www.nature.com/npp

ARTICLE

Kinetics of oxytocin effects on amygdala and striatal reactivity
vary between women and men
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Accumulating evidence suggests that intranasal oxytocin (OXT; 24 IU) reduces amygdala responses to fear-related stimuli in men,
while exerting inverse effects in women. However, OXT enhances activity of the brain reward system in both sexes. Importantly, a
crucial and still open question is whether there are sex-speciﬁc dose-response relationships for the amygdala and striatal regions.
To address this question, a total of 90 healthy women participated in a double-blind, placebo-controlled crossover functional
magnetic resonance imaging (fMRI) study and the results were compared with our previous ﬁndings from men. Participants were
randomly assigned to three doses of OXT (6 IU, 12 IU, and 24 IU) and completed an emotional face recognition task including fearful
and happy faces of varying emotional intensities. Across doses, OXT enhanced amygdala reactivity to low fearful faces compared to
placebo and increased responses to happy faces in the dorsal striatum in women. While treatment effects on amygdala reactivity
were evident at each given dose, the OXT effect on striatal responses to social stimuli was more pronounced with higher doses, but
this dose-dependent effect did not survive correction for multiple comparisons. Importantly, OXT effects on amygdala and striatal
activation signiﬁcantly differed between sexes and striatal baseline sexual-dimorphic response patterns were diminished after
administration of OXT. Our ﬁndings suggest that OXT increases the salience of social signals by strengthening the sensitivity for
these signals in the amygdala and in the striatum in women, while OXT may primarily induce anxiolysis by reducing amygdala
responses in men.
Neuropsychopharmacology (2019) 0:1–7; https://doi.org/10.1038/s41386-019-0582-6

INTRODUCTION
The hypothalamic peptide oxytocin (OXT) is a key modulator of
social cognition and behaviors including fear learning [1, 2], stress
responses [3–5], pair-bonding [6], and parent–infant attachment
[7]. In both human and animal studies, OXT has been found to
reduce threat-induced reactivity of the amygdala [1, 8–13].
Furthermore, current perspectives on the prosocial effects of
OXT emphasize that the peptide enhances the salience of social
signals by modulating the activation of the brain reward system
[14–17]. This dual mechanism of action renders OXT a promising
system for the treatment of various mental disorders associated
with impaired social interaction abilities, such as autism spectrum
or anxiety disorders [18, 19]. However, the rapid translation into
clinical efﬁcacy is currently hampered by limited insights into the
dose-response relationships of OXT. We have recently shown that
a dose of 24 international units (IU) appears optimal for inhibiting
amygdala responses to social fear signals in healthy men [20].
However, there is accumulating evidence that the same dose
causes the opposite effect in women [9, 21, 22]. Similarly, sexualdimorphic anxiolytic effects have been observed in mice [23] and
rats [24]. Possible sex-speciﬁc OXT effects on the brain reward
system are less consistent, but have also been observed. While

OXT enhances activation in reward-associated brain regions in
response to the romantic partner in both sexes [14–16], it
selectively increases striatal reactivity to reciprocated cooperation
in men but not in women [25–29].
Further differential effects of OXT in women and men have
been documented in various domains. For instance, in women, 24
IU of OXT improved the ability to recognize familial relationships
[30], biased them to respond more altruistically [31], and increased
the magnitude of perceived support during recall of negative
autobiographical memories in a social context [32]. In men, 24 IU
of OXT facilitated the accurate perception of competition,
promoted self-interest moral judgements and had no signiﬁcant
effect on recalling emotional autobiographical memories. Given
this empirical background, one might assume that OXT may have
evolved to prompt afﬁliative efforts aimed at restoring positive
social contacts in women (“tend-and-befriend” model) [33], but
may primarily affect ﬁght-or-ﬂight responses via anxiolysis in men.
However, little is known about the basic mechanisms underlying these sexual-dimorphic effects. OXT might interact with
gonadal hormones such as progesterone and estradiol, whose
levels differ between women and men and which are implicated
in the neural processing of emotional stimuli [34, 35]. Furthermore,
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OXT binding sites are widely distributed in the brain, and animal
studies suggest that OXT receptor densities differ between sexes
in various brain regions interconnected with the amygdala or
striatal regions (e.g. the bed nucleus of the stria terminalis)
[36, 37].
Importantly, however, higher doses of intranasal OXT (48 IU)
tend to enhance amygdala reactivity to fearful stimuli in men [20],
indicating an inverted-U relationship between the amount of
administered OXT and anxiolytic effects on threat-induced
amygdala activation. Assuming this inverted-U dose-response
relationship is also true for women, sex-speciﬁc effects of OXT
treatments might also be a byproduct of a shifted dosedependent target engagement in women, initiated at lower doses
compared to men [28, 38]. We thus hypothesized that lower doses
might be needed in women to reveal a decrease in amygdala
reactivity as observed in men after the administration of 24 IU
of OXT.
Therefore, the present randomized, double-blind, placebocontrolled crossover study aims to investigate potential dosedependent effects of intranasal OXT on amygdala and striatal
responses to emotional faces in healthy women and to validate
the sex-speciﬁcity of OXT effects. A total of 92 healthy, righthanded women were randomly assigned to three doses of OXT
(24 IU, 12 IU, and 6 IU). The rationale of focusing on lower rather
than higher doses was based on evidence for higher baseline
endogenous OXT levels in women compared to men [39], such
that lower doses might be needed to produce anxiolytic effects in
women. We thus hypothesized that 24 IU of intranasal OXT would
increase amygdala responses to fearful stimuli in women, whereas
lower doses (6 IU or 12 IU) would inhibit these responses. Since an
inverted-U relationship has also been hypothesized between OXT
dose and reward-associated brain activation [28], and given
evidence for enhanced brain reward system activity after
administration of 24 IU intranasal OXT in women [15, 16], we
predicted heightened striatal responses to positive social stimuli
after OXT administration and further hypothesized that this effect
would be more pronounced after 24 IU compared to lower doses
(6 IU or 12 IU). Finally, we hypothesized that OXT effects after
administration of equivalent doses would signiﬁcantly differ
between sexes, whereas effects of lower doses of OXT in women
(6, 12, and 24 IU) would mirror the effects of higher doses of OXT
in men (12, 24, and 48 IU, respectively).
MATERIALS AND METHODS
Experimental design and participants
We used a randomized, double-blind, placebo-controlled crossover design. Out of a total of 105 participants who were invited to
a screening session prior to the testing sessions, 92 healthy, righthanded women were eligible for enrollment and randomly
assigned to three groups differing in doses of administered
treatment: 6 IU (n = 31), 12 IU (n = 31), and 24 IU (n = 30; for
details, see Supplementary Materials and Methods). The study was
approved by the local ethics committee of the Medical Faculty of
the University of Bonn, Germany, and carried out in accordance
with the latest revision of the Declaration of Helsinki. All
participants provided written informed consent and were free of
current physical or psychiatric illness as assessed by self-report
and the Mini-International Neuropsychiatric Interview (MINI [40])
in the screening session. None of the participants used hormonal
contraceptives or was pregnant while taking part in the study.
Following the screening session, participants underwent two
identical testing sessions on separate days (one session after
placebo [PLC] and one session after OXT administration),
scheduled at least one month apart. The order of substance
administration was randomized across participants. Two participants were excluded after the ﬁrst testing session as they no
longer fulﬁlled inclusion criteria (see Supplementary Materials and

Methods), resulting in 90 participants (mean age ± SD = 23.9 ± 4.4
years) for the analyses (n = 30 in each dose group). Furthermore,
11 participants were excluded from functional magnetic resonance imaging (fMRI) analyses due to technical malfunctions (n =
2) or excessive head motion ( >4 mm/°; n = 9). Thus, the ﬁnal
sample for fMRI analyses consisted of 79 participants (mean age ±
SD = 24.0 ± 4.3 years; 6 IU: n = 28, 12 IU: n = 26, 24 IU: n = 25).
There were no a priori differences between dose groups regarding
demographic and psychological measurements (see Table S1).
Testing sessions
Participants completed two testing sessions, both including an
fMRI scan and questionnaires measuring mood and state anxiety
at the beginning and end of the testing session (the Positive and
Negative Affect Schedule, PANAS [41] and the State-Trait Anxiety
Inventory, STAI [42]; see Table S2). After completion of the
questionnaires, participants self-administered 6, 12, or 24 IU of
synthetic OXT (depending on dose group; Sigma-Tau Industrie
Farmaceutiche Riunite S.p.A., Rome, Italy) or PLC via nasal spray
under the supervision of a trained research assistant and in
accordance with the latest standardization guidelines [43] (for
details, see Supplementary Materials and Methods). The PLC
solution contained identical ingredients except for the peptide
itself. Imaging data were collected 45 min after substance
administration while participants completed an emotional face
recognition task [20]. Brieﬂy, participants were instructed to
decide via button press whether morphed face stimuli displayed a
neutral, fearful, or happy expression of varying emotional
intensities (neutral, low and high fearful, low and high happy)
(for details, see [20]). Blood was sampled before treatment
administration (baseline) and immediately after fMRI scanning.
All participants were tested in the luteal phase of their menstrual
cycle as assessed by self-report and validated by blood assays
(estradiol and progesterone concentrations; see Supplementary
Materials and Methods).
fMRI data acquisition and analysis
Imaging data were recorded on a 1.5 T Siemens Avanto MRI
system (Siemens, Erlangen, Germany) using an amygdala-sensitive
sequence with an echo time (TE) decreased linearly by 10 ms
between slice 9 and slice 14, resulting in a ﬁnal TE of 40 ms [44].
Data were preprocessed (see Supplementary Materials and
Methods) and analyzed using standard procedures in
SPM8 software (Wellcome Trust Centre for Neuroimaging, London,
UK) implemented in MATLAB 7.11 (The Mathworks, Inc., Natick,
MA, USA) as in our previous study [20]. A two-stage approach
based on the general linear model implemented in SPM8 was
used for statistical analyses. For region of interest analyses, the
amygdala and striatal regions (putamen, caudate nucleus, globus
pallidus, and nucleus accumbens) were anatomically deﬁned
according to the Wake Forest University Pick Atlas [45, 46]. P
values < 0.05 after correction for multiple comparisons (familywise error, FWE) were considered signiﬁcant. Finally, to examine
possible dose-dependent effects, parameter estimates of signiﬁcant OXT effects on amygdala and striatal responses to fearful or
happy faces relative to neutral faces were averaged across all
voxels of anatomically deﬁned regions of interest, extracted, and
analyzed in SPSS 24 (IBM Corp., Armonk, NY, USA) using mixed
analyses of variance (ANOVAs) and Bonferroni-corrected (pcorr)
post hoc t-tests. We also explored whole brain OXT effects across
all participants and dose groups (for details, see Supplementary
Materials and Methods).
Behavioral, demographic, and neuroendocrine data were
analyzed using standard procedures in SPSS 24 including mixed
ANOVAs and t-tests. Greenhouse-Geisser correction was applied if
the assumption of sphericity was signiﬁcantly violated as assessed
with Mauchly’s test. Partial eta-squared and Cohen’s d were
calculated as measures of effect size. To examine whether
Neuropsychopharmacology (2019) 0:1 – 7
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individual characteristics of the participants moderate the
effectiveness of OXT, we conducted explorative Pearson’s
product-moment correlations between OXT effects and behavioral, demographic, psychological, and neuroendocrine measurements. For results of behavioral data and correlation analyses, see
Supplementary Results.
To test the hypothesis of sexual-dimorphic OXT effects,
parameter estimates of signiﬁcant OXT effects in the female
sample and the sample of our previous study with healthy men
[20] were analyzed using mixed ANOVAs with the additional
between-subject factor sex and two-sample t-tests. For details of
comparative analyses, see Supplementary Materials and Methods.
Data analysis was preregistered prior to conducting any
analyses (https://osf.io/yxrsf/).
RESULTS
Neuroendocrine parameters
Estradiol, progesterone, progesterone/estradiol ratio, and OXT
levels at baseline differed neither between dose groups nor
between OXT and PLC testing sessions (see Table S3). No
interaction between testing session and dose group was found
(all Fs < 1.90, all ps > 0.15).
A mixed ANOVA with the within-subject factor treatment (OXT,
PLC), the between-subject factor dose group (6 IU, 12 IU, 24 IU),
and the pre-post difference in OXT plasma concentrations
revealed main effects of treatment (F(1,85) = 338.00, p < 0.001,
ηp2 = 0.80) and dose group (F(2,85) = 23.76, p < 0.001, ηp2 = 0.36).
Furthermore, a signiﬁcant interaction between treatment and
dose group indicated a difference in the magnitude of OXT
increase between dose groups (F(2,85) = 16.16, p < 0.001, ηp2 =
0.28). Post hoc tests revealed that the plasma OXT concentration
was signiﬁcantly increased after OXT administration in all dose
groups (all ts > 11.51, all pscorr < 0.001, all ds > 3.25), but increases
in OXT levels after 24 IU and 12 IU of OXT in contrast to PLC were
signiﬁcantly greater compared to 6 IU (24 IU vs. 6 IU: t(56) = 5.63,
pcorr < 0.001, d = 1.48; 12 IU vs. 6 IU: t(43.27) = 5.16, pcorr < 0.001,
d = 1.34), whereas there was no difference between the 12 and 24
IU groups (t(57) = 0.06, pcorr ≈ 1.00; see Fig. 1).
fMRI results
OXT effects on amygdala responses. Across all participants and
dose groups, OXT signiﬁcantly enhanced right amygdala
responses to low fearful (i.e. [OXT low fearful > neutral] > [PLC low
fearful > neutral]; Montreal Neurological Institute [MNI] peak coordinates x, y, z: 30, −8, −12, t(78) = 3.64, k = 135, pFWE = 0.02, see
Fig. 2a) but not to high fearful faces (MNI peak coordinates x, y, z:

Fig. 1 Changes in plasma oxytocin (OXT) concentration after OXT
and placebo (PLC) administration relative to baseline. Administration of 12 and 24 international units (IU) of OXT induced a
signiﬁcantly greater increase in OXT levels than 6 IU. Error bars
indicate standard errors of the mean. Abbreviations: corr, Bonferroni-corrected; IU, international units; OXT, oxytocin; PLC, placebo.
***pcorr < 0.001.
Neuropsychopharmacology (2019) 0:1 – 7

28, −2, −16, t(78) = 2.39, k = 25, pFWE = 0.25). No signiﬁcant effects
of OXT on left amygdala responses to low or high fearful faces or to
fearful faces across emotional intensities were found (all ts < 2.40, all
FWE-corrected ps > 0.22). Furthermore, we observed no dampening
effects on amygdala activation (e.g. [OXT fearful > neutral] <
[PLC fearful > neutral]) or signiﬁcant OXT effects on amygdala responses
to happy faces. Mixed ANOVAs with treatment (OXT, PLC) and
emotion (e.g. neutral, fearful) as within-subject factors, dose group
(6 IU, 12 IU, 24 IU) as between-subject factor, and extracted
parameter estimates averaged across right amygdala voxels as
dependent variables were calculated to further investigate OXT
effects on amygdala activation. Importantly, signiﬁcant interactions
of treatment and emotion conﬁrmed OXT effects on responses to
fearful (F(1,76) = 7.03, p = 0.01, ηp2 = 0.09) and low fearful faces
(F(1,76) = 6.70, p = 0.01, ηp2 = 0.08; see Fig. 2a) in contrast to neutral
faces, whereas no interaction of treatment and emotion was
observed for amygdala responses to high fearful faces (F(1,76) = 1.86,
p = 0.18). Post hoc tests revealed signiﬁcantly greater amygdala
responses to fearful (t(78) = 4.14, pcorr < 0.001, d = 0.15) and low
fearful faces (t(78) = 3.75, pcorr < 0.001, d = 0.15; see Fig. 2a)
compared to neutral faces after OXT administration while no other
post-hoc comparison reached signiﬁcance (all ts < 1.86, all pscorr >
0.27). For further analyses of OXT effects on amygdala responses,
see Supplementary Results.
OXT effects on striatal reactivity. OXT signiﬁcantly enhanced
activation in response to happy faces (i.e. [OXT happy > neutral] >
[PLC happy > neutral]) across all dose groups in the right putamen (MNI
peak coordinates x, y, z: 34, −18, −4, t(78) = 3.83, k = 45, pFWE =
0.03). Mixed ANOVAs with extracted parameter estimates averaged
across all right putamen voxels as dependent variables conﬁrmed a
signiﬁcant treatment multilpy emotion interaction for putamen
responses across emotional intensities (F(1,76) = 6.42, p = 0.01, ηp2
= 0.08) and for low happy faces (F(1,76) = 9.13, p = 0.003, ηp2 = 0.11;
see Fig. 2c). Post-hoc tests indicated enhanced putamen reactivity
to low happy compared to neutral faces after OXT administration
(t(78) = 2.38, p = .02 [pcorr = 0.08]; see Fig. 2c; all other ts < 1.67, all
pscorr > 0.40). In contrast, no signiﬁcant interaction of treatment and
emotion was found for putamen responses to high happy faces
(F(1,76) = 2.43, p = 0.12). Therefore, we decided to focus on right
putamen reactivity to happy faces across emotional intensities and
to low happy faces. Additional analyses of putamen responses to
happy faces and further results of OXT effects on striatal reactivity
are reported in the Supplementary Results.
Dose-dependent effects. Importantly, no dose-dependent effects
(main effect of dose or interactions with dose group) were found
for right amygdala responses to fearful faces across emotional
intensities (all Fs < 1.24, all ps > 0.29) or low fearful faces (all Fs <
0.72, all ps > 0.49; see Fig. 2b), indicating that OXT effects did not
signiﬁcantly differ between dose groups.
In contrast, trend-to-signiﬁcant interactions of treatment and
dose group were found for right putamen reactivity, implying
dose-dependent OXT effects on responses to social stimuli across
happy and neutral (F(2,76) = 3.08, p = 0.05, ηp2 = 0.08) as well as
low happy and neutral faces (F(2,76) = 3.12, p = .05, ηp2 = 0.08; see
Fig. 2d). Post hoc tests disentangling the potential dosedependent OXT effects on right putamen activation are reported
in the Supplementary Results. No other dose-dependent effects
(main effect of dose or interactions with dose group) were found
for right putamen reactivity to happy or low happy faces (all Fs <
2.35, all ps > 0.10).
Whole brain. OXT signiﬁcantly enhanced responses to happy
stimuli ([OXT happy > neutral] > [PLC happy > neutral]) in the left precuneus (MNI peak coordinates x, y, z: −4, −68, 30, t(78) = 4.34, k =
144, pFWE = 0.02; see Fig. 3). We found no evidence for effects on
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Fig. 2 a Intranasal oxytocin (OXT) signiﬁcantly enhanced right amygdala responses to low fearful faces compared to neutral faces across doses
(interaction of treatment multilpy emotion: F(1,76) = 6.70, p = 0.01, ηp2 = 0.08). Post-hoc t-tests revealed signiﬁcantly greater amygdala reactivity to
low fearful compared to neutral faces after OXT administration (t(78) = 3.75, p < 0.001, d = 0.15). b The OXT-induced increase in amygdala
activation did not differ between dose groups. c Intranasal OXT signiﬁcantly enhanced right putamen responses to low happy faces compared to
neutral faces (interaction of treatment multilpy emotion: F(1,76) = 9.13, p = 0.003, ηp2 = 0.11). Post-hoc t-tests revealed signiﬁcantly greater
putamen reactivity to low happy compared to neutral faces after OXT administration (t(78) = 2.38, p = 0.02, d = 0.16). d The observed OXT effect on
right putamen responses to social stimuli across emotional valence (low happy and neutral faces) was more pronounced in the dose groups of 24
and 12 international units (IU) compared to 6 IU (24 IU vs. 6 IU: t(34.87) = 2.19, p = 0.04, d = 0.60; 12 IU vs. 6 IU: t(52) = 2.32, p = 0.02, d = 0.63). Error
bars indicate standard error of the mean. Abbreviations: IU, international unit; L, left; OXT, oxytocin; PLC, placebo; R, right. *p < 0.05, **p < 0.01,
***p < 0.001.

Fig. 3 a Across doses, intranasal oxytocin (OXT) signiﬁcantly enhanced the responses to happy faces in the left precuneus (Montreal
Neurological Institute peak coordinates x, y, z: −4, −68, 30, t(78) = 4.34, k = 144, pFWE = 0.02). b Post hoc tests revealed signiﬁcantly enhanced
resposes to happy compared to neutral faces after OXT administration (t(78) = 3.40, p = 0.001, d = 0.19), whereas precuneus response under
placebo (PLC) was greater for neutral faces (t(78) = 2.12, p = 0.04, d = 0.12). Precuneus reactivity to neutral faces was signiﬁcantly reduced after
OXT administration compared to PLC (t(78) = −2.37, p = 0.02, d = −0.23). Error bars indicate standard error of the mean. Abbreviations: FWE,
familywise error corrected; L, left; OXT, oxytocin; PLC, placebo; R, right. *p < 0.05, **p < 0.01.

fear-speciﬁc brain activation or for a dampening OXT effect (e.g.
[OXT happy > neutral] < [PLC happy > neutral]).
Sexual-dimorphic OXT effects. Mixed ANOVAs with sex (female,
male) as an additional between-subject factor were calculated for
the observed OXT effects on right amygdala activation to low
fearful faces, right putamen responses to happy faces across

emotional intensities, and left amygdala reactivity to high fearful
faces as evident in our previous study [20]. Parameter estimates of
groups receiving the same dose of OXT in men and women were
used as dependent variables (i.e. 12-IU- and 24-IU-dose groups
with a latency of 45 min). Results revealed a signiﬁcant interaction
of treatment and sex on right amygdala reactivity (F(1,86) = 4.06,
p = 0.047, ηp2 = 0.05; see Fig. 4a) and interactions of treatment
Neuropsychopharmacology (2019) 0:1 – 7
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Fig. 4 Effects of intranasal oxytocin (OXT) differed signiﬁcantly between women and men ([20]; for dose groups of 12 and 24 IU with a
latency of 45 min). a Across neutral and low fearful faces, right amygdala reactivity was enhanced in female participants but attenuated in
male participants (interaction of treatment multilpy sex: F(1,86) = 4.06, p = 0.047, ηp2 = 0.05). b Likewise, OXT effects on emotion-speciﬁc left
amygdala responses to high fearful faces differed between sexes (interaction of treatment multilpy emotion multilpy sex: F(1,86) = 4.74, p =
0.03, ηp2 = 0.05). c OXT effects on emotion-speciﬁc right putamen activation in response to happy faces were signiﬁcantly more pronounced in
women compared to men (interaction of treatment multilpy emotion multilpy sex: F(1,86) = 5.73, p = 0.02, ηp2 = 0.06). Error bars indicate
standard error of the mean. Abbreviations: L, left; OXT, oxytocin; PLC, placebo; R, right. *p < 0.05.

multilpy emotion multilpy sex on left amygdala response (F(1,86) =
4.74, p = 0.03, ηp2 = 0.05; see Fig. 4b) and right putamen reactivity
(F(1,86) = 5.73, p = 0.02, ηp2 = 0.06; see Fig. 4c). Four post hoc twosample t-tests were calculated for each signiﬁcant interaction to
compare parameter estimates of baseline contrasts between
sexes. Tests showed signiﬁcantly enhanced right amygdala
reactivity to low fearful faces after OXT administration in women
compared to men (t(68.11) = 2.60, pcorr = 0.046, d = 0.55), whereas a
trend-to-signiﬁcant smaller baseline left amygdala activation to
high fearful faces (t(66.41) = −2.39, pcorr = 0.08) in women was no
longer evident after OXT administration (t57.87) = 0.75, pcorr ≈ 1.00).
In the right putamen, female participants showed attenuated
baseline reactivity to neutral (t(88) = −3.07, pcorr = 0.01, d = −0.65)
and happy faces (t(88) = −4.46, pcorr < 0.001, d = −0.95). Again, apriori sex differences were reduced after OXT administration, with
women still exhibiting smaller responses to neutral faces (t(76.66) =
−2.97, pcorr = 0.02, d = −0.63) but not happy faces (t(79.84) =
−2.03, pcorr = 0.18). No interactions of treatment and sex with
dose were observed (all F < 1.06, all ps > 0.30), indicating that sexspeciﬁc OXT effects do not signiﬁcantly differ between 12 and 24
IU of OXT. For further comparisons of sexual-dimorphic OXT
effects between doses, see Supplementary Results.
DISCUSSION
The present PLC-controlled, crossover design study sought to
investigate dose-dependent OXT effects on reactivity of the
amygdala and the brain reward system in healthy women by
comparing the modulatory impact of three different doses (6 IU,
12 IU, and 24 IU) of intranasally administered OXT. Results
revealed that OXT signiﬁcantly enhanced amygdala responses to
fearful and low fearful faces independent of dosing in the
administered range. Furthermore, we found that OXT signiﬁcantly
increased striatal reactivity to happy and low happy faces and
that these OXT effects might differ between dose groups,
although post-hoc tests for this treatment multilpy dose
interaction did not survive correction for multiple comparisons.
Given signiﬁcant differences between the sexes in the observed
OXT effects, our data are consistent with the notion that OXT has
opposing effects on amygdala reactivity in women and men and
that these sex-speciﬁc effects are not only a byproduct of the
hypothesized dose-response function following lower doses in
women. OXT effects on striatal responses to happy faces, on the
other hand, were more pronounced in women and striatal sexualdimorphic baseline response patterns vanished after OXT
administration.
Neuropsychopharmacology (2019) 0:1 – 7

Our ﬁndings suggest that OXT increases the processing of social
stimuli in women by strengthening the sensitivity for negative
signals in the amygdala and by potentiating reward-related
responses in the striatum. Importantly, OXT effects were more
pronounced for low intensity emotional faces and absent when
the salience of social stimuli was high due to high emotion
intensity. Our ﬁndings therefore support the social salience
hypothesis of OXT [17]. From an evolutionary perspective, OXTinduced increases in social salience may contribute to maternal
bonding as stronger intrinsic connectivity within an overlapping
network comprising the amygdala and striatal areas has been
linked to both mothers’ behavioral synchrony with their infants
and plasma OXT levels [47]. Importantly, previous studies have
reported increased perceived social support [32] and enhanced
stress-buffering effects of social support in women after the
administration of OXT [48], suggesting that increased OXT
signaling may still result in anti-anxiety effects in women when
the OXT administration is combined with a supporting intervention. Thus, prosocial effects of OXT in men may primarily operate
via anxiolysis, [1, 3–5, 8, 9, 13] whereas OXT may promote
afﬁliative efforts and social bonding in women [6, 33] in a safe
context by enhancing the salience of positive social cues in striatal
regions and in the precuneus. Furthermore, in ambiguous
situations, enhanced amygdala activation after OXT administration
may result in avoidance behavior, but because OXT has been
found to signal relationship distress in women [33], enhanced
amygdala activation may provide the impetus for social contact to
ameliorate stress.
Sexual-dimorphic OXT effects could be driven by interactions
between gonadal steroid hormones and OXT. On the one hand,
higher baseline levels of progesterone in healthy women are
associated with hypersensitivity to negative stimuli in emotion
processing brain regions including the amygdala [34, 49–56]. On
the other hand, reward sensitivity and reward-related striatal
activation seem to be enhanced in the late follicular phase of the
menstrual cycle when estradiol levels are high and progesterone
levels are low [35, 57–59]. These ﬁndings of reduced striatal
responses to positive stimuli when progesterone levels are raised
might explain the observed attenuated baseline putamen
reactivity to happy faces in our female sample compared to male
participants, as female participants were tested in the luteal phase
when progesterone levels are high [60]. Thus, because women
have higher estrogen and progesterone levels than men, a small
dose of OXT (i.e. 6 IU) may be sufﬁcient to intensify the sensitivity
for potential threats in women. Importantly, however, previous
studies, which examined the effects of 24 IU on amygdala
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reactivity to fearful faces in healthy women in the luteal [21] or
follicular phase [61], consistently found an increase in amygdala
activation, indicating that the direction of the OXT effect does not
change with hormonal levels ﬂuctuating across the
menstrual cycle.
Another possible explanation for sexual-dimorphic OXT effects
might be a difference in the distribution of OXT receptors in
women and men, as is evident in rodents [36, 37]. However, no sex
differences have been found to date for OXT binding sites in the
human brain [62]. Importantly, OXT also binds to receptors of the
related nonapeptide arginine vasopressin (AVP), although with
lower afﬁnity [63]. Considering the evidence for AVP effects in
men, which are missing or even reversed in women [25, 26, 64–
66], sexually-speciﬁc OXT effects might result from an interaction
with the AVP system. Therefore, reported dose-dependent effects
on amygdala activation in men missing in women might be
explained by OXT occupying AVP receptors and producing AVPlike effects at higher OXT doses [20, 67].
Furthermore, opposing OXT effects on amygdala reactivity in
women and men may be related to different intra-amygdalar
targets of OXT. The amygdala is not a single homogenous
structure but rather comprises several functionally specialized
subnuclei that respond differentially to emotional stimuli [68].
Given a higher sensitivity of the centromedial amygdala to
negative emotional stimuli compared to the basal amygdala [68],
it is conceivable that OXT might reduce sensitivity of the
centromedial amygdala in men while improving the sensitivity
of basal nuclei in women. However, future studies with ultra-ﬁeld
imaging are required to reliably differentiate amygdala subnuclei.
Our study has some limitations. First, as we expected a
reduction of amygdala activation in women following lower
doses, we compared the effects of 24 IU OXT with those of smaller
doses. Higher doses than 24 IU might be needed to detect the
hypothesized inverted-U relationship between OXT dose and
reward-associated brain activation [28] or dose-dependent effects
on amygdala activation. Second, we explored the kinetics of OXT
in a sample of healthy women, and further patient studies are
warranted to extrapolate our ﬁndings to psychopathology.
Conclusively, our results provide support for the sexualdimorphic effects of OXT and suggest that OXT increases the
salience of social information in women by potentiating limbic
and striatal reactivity to low intensity social stimuli. As such, our
ﬁndings may have important implications for the therapeutic
applications of OXT. Strict control of the therapeutic context and
the combining of OXT with other anti-anxiety interventions may
be required to produce anxiolytic effects in women. Further
insights into sex-speciﬁc OXT signaling might also broaden our
understanding of etiological and pathogenetic mechanisms
underlying mental disorders associated with social dysfunctions
and substantial sex differences in prevalence rates such as autism
spectrum disorder.
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