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Brief Communication

Oxytocin Modulates Neural Circuitry for Social Cognition
and Fear in Humans
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In non-human mammals, the neuropeptide oxytocin is a key mediator of complex emotional and social behaviors, including attachment,
social recognition, and aggression. Oxytocin reduces anxiety and impacts on fear conditioning and extinction. Recently, oxytocin administration in humans was shown to increase trust, suggesting involvement of the amygdala, a central component of the neurocircuitry of
fear and social cognition that has been linked to trust and highly expresses oxytocin receptors in many mammals. However, no human
data on the effects of this peptide on brain function were available. Here, we show that human amygdala function is strongly modulated
by oxytocin. We used functional magnetic resonance imaging to image amygdala activation by fear-inducing visual stimuli in 15 healthy
males after double-blind crossover intranasal application of placebo or oxytocin. Compared with placebo, oxytocin potently reduced
activation of the amygdala and reduced coupling of the amygdala to brainstem regions implicated in autonomic and behavioral manifestations of fear. Our results indicate a neural mechanism for the effects of oxytocin in social cognition in the human brain and provide
a methodology and rationale for exploring therapeutic strategies in disorders in which abnormal amygdala function has been implicated,
such as social phobia or autism.
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Introduction
Oxytocin is an evolutionarily highly preserved nonapeptide released from the paraventricular nucleus of the hypothalamus
through the posterior pituitary (Buijs et al., 1983). Extensive
work in diverse species including primates has established its
importance as a central mediator of prosocial behavior (Insel and
Fernald, 2004). In addition, oxytocin is released during stress
(Jezova et al., 1995) and is an important modulator of anxiety and
fear response (McCarthy et al., 1996).
Both complex social behavior (Adolphs, 2003) and basic emotional processing functions such as anxiety (LeDoux, 2000) and
fear extinction critically depend on the amygdala. The lateral
nucleus of the amygdala receives and integrates sensory and prefrontal/limbic inputs and excites, possibly indirectly, neurons in
the central nucleus that evoke fear responses via their projections
to brainstem regions including periaqueductal gray and reticular
formation (LeDoux, 2000). In humans, fearful faces potently activate the amygdala (Whalen et al., 1998), and lesions of the
amygdala impair recognition of fearful faces and lead to social
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disinhibition (Adolphs et al., 2005) Decreased amygdala activation has been linked to genetic hypersociability (MeyerLindenberg et al., 2005) and increased instrumental aggression
(Kiehl et al., 2001), whereas increased activation is observed in
social avoidance and phobia (Stein et al., 2002). Consistent with
the assumption that amygdala activation represents a danger signal in social interaction (Amaral, 2003), both conscious and implicit distrust of faces predicts amygdala activation (Winston et
al., 2002), and trust is increased when the amygdala is damaged
(Adolphs et al., 1998).
Animal models strongly suggest that the central role of oxytocin in mediating complex social behavior depends on the function of the amygdala: oxytocin acts on the amygdala to reduce
fear (McCarthy et al., 1996) and modulate aggression (Bosch et
al., 2005), and mouse knock-outs for oxytocin show a profound
social recognition deficit despite normal olfactory and spatial
learning abilities that can be fully restored by injection of oxytocin in the medial amygdala (Ferguson et al., 2001). In addition,
recent data show that oxytocin acts on the central amygdala to
inhibit excitatory flow from the amygdala to brainstem sites mediating fear response (Huber et al., 2005). Based on these data, we
hypothesized that oxytocin would reduce amygdala activation in
humans and modulate its participation in functional networks
related to fear processing.
We used two visual matching tasks requiring perceptual processing of threatening visual stimuli of different social valence
that reliably engage the amygdala and have been shown to be
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sensitive to genetic mechanisms of abnormal social behavior
(Meyer-Lindenberg et al., 2005) and risk for anxiety (Pezawas et
al., 2005). In a double-blind experiment, 15 male participants
applied oxytocin or placebo intranasally, a modality shown to
reliably deliver neuropeptides to the brain (Born et al., 2002).

Materials and Methods
Subjects. Participants (age, 26.7 ⫾ 3.0 years; 13 right-handed) were required to be normotensive males between 18 and 40 years of age with
normal magnetic resonance imaging (MRI) and without a history or
signs of neurological, psychiatric, or serious somatic illness. All participants participated in the study after written informed consent and were
reimbursed for their time. The project was reviewed and approved by the
Ethics Board of the University of Giessen and the National Institutes of
Health Office of Human Subjects Research. Of the initially recruited
participants, one subject was excluded after pathological findings were
obtained on screening MRI and replaced by another.
Experimental paradigm. Functional MRI (fMRI) experiments were
scheduled with an interval of 1–2 weeks as part of a larger study on
neuropeptide effects. Subjects abstained from alcohol and nicotine for
12 h before the experiment. Drug distribution was double-blind and
counterbalanced for order. Thirty minutes before the start of the fMRI
session, subjects intranasally self-applied five puffs of oxytocin (27 IU
total) or placebo (containing only carrier substance) under experimenter
supervision. The oxytocin dose was comparable to that used previously
in human studies of behavior (Kosfeld et al., 2005). On informal questioning during debriefing, subjects were unable to discriminate placebo
from oxytocin.
Before drug administration and after the scan, subjects completed the
following scales: the State-Trait Anger Expression Inventory (STAXI;
trait component only after scanning) (Spielberger, 1988), the SelfAssessment Manikin (SAM) (Bradley and Lang, 1994), and the Multidimensional Comfort Questionnaire (MDBF) (Steyer et al., 1994). Statesensitive instruments (STAXI state component, SAM, and MBDF) were
administered before and after drug administration to investigate an acute
effect of oxytocin on the measured scales.
After an initial positioning and anatomical scan, fMRI imaging commenced at 50 min after drug application. The fMRI paradigm was similar
to experiments described previously (Hariri et al., 2002; MeyerLindenberg et al., 2005; Pezawas et al., 2005). In the first task, one of two
simultaneously presented angry or afraid faces was matched with an
identical target face of identical expression. In the other task, participants
matched one of two simultaneously presented fearful/threatening scenes
with an identical target scene (Hariri et al., 2002). As a control, participants matched simple shapes (circles or ellipses). The scenes were selected from a larger set to be devoid of social interaction or facial displays
and should therefore represent nonsocially relevant threatening stimuli,
whereas threatening and angry faces are socially relevant stimuli, an assumption supported by previous research with this paradigm (MeyerLindenberg et al., 2005). It consisted of 18 experimental blocks of 32 s:
four each for matching facial expressions and scenes, interleaved with 10
control blocks, for a total scan length of 9.2 min. Image order was counterbalanced across subjects and visits. Each block began with a 2 s instruction (in German): “Match Faces,” “Match Pictures,” or “Match Forms,”
followed by six matching panels displayed for 5 s each, randomized for all
conditions. Subjects responded by pressing one of two buttons with their
right hand.
Functional imaging. Blood oxygenation level-dependent (BOLD)
fMRI was performed on a General Electric (Milwaukee, WI) Signa 1.5T
using gradient echo planar imaging (30 axial slices; 5 mm thickness;
repetition time, 3000 ms; echo time, 50 ms; field of view, 22 cm; matrix,
64 ⫻ 64). Images were processed as described previously (Pezawas et al.,
2005) using SPM2 (http://www.fil.ion.ucl.ac.uk/spm/software/download.html). Briefly, images were realigned, spatially normalized into a
standard stereotactic space [Montreal Neurological Institute (MNI) template], resliced to 3 mm isotropic voxels, and smoothed with a 10 mm
full-width at half-maximum Gaussian filter. A statistical image for the
contrast of fearful versus control stimuli was obtained for each stimulus

type and subject and analyzed in a second-level random-effects model
(ANOVA) for significant differences in amygdala activation between the
oxytocin and the placebo condition. The threshold for significance was
set at p ⬍ 0.05, corrected for multiple comparisons in the amygdala
region of interest (ROI). As described previously (Pezawas et al., 2005),
this ROI was defined by a combined functional and anatomical criterion
by selecting all voxels in the anatomical amygdala region [according to
the Wake Forest University (WFU) PickAtlas software; http://www.
fmri.wfubmc.edu/download.htm] that were significantly ( p ⬍ 0.05)
activated during the matching compared with the control task across
drug conditions.
Functional connectivity.“Functional connectivity” was investigated as
described previously (Pezawas et al., 2005). This measure examines the
covariation across the brain with the activation in a region (volume) of
interest. As a seed region, we used the same amygdala mask as for functional activation. After mean and drift correction of the time series, median activity within this ROI was calculated for each scan. These values
were then correlated across the brain with all voxel time series, resulting
in a map that contained, in each voxel, the correlation coefficient of the
time series in this voxel with that of the reference region. These maps, one
per subject, were then analyzed in a random-effects model in SPM as
described above for activation. For assessment of corrected significance,
again set at p ⬍ 0.05, corrected for multiple comparisons, a brainstem
ROI was derived from the WFU PickAtlas software by restricting the
entire brainstem mask to the region of the midbrain (between z coordinates ⫺2 and ⫺20). In contrast to the stringent threshold used for statistical significance testing, all activation figures were thresholded leniently for display ( p ⬍ 0.01, uncorrected, unmasked) to give an
accurate impression of residual activation and connectivity remaining
under the oxytocin condition.

Results
In behavioral testing, the neuropeptide had no effect on task
performance, anger scales, dominance, or arousal (Table 1). As
expected, the subject felt less awake after the scan session, but this
effect did not interact with drug condition. A nominally significant ( p ⬍ 0.04, uncorrected) higher emotional valence before the
scan session during the placebo condition in the SAM scale is
likely to be a type II error, because the corresponding scale in the
MDBF showed no such effect ( p ⫽ 0.56) and would not survive
multiple comparison correction (Table 1).
Confirming previous results (Hariri et al., 2002), the fMRI
experiment showed strong activation of the amygdala to both
classes of stimuli during the placebo condition (Fig. 1), predominantly on the left. Compared with placebo, oxytocin significantly depressed amygdala activation (Fig. 1 B, Table 2) (maximum effect at the left amygdala; coordinates: ⫺24, 3, ⫺24; T ⫽
2.59; p ⬍ 0.006). Testing the stimulus types separately showed
that this effect was more pronounced for faces (socially relevant
stimuli) than scenes (Table 2, Fig. 1).
In addition to the effects on amygdala activation, it was demonstrated recently in rats that oxytocin may also disrupt the common output from the amygdala to the brainstem effector sites of
the autonomic nervous system by action on a distinct neuronal
population in the central nucleus (Huber et al., 2005). Although
the resolution of fMRI is not currently sufficient to resolve intraamygdalar processing, we investigated whether functional coupling of the human amygdala to the brainstem was influenced by
oxytocin. To this end, we studied the functional connectivity of
the amygdala, a measure of correlated activity in BOLD over time
that is widely used as a simple and robust characterization of
functionally relevant neural interaction (Friston et al., 1993). We
found that the amygdala was functionally connected to the upper
brainstem during the placebo condition and that this connectivity was significantly reduced under oxytocin, in excellent agreement with the data acquired in animal models (Fig. 2, Table 2).
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Table 1. Behavioral data
Placebo before scan
Faces task
Accuracy (%)
Reaction time (ms)
Scene task
Accuracy (%)
Reaction time (ms)
STAXIa
State
Trait
MDBFb
Arousal
Wakefulness
Emotional valencec
SAMd
Arousal
Dominance
Emotional valencec

Placebo after/during scan

Oxytocin before scan

Oxytocin after/during scan

t test (after/during scanning)

98.8% (13.3)
1094 (205)

99.1% (1.7)
1105 (194)

p ⫽ 0.77
p ⫽ 0.91

99.7% (1.0)
898 (171)

100% (0.0)
899 (140)

p ⫽ 1.00
p ⫽ 0.99

10.1 (0.4)

10.2 (0.8)
17.7 (3.8)

10.6 (1.8)

10.3 (0.8)
18.3 (3.6)

p ⫽ 0.33
p ⫽ 0.23

31.3 (6.3)
30.1 (9.2)
34.2 (4.8)

34.1 (6.0)
24.1 (8.9)
35.0 (4.5)

33.9 (4.8)
32.5 (6.6)
35.5 (3.7)

34.1 (6.8)
26.2 (7.4)
35.6 (5.4)

p ⫽ 0.96
p ⫽ 0.28
p ⫽ 0.56

3.7 (0.98)
3.5 (0.64)
1.9 (0.92)

4.3 (0.70)
3.6 (0.63)
1.5 (0.64)

3.8 (0.68)
3.8 (0.56)
1.6 (0.51)

4.1 (0.96)
3.6 (0.83)
1.7 (0.80)

p ⫽ 0.42
p ⫽ 1.00
p ⫽ 0.04

A nominally significant reduction in valence in the SAM was not seen in the MDBF. The mean (SD) is shown. ANOVA of drug-by-time of application interactions did not identify any significant effects. Wakefulness (MDBF) was significantly
reduced after the scan.
a
Data are from Spielberger (1988).
b
One subject failed to fill out a questionnaire for the MDBF (Steyer et al., 1994).
c
Higher equals more positive.
d
Data are from Bradley and Lang (1994).

Because amygdala activation is critical for
signaling of fear (Amaral, 2003; Adolphs et
al., 2005), our data fit well with the reported anxiolytic effects of oxytocin (McCarthy et al., 1996; Heinrichs et al., 2003)
and its mediation by neuropeptide effects
on the amygdala in animals (McCarthy et
al., 1996; Bosch et al., 2005). It should be
noted, however, that the only human postmortem study on oxytocin receptor distribution, using autoradiography, did not
Figure 1. Oxytocin effects on amygdala activation. A, Rendering on normal coronal MRI at the level of the anterior commissure find evidence for specific binding in the
(in neurological orientation: the brain left is on the viewer’s left). The response to face stimuli is on the left, and the response to amygdala (Loup et al., 1991), unlike other
scene stimuli is on the right. Top, Placebo; bottom, oxytocin. See Table 2 for statistical information. B, Significantly higher mammalian and primate species studied
activation under placebo than oxytocin (main effect of drug condition). See Table 2 for statistical information. C, Plot of BOLD in the (Winslow and Insel, 2004). Although this
amygdala ROI (ANOVA; significant main effect of drug condition: F(1,56) ⫽ 4.2, p ⫽ 0.045; main effect of task and drug-by-task could argue for an extra-amygdalar origin
interaction were not significant).
of the effects observed here, the results of
the present in vivo study suggest that this
Table 2. Significant differences in amygdala activation and connectivity
issue should be revisited in vitro. In excellent agreement with
Area
Talairach coordinates
T value
preclinical data suggesting a selective effect of oxytocin on amygdalar output (Huber et al., 2005), we found an additional impact
Activation
of the neuropeptide on functional connectivity between amygPlacebo ⬎ oxytocin
dala and brainstem effector sites of the fear response. This effect
Left amygdala (main effect)
⫺24, 3, ⫺24
2.59
Left amygdala (faces task)
⫺24, 3, ⫺24
2.12
was located on the level of the midbrain and encompassed both
Left amygdala (scenes task)
⫺21, 0, ⫺24
1.88*
the region of the periaqueductal gray and of the reticular formaConnectivity
tion (Fig. 2), which are prominent among the brainstem areas to
Placebo ⬎ oxytocin
which the central nucleus of the amygdala projects (LeDoux,
Midbrain
9, ⫺27, ⫺15
3.50
2000) and which mediate fear behavior and arousal (LeDoux et
Midbrain
⫺18, ⫺18, ⫺12
2.75
al., 1988). This indicates that the effect of oxytocin on anxiety in
All reported voxels are significant at p ⬍ 0.05, corrected for multiple comparisons within the amygdala ROI (actihumans may be attributable to a combined effect on both amygvation) or brainstem ROI (connectivity), except for *p ⫽ 0.077, corrected. Coordinates are in millimeters relative to
the anterior commissure in the space defined by the MNI template.
dala activation and coupling to regions mediating fear response.
In agreement with our findings, autonomic response to aversive
pictures has been reported previously to be reduced under oxyDiscussion
tocin (Pitman et al., 1993), compatible with the effect on amygdala activation and connectivity seen here. Because increased
Using a well validated paradigm to robustly activate the amygdala
amygdala activation has been associated with social fear in social
with two classes of fearful visual stimuli, we found a pronounced
phobia (Stein et al., 2002), genetic risk for anxiety and depression
reduction in activation and amygdala–midbrain connectivity in
(Pezawas et al., 2005), and possibly with social fear in autism
healthy male subjects receiving oxytocin in a double-blind study.
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Figure 2. Significant decrease in coupling of the amygdala to the midbrain under oxytocin.
A, Maps of significant difference in connectivity from the amygdala to the midbrain, in neurological orientation. See Table 2 for statistical information. B, Plot of oxytocin effect on correlation with the amygdala (Pearson’s r) at the midbrain location showing maximum linkage to the
amygdala during the placebo condition (coordinates: ⫺6, ⫺24, ⫺15), highly significant decrease under oxytocin ( p ⬍ 0.004; t test).

assessed during faces processing (Dalton et al., 2005), this dual
mode of action of oxytocin in humans suggests a potential powerful treatment approach toward socially relevant fear.
Because previous studies linked increased amygdala activation to both overt and implicit lack of trust in displayed faces
(Winston et al., 2002), our finding of reduced amygdala activation under oxytocin agrees with our hypothesis about a contribution of reduced amygdalar danger signaling to increased trust.
It is of interest to note that oxytocin administration did not affect
self-report scales of psychological state (Table 1). This agrees with
the observations of Kosfeld et al. (2005), who also did not find an
effect of oxytocin on measured calmness and mood and showed
that on the level of behavior, actual social interaction was necessary to bring out the oxytocin effect. Our data indicate that fMRI
is sensitive enough to show changes in neural processing that lead
up to this bias in behavior observed during social interaction.
In addition to trust, reduced amygdala activation to fearful
faces has been linked to increased sociability and decreased social
fear in humans (Adolphs et al., 2005; Meyer-Lindenberg et al.,
2005), and the neuropeptide action observed here may therefore
contribute to the prosocial effects of oxytocin (Insel and Fernald,
2004). In this context, we note that the reduction in amygdala
activation was more significant for socially relevant stimuli
(faces) than for the socially less relevant scenes; differential impairment of amygdala signaling related to the social relevance of
the stimuli is in agreement with emerging primate lesion (Prather
et al., 2001) and human (Meyer-Lindenberg et al., 2005) data
indicating that social and nonsocial fear may depend on dissociable neural systems. However, inspection of activation magnitude by condition (Fig. 1 B) does not support such a distinction,
because the reduction in activation under oxytocin was similar
for both stimulus groups.
In rats, oxytocin has been shown to increase aggression toward intruders (Bosch et al., 2005) but inhibits aggression against
pups. Conversely, oxytocin knock-out mice show increased unprovoked aggression and are infanticidal (Ragnauth et al., 2005).
This indicates that the contribution of this neuropeptide to aggressive behavior is complex and depends on the specifics of the
social interaction. This is further confirmed by findings in nonhuman primates, in which oxytocin had opposing effects on aggression in males depending on social dominance status (Win-

slow and Insel, 1991). In humans, an important distinction has
been drawn between reactive and instrumental aggression (Blair,
2003), with only the latter being associated with impaired amygdala structure and function (Kiehl et al., 2001), especially in
males. Our data would therefore predict a reduction in reactive
aggression under oxytocin in humans, but this requires further
study under social contexts. In this regard, it is again noteworthy
that behavioral scales of anger showed no effect of oxytocin in this
experiment. This finding, which agrees with previous observations (Kosfeld et al., 2005), again indicates that the neural effect of
the neuropeptide identified using sensitive fMRI methodology
biases behavior in the social context but not when subjects rate
themselves in isolation.
In this study, we opted for the use of a low-level baseline
(matching forms) because this has been shown to be necessary for
reliable and reproducible amygdala activation (Johnstone et al.,
2005), essential for the double-blind design used here. Future
work could now explore differential activation to other socially
relevant stimuli, such as neutral or happy faces, to further explore
neuropeptide effects on social cognition. In addition to the study
of amygdalar output pathways presented here, it will also be informative to investigate the extended neural circuits of which the
amygdala is a part. For example, oxytocin modulates fear extinction (Ibragimov, 1990), which depends on medial prefrontal–
amygdalar interactions (Phelps et al., 2004) that were shown previously to predict trait anxiety using the task applied here
(Pezawas et al., 2005). Given the pronounced gender differences
in neuropeptide action in several species (Winslow and Insel,
2004), the study of females will also be of interest. Further characterization of amygdala interactions will also be important for
clinical applications; for example, in autism, in which plasma
oxytocin is reduced (Green et al., 2001), abnormal amygdala activation may depend on face processing (Dalton et al., 2005)
regions, and genetically determined amygdala dysregulation by
the prefrontal cortex (Meyer-Lindenberg et al., 2005) has been
demonstrated.
In conclusion, our data reveal a pronounced impact of oxytocin on amygdala reactivity and brainstem interactions in humans, extending a large body of work on neuropeptide regulation
of complex behavior to this species by establishing an effect of
oxytocin on a key component of affective and social processing.
We hope that this work will contribute to the development of
therapeutic interventions with oxytocin or synthetic agonists in
diseases in which amygdala dysfunction has been implicated, including anxiety disorders, depression, and autism.
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