.13, Pcorr < 0.001, d = −0.26), neutral
faces (t(117) = −6.54, Pcorr < 0.001, d = −0.32), and houses (t(117) = −2.71, Pcorr = 0.048, d = −0.18) across treatment groups. Error bars indicate SEM.
*Pcorr < 0.05.

Fig. 3. Both intranasal OXT (peak MNI coordinates x, y, z: −22, −12, −14; t(224) = 3.69, PFWE = 0.008, display threshold P < 0.05 uncorrected) and LZP
(−24, −7, −14; t(224) = 3.85, PFWE = 0.005, display threshold P < 0.05 uncorrected) significantly diminished the neural response to fearful relative to neutral
faces in the left cmA compared with PLC (OXT < PLC, red-yellow cluster; LZP < PLC, blue-green cluster). Error bars indicate the SEM.
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modulation of the same GABAergic circuit (24). Novel com-
pounds that could enhance the GABAergic function are being
discussed as a promising approach for the treatment of anxiety
(3). Thus, future human studies are warranted to probe whether
OXT could augment the anxiolytic effects of BZDs by elevating
the GABAergic tone within the amygdala microcircuitry.
Furthermore, animal models have corroborated a consider-

able involvement of the intra- and extra-amygdalar connectivity
in the regulation of fear (17). Our study revealed treatment-
specific effects on intra-amygdalar connectivity. On the one
hand, LZP increased functional connectivity between the cmA
and the sfA in response to fearful faces relative to neutral faces.
The sfA has been associated with the modulation of approach-
avoidance behavior (20) and BZDs increase social approach
behavior (34). Thus, LZP may modulate anxiety-related behavior
by reducing avoidance behavior through a reduction of cmA
activity and by concomitantly inducing social exploration through
enhanced connectivity between the cmA and sfA.
On the other hand, OXT significantly elevated the functional

connectivity between the cmA and the blA while processing
fearful relative to neutral faces. Optogenetic stimulation of blA
terminals in the CeA has strong anxiolytic effects (21), and blA
activity in humans has been found to predict subsequent activity
in the cmA (35), which corresponds to the intra-amygdalar
connectivity pattern derived from animal models (17, 36).
Thus, by strengthening the functional connectivity between the
cmA and the blA, OXT may enhance the feed-forward inhibition
of the cmA via the blA (21), leading to diminished fear

responses. Considering the treatment-specific effects on intra-
amygdalar connectivity, we hypothesize that dual administra-
tion of OXT and LZP might target two core symptoms of anxiety
disorders: clinically elevated avoidance behavior (37) and fear
response (4).
Importantly, OXT selectively strengthened fear-related func-

tional interplay between the cmA and the dmPFC. The blA is
highly connected with the PFC (17), and OXT-induced increased
functional connectivity between the amygdala and PFC may re-
flect an enhanced top-down cognitive control that has previously
been observed in the context of social pain modulation (38).
Moreover, patients with anxiety disorders exhibit decreased
functional connectivity between the CeA and PFC (39), sup-
porting the idea of amygdala hyperactivity (5) and PFC hypo-
activity (40) as a neural endophenotype of anxiety disorders. Our
results indicate that OXT could reduce anxiety-related behavior
by decreasing cmA activity and concomitantly modulating poly-
synaptic PFC-amygdalar subregion pathways.
In addition, we detected an OXT-dependent increase in

functional coupling between the cmA and the precuneus while
processing fearful faces relative to neutral faces. This observa-
tion is in line with previous findings that OXT increases the
functional connectivity between the amygdala and the precuneus
during the processing of social stimuli (41). In contrast, OXT
seems to decrease resting-state functional connectivity between
the cmA and the precuneus in the absence of external social
stimuli (42), supporting the idea of context-specific modulatory
effects of OXT (43, 44). Besides its role in self-consciousness and

Fig. 4. (A) Compared with PLC, intranasal OXT increased the intra-amygdala functional connectivity between the right cmA as a seed region and the left blA
during the processing of fearful relative to neutral faces (peak MNI coordinates x, y, z: −19, −3, −19; t(224) = 3.92, PFWE = 0.009, display threshold P < 0.05
uncorrected). (B) Compared with PLC, the administration of LZP resulted in enhanced intra-amygdala functional connectivity between the left cmA (seed
region) and the right sfA in response to fearful faces vs. neutral faces (15, −8, −16; t(224) = 3.29, PFWE = 0.029, display threshold P < 0.05 uncorrected). Error
bars indicate SEM.

Fig. 5. (A) Compared with PLC, intranasal OXT significantly enhanced the functional connectivity between the right cmA as a seed region and the left
precuneus during the processing of fearful faces vs. neutral faces (peak MNI coordinates x, y, z: −7, −44, 66; ke = 63, t(224) = 4.18, PFWE = 0.003, display
threshold P < 0.001 uncorrected). (B) OXT also increased the functional connectivity between the left cmA (seed region) and the left dmPFC during the
processing of fearful faces vs. neutral faces (−12, 48, 24; ke = 41, t(224) = 4.55, PFWE = 0.036, display threshold P < 0.001 uncorrected). Error bars indicate SEM.
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self-referential processing (45), the precuneus has been impli-
cated in the processing of social stimuli (46). Consequently, by
strengthening the functional coupling between the cmA and the
precuneus, OXT may enhance the salience of social stimuli (47).
A higher dose of BZDs could produce a more potent anxio-

lytic effect, while 24 IU of OXT has been identified as the most
effective OXT dose to reduce amygdala activation (15). How-
ever, given the distinct anxiolytic mechanisms of both treatments
and the specific OXT effects on large-scale neural networks, we
hypothesize that the oxytocinergic augmentation of BZD-based
antianxiety treatments could open new avenues for an improved
dosage titration of BZDs. Eventually, OXT as an adjunct may
help reduce adverse effects and lower the risk of dependence in
the treatment of anxiety disorders.
On the behavioral level, we observed that LZP significantly

increased the reaction times to all emotional stimuli, most likely
related to mild sedation mediated by the binding of classical
BZDs to the α1-subunit of the GABAA receptor (2, 3). Consis-
tent with previous imaging studies investigating the effects of
OXT on emotional face processing (10–13, 15), our study did not
reveal any modulatory effects of intranasal OXT on reaction
times during the fMRI task or any change in accuracy ratings (SI
Appendix, Results). While ceiling effects in the behavioral data
may have hindered the detection of OXT-ergic modulation in
the present study, behavioral OXT effects have previously been
reported in reaction to more complex social stimuli related to
pair-bonding or attachment (38, 48–51). Importantly, the emo-
tional face-matching task in our study was primarily designed not
to produce sensitive behavioral markers for emotional face
processing, but rather to evoke robust and reliable amygdala
activation.
The present study has several limitations. First, the sample was

limited to male participants. Considering the evidence for a
more prevalent use of anxiolytics in females (52, 53) and for sex-
specific effects of OXT on amygdala activity (54), which might be
based on interactions with sexual steroids (55, 56), future re-
search is needed to examine the effects of OXT and LZP on
amygdalar subarchitecture responses in females. Second, our
study sample consisted of healthy volunteers without current or
past psychiatric illness; future studies should investigate the ef-
fects of OXT and LZP on fear-related amygdala subregion ac-
tivity in patients with anxiety disorders. Third, although
emotional face-processing tasks have illustrated dysfunctional
neurobiological mechanisms in anxiety disorders (57), the com-
mon and distinct effects of OXT and LZP on clinical and psy-
chophysiological assessments of threat reactivity must be
determined. Fourth, while the detection of fear signals is a key
function of the amygdala (58), accumulating evidence indicates
that the amygdala is part of a large-scale salience network that
also includes the anterior insula and anterior cingulate cortex
(59). Consequently, future studies are needed to disentangle
fear- and salience-related effects of LZP and OXT.
Our data provide insight into the intra-amygdalar mechanisms

of OXT and its clinical comparator LZP in humans, thereby
facilitating the development of individually adjusted treatment
strategies based on the distinct anxiolytic mechanisms of both
compounds. Collectively, OXT and LZP dampened the re-
sponses to fear-related stimuli in the cmA as a central hub of
anxiolytic action, with only OXT inducing large-scale connec-
tivity changes of potential therapeutic relevance.

Materials and Methods
Participants and Experimental Design. A total of 128 nonsmoking, right-
handed, healthy males (mean age, 25.67 ± 4.32 y) volunteered for this
study and provided written informed consent. The present study focused on
male subjects to control for interaction effects between OXT and sex steroids
(55). Subjects were recruited using online advertisements and public post-
ings and were free of past and current physical or psychiatric illness, as

assessed by medical history and the Mini-International Neuropsychiatric In-
terview (60) in a screening session before the fMRI session. Subjects reported
low levels of depressive symptoms, as well as low levels of anxiety and au-
tistic traits (SI Appendix, Table S1).

The present fMRI study consisted of two subtrials, A and B, each a priori
designed for between-group comparisons. This particular design accounted
for potential subjective side effects associated with LZP, including dizziness
and sedation, which usually do not occur to such a degree in OXT studies (61)
and were due to different dose–response kinetics across compounds. In
subtrial A, participants were randomly assigned to receive either intranasal
OXT (24 IU; six puffs of 2 IU per nostril; Novartis) or PLC. In subtrial B, par-
ticipants were randomly assigned to receive either oral LZP (1 mg; Pfizer
Pharma) or PLC. The PLC contained all ingredients except the active agent.
Importantly, for the selected doses of intranasal OXT (24 IU) (15) and oral
LZP (1 mg) (6), previous studies have reported reduced amygdala activity in
response to emotional faces. In addition, a daily LZP dose of 1 to 4 mg orally
is clinically established for the treatment of anxiety (62). For the purpose of
reducing unintended side effects, we chose a dose at the lower end of the
clinically used LZP doses to treat anxiety.

After drug administration, 10 subjects dropped out due to technical
malfunctions (n = 7), anatomic brain abnormalities (n = 2), or vestibular side
effects (n = 1). Since the statistical analysis of the behavioral and the neural
data (whole-brain and ROI-based approaches) did not reveal significant
differences between the two PLC groups (P ≥ 0.05 for all), we aggregated
them for the subsequent analyses. Thus, the final sample included 27 sub-
jects treated with OXT, 32 subjects treated with LZP, and 59 subjects re-
ceiving PLC. Three subjects had to be excluded from fMRI data analyses due
to excessive head movements during scanning (Fig. 1). To accommodate the
different dose–response kinetics, fMRI scanning commenced 30 min after
treatment in subtrial A and 90 min after treatment in subtrial B (SI
Appendix, Methods).

There were no a priori differences in demographic and psychometric
variables between the treatment groups (SI Appendix, Table S1).

The study was approved by the Institutional Review Board of the Medical
Faculty of the University Hospital Bonn andwas conducted in accordancewith
the Declaration of Helsinki. Further information on study procedures, fMRI
acquisition, and data analysis is provided in SI Appendix.

fMRI Paradigm. We applied an adapted version of a well-established emo-
tional face-matching paradigm (25) to examine the effects of OXT and LZP
on amygdalar subregion activity in response to emotional faces. During fMRI
scanning, a trio of either black and white scaled emotional faces or houses
(= nonsocial control stimuli) were presented on a 32-inch MRI-compatible
TFT/LCD monitor (Medres, Cologne, Germany) using Presentation version 14
(Neurobehavioral Systems). The participants were instructed to choose the
face or house in the bottom row that was identical with the target stimulus
in the top row by pressing one of two buttons on an MRI-compatible re-
sponse pad. The paradigm consisted of 12 blocks (three blocks of each
stimulus category: houses, fearful, happy, and neutral faces) with five trios
per block displayed for 5 s each (Fig. 2A). The block order was randomized,
with blocks interleaved with a 10-s interstimulus interval showing a white
fixation cross depicted at the screen center. Face stimuli were obtained from
the Karolinska Directed Emotional Faces database (63).

Image Acquisition. A 7-T whole-body MRI research system (Siemens
Healthineers) with a 32-channel head array coil (32Rx/1Tx; Nova Medical)
was used to obtain T2*-weighted whole-brain images with blood oxygen
level-dependent contrast at 1.7-mm isotopic resolution using an accelerated
3D echo planar imaging sequence (64, 65) (SI Appendix, Methods).

Statistical Analysis. MRI data were processed and analyzed using SPM12
software (Wellcome Trust Center for Neuroimaging; http://www.fil.ion.ucl.
ac.uk/spm) implemented in MATLAB (MathWorks) (SI Appendix,Methods). A
two-level random-effects approach based on the general linear model was
used for statistical analyses. On the first level, four conditions (fearful,
happy, neutral, house) were modeled by a boxcar function convolved with a
hemodynamic response function (66). Button presses were modeled as re-
gressors of no interest. Movement parameters and nuisance regressors for
physiological noise correction were entered as confounders in the design
matrix (SI Appendix, Methods). On the second level, a full-factorial design
with the between-subjects factor “treatment” and the within-subjects factor
“emotion category” was conducted.

Based on the study rationale, the blA, cmA, and sfA were defined as ROIs
based on cytoarchitectonic probabilistic maps (67) implemented in the
Anatomy toolbox (68). The significance threshold for these ROI analyses was
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set to P < 0.05, familywise error-corrected for multiple comparisons based on
the size of the ROI. In addition, an exploratory whole-brain analysis was
performed (cluster defining threshold P < 0.001; significance threshold
PFWE < 0.05 corrected).

To further address the effects of treatment on functional connectivity
(i.e., temporal synchrony of blood oxygenation level-dependent activation in
a seed region and a target area), we conducted generalized psychophysio-
logical interactions analyses (69). Based on the results of the ROI analysis, we
examined the effects of OXT and LZP on the extra- and intra-amygdalar
functional connectivity of the cmA. The bilateral cmA were defined as
seed regions using the cytoarchitectonic probabilistic maps of the Anatomy
toolbox (67, 68). To determine the direction and specificity of the OXT and
LZP effects, the MarsBaR toolbox (http://marsbar.sourceforge.net/) was used

to extract parameter estimates from the voxel cluster showing significant
effects.

Behavioral data were analyzed using SPSS version 24 (IBM). Quantitative
behavioral data were compared using mixed ANOVA and follow-up t tests.
All reported P values are two-tailed and Bonferroni-corrected (Pcorr). Partial
η2 and Cohen’s d were calculated as measures of effect size.

Data Availability. Data for this manuscript will be made available upon
request.
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