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Effects of exogenous oxytocin
and estradiol on resting-state
functional connectivity in women
and men

Marie Coenjaerts'*’, Berina Adrovic?, Isabelle Trimborn?, Alexandra Philipsen?,
René Hurlemann3* & Dirk Scheele®™

Possible interactions of the neuropeptide oxytocin and the sex hormone estradiol may contribute to
previously observed sex-specific effects of oxytocin on resting-state functional connectivity (rsFC) of
the amygdala and hippocampus. Therefore, we used a placebo-controlled, randomized, parallel-group
functional magnetic resonance imaging study design and measured amygdala and hippocampus rsFC
in healthy men (n=116) and free-cycling women (n=111), who received estradiol gel (2 mg) or placebo
before the intranasal administration of oxytocin (24 IU) or placebo. Our results reveal significant
interaction effects of sex and treatments on rsFC of the amygdala and hippocampus in a seed-to-voxel
analysis. In men, both oxytocin and estradiol significantly decreased rsFC between the left amygdala
and the right and left lingual gyrus, the right calcarine fissure, and the right superior parietal gyrus
compared to placebo, while the combined treatment produced a significant increase in rsFC. In
women, the single treatments significantly increased the rsFC between the right hippocampus and the
left anterior cingulate gyrus, whereas the combined treatment had the opposite effect. Collectively,
our study indicates that exogenous oxytocin and estradiol have different region-specific effects on
rsFCin women and men and that the combined treatment may produce antagonistic effects.

The hypothalamic peptide oxytocin (OXT) has a broad profile of effects ranging from labor induction and
lactation! to social approach and avoidance behavior?™, romantic attachment®~, as well as fear'*-'* and trauma
processing'*'®. Neural effects of OXT in the hippocampus and amygdala are in line with higher expression of
OXT receptors in these subcortical areas>'®. Furthermore, intranasal OXT has been found to modulate the
functional communication between and within large-scale brain networks during resting state measured with
electroencephalography!” and functional magnetic resonance imaging (fMRI)'®-?!. Importantly, there is accu-
mulating evidence that OXT exhibits sex-specific effects on neural responses during the perception or evaluation
of socio-emotional stimuli?®*?~?” and on resting-state fIMRI***°. Preliminary evidence indicates that OXT affects
resting-state functional connectivity (rsFC) between and within emotion and reward-related networks including
the amygdala in a sex-dependent manner?®?*!. Additionally, as the amygdala is a set of functionally heterogeneous
nuclei, a subregional-specific modulatory role of OXT on amygdala-centered emotion processing networks has
been suggested*>*, but sex-specific effects on rsFC of amygdala subregions have not been examined yet. Potential
mechanisms contributing to the sex differences in rsFC include menstrual cycle effects and the interaction of
OXT with sex hormones such as estradiol (EST)?8-30:34,

Fluctuations of sex hormones along the menstrual cycle impact rsFC* and effects of EST appear to be pro-
nounced for the amygdala and the hippocampus. Both regions express a high density of EST receptors®® and are
sensitive to changes in estrogens®*. For instance, elevated EST levels are related to an increase in hippocampal
and amygdala gray matter volume®-*2. In addition, higher EST levels positively correlate with hippocampal®*#>#
and amygdala rsFC*. As yet, no study has probed the effects of exogenous EST on rsFC in men, but a recent study
found that a single dose of exogenous testosterone modified the rsFC of the amygdala*. Given that testosterone
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is catalyzed to estrogen via the enzyme aromatase*’, an effect of exogenous EST on rsFC in men is therefore
conceivable.

Evidence for EST-OXT interactions derive from animal models showing that EST and OXT modulate the
synaptic plasticity in the medial nucleus of the amygdala in male rats* and that EST receptors induce an OXT
production by binding in a dimerized form to the composite hormone response element of the OXT promotor
gene®-*!. Importantly, also in humans possible EST-OXT interactions have been discussed for various domains
including social anxiety and migraine attacks>*2. There is preliminary evidence deriving from task-based fMRI
studies that EST and OXT may antagonistically interact?***. However, no study has simultaneously probed the
modulatory effects of exogenous EST and OXT on rsFC and possible interactions in women and men. Over
recent decades, large resting state fMRI (rsfMRI) datasets have been collected in neuroimaging consortia (e.g.
the UK Biobank®*) to decipher the functional integration of brain regions into interconnected networks. Machine
learning approaches have been applied to rsfMRI data to predict demographic characteristics such as sex> and
age®®. Importantly, rsfMRI can help to identify neurophysiological subtypes of neuropsychiatric disorders like
depression and these biomarkers may be useful to predict treatment responses®’. For possible future clinical
applications, a better understanding of sex differences and hormonal interaction effects is crucial. Previous stud-
ies observed that changes of rsFC significantly correlate with hormonal changes across the menstrual cycle®,
but the simultaneous alterations of multiple hormones hamper causal attributions. Furthermore, these findings
cannot be extrapolated to men. By exploring the effects of exogenous OXT and EST on rsfMRI in women and
men, we can overcome these limitations and control for possible context-dependent effects of OXT which have
become evident in task-based studies. For instance, it has been found that OXT effects on amygdala activation
are dependent on the emotional valence of faces®®-** (but see also®'), while other neural effects were moderated
by previous experiences with the shown social stimuli®®. Therefore, we conducted a pre-registered, randomized,
placebo-controlled, parallel-group fMRI study involving healthy men and free-cycling healthy women in their
early follicular phase to test the effects of exogenous EST, OXT, and their interaction on rsFC. Participants were
scanned under four experimental conditions: 1. Transdermal placebo gel and intranasal placebo (PLC,,, & PLC,,),
2. Transdermal placebo and intranasal OXT (PLC,,, & OXTj,,), 3. Transdermal EST and intranasal placebo (EST,,,
& PLC,,), and 4. Transdermal EST and intranasal OXT (EST,,, & OXTj,,)-

Our first hypothesis was that under placebo men and women would differ in their amygdala and hippocampus
rsFC®7%, We further expected that OXT;,, would have opposing effects on hippocampal and amygdala rsFC in
women and men?***!. However, due to the mixed results of OXT;, effects (e.g., increased and decreased rsFC),
we refrained from formulating a directed hypothesis. Additionally, the observed correlation between higher EST
levels and increased amygdalar and hippocampal rsFC***%, led to the hypothesis that the EST,, treatment would
increase the amygdalar and hippocampal rsFC in women and alter it in men. Due to limited research on EST
effects in men, we abstained from hypothesizing a direction for the EST,,, effects in men. Furthermore, due to the
possible antagonistic relation between OXT and EST, we hypothesized that the single treatment effects of either
EST,,, or OXT,,, would be reduced or inverted in the combined treatment group in both sexes®. In additional
explorative analyses, we examined possible treatment and sex effects on the rsFC of amygdala subregions®***.
Furthermore, given that both OXT” and EST®® have been found to modulate the default mode network (DMN),
we also explored effects on rsFC of the DMN.

Results

Sex differences under placebo. To probe sex differences under placebo, we examined rsFC of the
hippocampus, the amygdala, and the amygdala subregions as separate seed regions in a seed-to-voxel analy-
sis (cluster defining threshold p<0.001; significance threshold p <0.05 false discovery rate-corrected, pgpg) in
placebo-treated (PLC,,, & PLC,,) women and men. Analyses revealed that women showed a decreased rsFC
between the right hippocampus and the left anterior cingulate gyrus in contrast to men (MNL,: - 4, 40, 26,
k=133, prpr=0.002). The rsFC of the left hippocampus and the bilateral amygdala were not significantly differ-
ent between the sexes under PLC (all ps>0.05). However, an analysis of the amygdala subregions showed that for
the right superficial amygdala as a seed region, the rsFC with the left cerebrum was increased in men compared
to the women (MNI,,: - 32, 10, 18, k=80, pypr=0.03).

Significant sex * EST,,, treatment * OXT,,, treatment interactions. We observed significant sex
* EST,,, treatment * OXT;,, treatment interactions in rsFC of both the hippocampus and the amygdala as sepa-
rate seed regions in a seed-to-voxel analysis. Significant interactions were identified in rsFC of the right hip-
pocampus with the left anterior cingulate gyrus (MNL,: - 4, 38, 26, k=98, pppr=0.02) and in rsFC of the left
amygdala with the right lingual gyrus (MNL,,: 16, - 52, 00, k=147, pgpr=0.002) and the left cuneus (MNIL,,:
- 16, - 78, 16, k=88, pppr=0.02). There was no significant three-way interaction for the right amygdala or the
left hippocampus. Additional analyses of the amygdala subregions revealed significant three-way interactions
in rsFC of the left centromedial amygdala with the left cuneus (MNIXYZ: - 16, - 78, 16, k=122, pppr =0.003), the
left lingual gyrus (MNIXYZ: - 20,- 50, - 4, k=112, pppr=0.003), and the right calcarine gyrus (MNIXYZ: 24,- 50, 4,
k=173, pppr<0.001). By contrast, for the right superficial amygdala as a seed region, we observed a significant
three-way interaction on rsFC with the right frontal lobe (MNI,,: 20, 36, 00, k=89, pppr =0.047). Importantly,
we examined whether these group effects might be driven by motion and we observed no significant main
or interaction effects with respect to the mean framewise-displacement (all ps>0.05). The reported significant
interaction effects are decomposed by examining treatment effects within the sexes.

Treatment effects within the sexes. To disentangle the observed three-way interactions, we further
examined treatment effects separately for each sex. In women, a significant EST,, treatment * OXT;,, treatment
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interaction was identified in rsFC of the right hippocampus with the left anterior cingulate gyrus (MNI,,,: - 4, 38,
26, k=92, prpr =0.04; see Fig. 1). By contrast, the interaction effects on amygdala rsFC were evident in men, but
not significant in women (see Fig. 2). In men, we found significant interactions between the two treatments in
1sFC of the left amygdala with the right and left lingual gyrus (right: MNI,,: 16, - 50, - 2, k=202, prpg < 0.001; left:
MNI,y,: - 20, - 50, - 4, k=102, pppr=0.005), the right calcarine fissure (MNI,y,: 12,- 76, 16, k=107, pppr=0.005),
and the right superior parietal gyrus (MNL,: 12,- 60, 72, k=77, pppr=0.02). Further analyses of the amygdala
subregions again showed a significant two-way interaction specifically in rsFC of the left centromedial amygdala
with the left rolandic operculum (MNI,,:- 54, 2, 14, k=91, pppr=0.03) in the male subsample, but not in the
female subsample.

Interestingly, we also observed significant two-way interaction effects on rsFC of the DMN in men. Specifi-
cally, interaction effects were identified in rsFc of the DMN with the left supramarginal gyrus (MNL,,: 54, - 24,
26, k=130, pppr =0.003), the right and left superior dorsolateral frontal gyrus (right: MNL,,: 16, 38, - 18, k=123,
Pror=0.003; left: MNI,,: - 16, 34, - 22, k=120, prpg =0.004), and the left cerebellum Crus 1 (MNI,,: - 32, - 74, - 26,
k=130, prpr=0.003).

To further analyze the significant two-way interactions, we extracted the parameter estimates of the significant
peak voxels and employed t-tests to compare the activation between the treatment groups.

Treatment effects in women. Analyses of the extracted parameter estimates revealed that EST,,, significantly
increased rsFC between the right hippocampus and the left anterior cingulate gyrus after PLC;,, treatment
(EST,,, & PLC,,,>PLC,;, & PLC,: t(5))=4.40, p.,, <0.001, d=1.21), but significantly reduced the rsFC in women
who received OXT;,, (EST,, & OXTj, <PLC, & OXTjy: ts6)=- 2.13, peo,=0.04, d=- 0.56). Likewise, OXT;,,
significantly enhanced rsFC between the right hippocampus and the left anterior cingulate gyrus after PLC,,
treatment (PLC,,, & OXT;,,>PLC,,, & PLC,: £(s57) = 3.66, .., <0.01, d=0.96), but decreased rsFC in women who
received EST, (EST,;, & OXT,y < ESTyy & PLCyy: fi50= - 3.08, peoy < 0.01, d = - 0.85).

Treatment effects in men. After the PLC;, treatment, EST,,, decreased rsFC between the left amygdala and
the right and left lingual gyrus (EST,,, & PLC;,<PLC,, & PLC,,: right: ts;=- 2.03, p.,,=0.047, d=- 0.53;
left: t57)=- 2.38, p,;=0.02, d=- 0.62) and the right superior parietal gyrus (EST,,, & PLC;,,<PLC,, & PLC;,:
tis7y=- 4.42, P,y <0.001, d=- 1.15). The opposite effect was evident in the OXT;,, treatment groups, with EST,
increasing rsFC between the left amygdala and the right and left lingual gyrus, the right calcarine fissure, and
the right superior parietal gyrus (EST,,, & OXT;,>PLC,,, & OXT;,: right lingual gyrus: #5=4.91, p.,<0.001,
d=1.31; left lingual gyrus: ¢ss5 =4.14, p,, <0.001, d=1.10; right calcarine fissure: ¢ 55y=4.14, p.,, <0.001, d=1.10;
right superior parietal gyrus: ¢ 55 = 2.46, p ., =0.03, d=0.65). The single treatment with OXT;,, produced similar
effects as the single treatment with EST,,. OXT, decreased rsFC between the left amygdala and the right and
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Figure 1. Treatment effects on the resting-state functional connectivity (rsFC) between the right hippocampus
(green cluster) and the left anterior cingulate gyrus in women. The single treatment with either estradiol or
oxytocin significantly increased rsFC between the right hippocampus and the left anterior cingulate gyrus.
However, the combined treatment led to an rsFC between the right hippocampus and the left anterior
cingulate gyrus comparable to that of the placebo group. Error bars indicate standard errors of the mean.
PLC,,,=transdermal placebo gel; PLC;, = intranasal placebo; OXT;, = intranasal oxytocin; EST;,, =transdermal
estradiol. *p <0.05, **p <0.01.
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Figure 2. Treatment effects on the resting-state functional connectivity (rsFC) between the left amygdala as
seed region (green cluster) and the right and left lingual gyrus, the right calcarine fissure, and the right superior
parietal gyrus in men. The single treatment with either estradiol or oxytocin significantly decreased rsFC, while
the combined treatment led to an rsFC comparable to that of the placebo group. Error bars indicate standard
errors of the mean. PLC,,, =transdermal placebo gel; PLC,, = intranasal placebo; OXT;, = intranasal oxytocin;
EST,,, =transdermal estradiol. #p <0.1, *p <0.05, **p <0.01.

left lingual gyrus (PLC,,, & OXT;, <PLC,, & PLC,,: right: t55=- 2.89, p.,,=0.01, d=- 0.76; left: 55 =- 3.35,
Peor<0.01, d=- 0.88). However, after the EST,,, treatment, OXT,, increased rsFC (EST,, & OXT,>EST,, &
PLC,,: right lingual gyrus: £ss,=4.08, p.,, <0.001, d=1.08; right calcarine fissure: ts5)=4.12, p,,, < 0.001, d=1.10;
left lingual gyrus: #s5=3.18, p.,,<0.01, d=0.84; right superior parietal gyrus: ¢ss=5.38, p.,;<0.001, d=1.42).
The same pattern of results was also evident for parameter estimates of rsFC of amygdala subregions, and DMN
(cf. Supplementary Information). Taken together, both single treatments with EST,,, and OXT;, produced sex-

specific effects on rsFC which were reversed in the combined treatment group.

Neuroendocrine parameters. We collected blood samples before the treatments and after the fMRI
(approx. 4.5 h after gel administration) to measure the concentrations of the hormones EST, OXT, testos-
terone, and progesterone. At baseline, women had significantly higher EST concentrations (ts76y="7.29,
p<0.001, d=1.00), but lower testosterone (445 =- 28.50, p<0.001, d=- 3.71) and OXT levels (t,;,=2.90,
p<0.01, d=- 0.39) than men. The progesterone baseline concentrations were comparable between the two sexes
(t107.21)=- 1.60, p=0.11, d=- 0.22). Importantly, all baseline levels were comparable between treatment groups
(all ps>0.05).

The EST,,, administration significantly increased blood EST levels in both sexes (see Supplementary Table S1;
time * EST,,, treatment: F(; 505 =303.10, p<0.001,1,>=0.60), with women exhibiting a significantly larger increase
than men (time * sex * EST,,, treatment: F; 5= 13.87, p <0.001, 11,>=0.06). There were no significant main or
interaction effects of the OXT,, treatment on EST levels (all ps >0.05), indicating that the OXT;, treatment did
not modulate the EST increase.

As an additional control analysis, we used a median-dichotomization and excluded EST,,,-treated women
with large EST increase. In this subsample, the treatment-induced increases in EST levels were comparable
between women and men within the treatment groups (all ps>0.05) and the rsFC analyses yielded a similar
pattern of results (see SI).

OXT;, administration significantly increased blood oxytocin levels in both sexes (see Supplementary Table S2;
time * OXT;,, treatment: F, ;3= 347.92, p <0.001, n,>=0.52). There were no significant interaction effects of
OXT;,; and sex on the OXT levels, as well as no significant main or interaction effects of the EST,,, treatment on
the OXT levels (all ps >0.05), indicating that the EST,,, treatment did not modulate the OXT increase.

To examine whether the OXT and EST baseline values, as well as changes in OXT and EST levels affected
neural treatment effects, we included the baseline values and the hormonal changes (after treatment minus
baseline) as separate covariates in the analyses and all observed sex * treatment interactions remained significant.
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Discussion

The goal of the current study was to elucidate the effects of exogenous EST,,, and OXT,, treatments and their
interaction on hippocampus and amygdala rsFC in healthy women and men. Our results show significant inter-
actions of sex and the treatments on hippocampus and amygdala rsFC. In women, the single treatment with
either EST,,, or OXT;,, significantly increased rsFC between the right hippocampus and the left anterior cingulate
gyrus, while the combined treatment had the opposite effect. In men, both hormones significantly decreased
the rsFC between the left amygdala and the right and left lingual gyrus, the right calcarine fissure, and the right
superior parietal gyrus. Again, the combined treatment produced the opposite effect. Collectively, our study
indicates an essential role of EST,,, and OXT;, as modulators of rsFC. We observed sex-specific differences in the
localization of the rsFC effects, but the combined treatment reversed the single treatment effects in both sexes
and produced effects comparable to the placebo groups, indicating an antagonistic effect of the two hormones
at the administered doses.

While some studies found no significant sex differences in rsFC®, recent machine learning approaches were
able to reliably classify sex based on sex specifics in the functional brain organization both within sample and
across independent samples™. Specifically, there is accumulating evidence that women and men differ in the
rsFC of the amygdala®-%* and hippocampus®®. However, the direction of these changes (e.g. increased or
decreased functional connectivity) varies between studies. In contrast to our hypothesis that women and men
would differ in their amygdala and hippocampus rsFC under placebo®-%, our results only showed a decreased
rsFC between the right hippocampus and the left anterior cingulate cortex (ACC) in women compared to men,
but no sex difference in rsFC of the amygdala. However, previously observed sex differences appear to depend
on methodological details such as analysis method or sample characteristics. In the current study, we exclusively
tested free-cycling women in their early follicular phase, which is associated with low levels of fluctuating steroid
hormones, and excluded women using oral contraceptives. In contrast, previous sex-specific rsFC effects were
reported in studies involving women in different cycle phases®, and in studies not focusing on cycle phase or the
use of oral contraceptives®*+%. Thus, previously observed sex differences in rsFC of the amygdala might reflect
the impact of other sex steroids fluctuating across the menstrual cycle, such as progesterone, or the influence of
oral contraceptives on rsFC”*7,

In our study, the single treatment with EST,,, did not significantly affect amygdala rsFC in women. Our
hypothesis that EST,,, would affect amygdala rsFC in women was based on a previous study*’, which showed an
association between increased amygdala rsFC and higher estradiol levels. We used an exogenous administra-
tion of estradiol to selectively modulate EST levels in healthy women in the early follicular phase. Thus, natural
fluctuations of other hormones may have contributed to the previously observed association with estradiol.
However, in line with our hypothesis, we observed that EST,,, increased hippocampal rsFC to the left ACC in
women. The effect of estrogens on the hippocampus has been often investigated in female rodents’” and most of
the studies demonstrated a positive effect of estrogens on the hippocampal neurogenesis and dendritic morphol-
ogy. Previous rsFC research on effects of EST on hippocampal connectivity revealed prefrontal regions*, but also
in line with our results the ACC as key target region”>~". Following a treatment with a gonadotropin releasing
hormone agonist, which caused reduced EST levels, the functional connectivity between the hippocampus and
the ACC was decreased”. In another study, postpartum women, who experience a sudden decline in EST levels
after birth, demonstrated a decrease in rsFC of the hippocampus to the ACC*7>. Estrogen-dependent modula-
tions of the hippocampus morphology and activation have been mostly examined in women and studies on
EST effects in men are scarce. In our study, a single EST,, treatment produced no significant effect in the male
hippocampal rsFC. As yet, no study probed the effects of exogenous EST on rsFC in men. There is some evidence
that changes in rsFC of the hippocampus depend on hippocampal neurogenesis in female mice’®. However,
previous studies”””® on hippocampal neurogenesis did not detect significant EST effects in male rats, either, and
suggest an androgen-dependent mechanism, but it is unclear whether and how altered neurogenesis translates
to altered rsFC in humans.

The single OXT;,, treatment significantly increased hippocampal rsFC to the left ACC in women. Most pub-
lished work on OXT;,, effects focuses exclusively on males, but previous studies on OXT;,, effects in women did
not report significant modulation of hippocampus rsFC following an OXT;,, treatment'®*>%¢, These differences
might be rooted in experimental differences, as two of the studies examined women in different cycle phases®>%
or additionally used a higher OXT dosage®®. While Bethlehem and colleagues'® only included women in their
early follicular phase of their menstrual cycle and used the same dosage as in this study, they applied an inde-
pendent component analysis (ICA) to examine how connectivity between-circuits differ across placebo and
OXT;,.. Based on our hypotheses about rsFC of the hippocampus and amygdala, we employed a seed-to-voxel
approach which may produce conceptually different results than ICA”. In men, the OX T, treatment significantly
decreased left amygdala rsFC to the left and right lingual gyrus compared to the placebo group. While some
previous OXT;,, rsFC studies reported an enhancement of the amygdala rsFC to frontal regions after an OXT;,,
treatment®, other studies found a decreased rsFC to the precuneus, prefrontal regions, or the lingual gyrus®#-52,
Interestingly, we also observed a significant effect of OXT;,, on rsFC of the centromedial amygdala, which has
been identified as a key target region of possible anxiolytic mechanisms of OXT?*.

Overall, our results show that a single OXT;,, treatment yields effects similar to the EST,,, treatment, whereas
the effects in the combined treatment groups were comparable to the placebo groups. Interestingly, the same
pattern of results was evident in our previous study about hippocampus-dependent episodic memory effects of
both hormones®. This pattern might be the result of an increased OXT receptor binding induced by the EST,,,
pretreatment®’, which matches previously observed opposing effects for higher OXTj,, doses in men®. Therefore,
the antagonistic interaction of EST,,, and OXT;,, may have contributed to previously observed sex-specific effects
of OXT*?*7% and to the modulatory effects of hormonal contraception®. However, in contrast to our hypothesis,
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a pre-treatment with EST,,, did not modulate OXT effects on rsFC in the same seed region in women and men.
As such, the OXT-EST interactions cannot completely explain the observed sex-specific effects of OXT and future
studies are warranted to probe the interaction with other sex hormones like progesterone.

The present study has some limitations that need to be addressed in future research. We tested women dur-
ing the early follicular phase of their menstrual cycle to control for changes in endogenous hormone levels.
Nevertheless, in both sexes, supraphysiological EST levels were induced and it is conceivable that treatment or
interaction effects would be altered at physiological EST levels occurring during the menstrual cycle. In addi-
tion, the treatment-induced EST levels were higher in women than in men, which may have contributed to
the observed sex-specific treatment effects. However, the inclusion of treatment-induced changes in hormonal
levels as covariates did not alter our results and importantly, the baseline levels of EST, OXT, testosterone, and
progesterone were comparable between treatment groups. Yet, we cannot extrapolate our findings to other
cycle phases, which involve the fluctuation of other steroid hormones, or hormonal contraceptives, as different
estrogen types and dosages are used for their preparation®”. Thus, future rsFC studies are warranted to examine
possible interactions between endogenous hormones by comparing the effects of experimentally induced release
of endogenous OXT (e.g. via synchronous social interactions®) between different phases of the menstrual cycle.
Future studies on exogenous effects should employ different doses and long-term applications in women and
men to further disentangle the impact of exogenous hormones on rsFC.

Collectively, our results provide support for the notion that hippocampus and amygdala rsFC are modulated
by sex and by the single and interactive effects of EST,,, and OXTj,,. Previous findings associating OXT or EST
and rsFC may have been affected by other fluctuating hormones and their potentially interactive effects. Thus,
integrating sex and hormonal effects into research designs is vital to further decipher the interaction of neuro-
biological factors modulating hippocampus and amygdala rsFC.

Methods

Ethics and enrolment.  The study was part of a larger project (for further results see®). It was approved by
the institutional review board of the Medical Faculty of the University of Bonn and was carried out in accordance
with the latest revision of the Declaration of Helsinki. The study was registered in the ClinicalTrials.gov database
(Identifier: NCT04330677) and the data analyses were pre-registered (https://osf.io/gkd6s/). The participants
were enrolled in the study after giving informed consent. The participants received monetary reimbursement.

Participants. In total, 295 participants (160 women) were invited to a screening session prior to the testing
session. The 246 participants (122 women) who met the inclusion criteria (see below) were tested. The partici-
pants were randomly assigned to one of four experimental conditions: (1. PLC,, & PLC;,; 2. PLC,, & OXT;,
3. EST,, & PLC,,; 4. EST,,, & OXTj,). The data of 7 participants were excluded due to technical malfunctions.
Furthermore, two participants were excluded due to excessive head movements (>20% volumes were identi-
fied as outliers by ART). Additional 9 participants were excluded due to anatomical (n=2) or hormonal (n=7)
abnormalities and one participant did not finish the study. Thus, after the exclusion of 19 participants from all
analyses, our final sample included 227 participants (PLC,,, & PLC;,. 27 men, 26 women; PLC,,, & OXT;,: 31
men, 33 women; EST,,, & PLC,,: 32 men, 27 women; EST,,, & OXT;,:: 26 men, 25 women). For demographic and
psychometric baseline characteristics see Supplementary Table S3.

Screening session and exclusion criteria. The participants were screened in a separate session prior to
the test session. The participants were right-handed, non-smoking, and between 18 and 40 years old. Exclusion
criteria were MRI contraindications, current pregnancy and the use of hormonal contraceptives. Additionally,
participants reported to be free of current or past physical or psychiatric illnesses assessed by the Mini-Interna-
tional Neuropsychiatric Interview®® and were naive to prescription-strength psychoactive medication. Further-
more, participants had not taken any over-the-counter psychoactive medications in the four weeks prior to the
study and were asked to abstain from alcohol intake on the day of the experiment. After completing the screen-
ing session, the participants were invited to the fMRI testing session. To ensure that the women were tested in
their early follicular phase of their menstrual cycle, they were scanned simultaneously with the onset of their
menstruation (days 1-6), which was determined via self-report. To further validate the cycle phase, blood assays
were obtained on the testing day. Female participants showing estradiol pre-treatment values larger than 145 pg/
ml were excluded, because it can be assumed that they were not in the follicular phase of their menstrual cycle®.

Treatments. Estradiol/placebo gel treatment. EST,, gel (Estramon, 2 mg EST, Hexal AG, Holzkirchen,
Germany) or placebo gel (2 mg ultrasonic gel) was transdermally applied to the participants’ backs. The 2 mg
dose was chosen in line with a pharmacokinetic study® to reduce the possibility of side effects. The same dose
has also been found to increase emotional vicarious reactivity in men when watching a distressed other'®.

Intranasal oxytocin/placebo treatment. The OXT dosage of 24 International Units (IU) was chosen on the basis
of one of our previous studies targeting amygdala functioning®, which determined the most effective dose (24 IU,
in contrast to 12 IU or 48 IU) and dose-test interval (30-60 min). The participants self-administered 24 IU of
synthetic OXTj,, (Sigma-Tau Industrie Farmaceutiche Riunite S.p.A., Rome, Italy) or placebo via nasal spray
prior to the fMRI scanning under supervision of a trained research assistant and in accordance with the latest
standardization guidelines®'. The placebo solution contained identical ingredients as the OX Ty, solution except
for the peptide itself. An interpuff interval of approx. 45 s was chosen and the amount of administered substance
was weighed and supplemented until the 24 TU were reached. There is compelling evidence that OXT;,, bypasses
the blood-brain barrier and elevates OXT concentrations in the cerebrospinal fluid®>** and brain®.
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Resting state paradigm. Each participant was positioned in the MRI scanner with their heads comfort-
ably placed and stabilized with cushions to reduce head motion. Participants were instructed to relax and to look
at a white fixation cross on a black screen for ten minutes.

Experimental design. We used a randomized, placebo-controlled, double-blind, parallel-group study
design. The fMRI day commenced with the gel administration. The OXT;,, or placebo spray was administered
three hours after gel administration in line with our pharmacokinetic pre-study (see SI). The imaging data col-
lection included a high-resolution structural MRI scan and a resting-state scan, followed by two tasks (for fur-
ther results see®®). The resting-state data collection commenced 35 min after OXT;,, administration, because the
strongest limbic effects can be expected for dose-test interval of 30-60 min®. Blood samples were collected at
baseline and immediately after the fMRI testing session (approx. 4.5 h after gel administration).

Data analysis. fMRI data acquisition. ~All f{MRI data were acquired using a 3 T Siemens TRIO MRI system
(Siemens AG, Erlangen, Germany) with a Siemens 32-channel head coil. Following a fieldmap acquisition, rest-
ing state data were acquired using T2*-weighted echoplanar (EPI) sequence [repetition time (TR)=2690 ms,
echo time (TE) =30 ms, ascending slicing, matrix size: 96 x 96, voxel size: 2 x 2 x 3 mm?, slice thickness =3.0 mm,
distance factor =10%, FoV =192 mm, flip angle 90°, 41 axial slices] for ten minutes. High-resolution T1-weight-
ed structural images were collected on the same scanner (TR=1660 ms, TE=2.54 ms, matrix size: 256 x 256,
voxel size: 0.8 0.8 x 0.8 mm?, slice thickness=0.8 mm, FoV =256 mm, flip angle =9°, 208 sagittal slices).

fMRI data preprocessing.  The resting state data was analyzed employing the Functional Connectivity Toolbox
for SPM (CONN; http://www.nitrc.org/projects/conn/)?>. The CONN preprocessing pipeline included realign-
ment and unwarping using the fieldmap, slice time correction, segmentation, spatial normalization, and smooth-
ing with a 6 mm Gaussian kernel. Furthermore, to limit the impact of head movements, the artifact detection
tool (ART) implemented in CONN was used to identify high motion volumes using a volume-to-volume shift
of >1.5 mm and a volume-to-volume change in mean signal intensity of >3 standard deviations. Artifacts were
treated as regressors of no interest in the following analysis. Participants with >20% volumes identified as outli-
ers by ART were excluded.

fMRI data analysis.  Amygdalar and hippocampal functional resting-state connectivity was probed in a whole
brain seed-to-voxel analysis. To assess the connectivity of the amygdala and hippocampus, seed-to-voxel con-
nectivity maps were estimated for each participant using CONN. The seeds (left and right hippocampus and
left and right amygdala) were anatomically defined using the aal atlas in the Wake Forest University PickAtlas,
version 3.0. Statistical analyses were conducted using CONN. Connectivity maps for each of the seeds were com-
pared using analyses of variance (ANOVAs) with the between-subjects variables “nasal spray treatment” (PLC;,
or OXT;,), “gel treatment” (EST,,, or PLC,,), and “sex” (female or male). We probed significant three-way inter-
actions and two-way interactions separately for men and women. Parameter estimates of significant peak voxels
of the significant two-way interactions (cluster defining threshold p <0.001; significance threshold p <0.05, false
discovery rate-corrected, pppr) were extracted and further analyzed with SPSS 27 (IBM Corp., Armonk, NY).
Post-hoc analyses employed two-sample t-tests comparing activation between subgroups, corrected for multiple
comparisons with the Bonferroni-Holm method (p.,,).

Further exploratory analyses. We explored the rsFC of amygdala subregions, and the DMN with whole
brain seed-to-voxel analyses. The basolateral, centromedial, and superficial amygdala were defined as seeds
based on cytoarchitectonic probabilistic maps®® implemented in the Anatomy toolbox®. The four DMN main
nodes (medial prefrontal cortex (MPFC), left and right lateral parietal regions, and the posterior cingulate cortex
(PCC)) were based on the pre-defined seeds implemented in the CONN toolbox. We employed the four seeds
separately to detect possible differences in the resulting connectivity maps. The preprocessing and the data anal-
ysis of the amygdala subregions, and the DMN were the same as described for the amygdala and hippocampus
whole brain seed-to-voxel analysis.

Statistical analyses. Neuroendocrine and demographic data were analyzed in SPSS 27 using standard
procedures including analyses of variances (ANOVAs) and post-hoc t-tests. Post hoc t-tests were Bonferroni-
Holm-corrected (p.,,). If the assumption of sphericity was significantly violated, a Greenhouse-Geisser cor-
rection was applied. As measures of effect sizes, partial eta-squared and Cohen’s d were calculated. Changes in
hormone concentrations were examined with mixed-design ANOVAs with the between-subject factors “OXT,
treatment’, “EST,,, treatment”, and “sex” and the within-subject variable “time” (baseline, after fMRI). Further-
more, to explore the potential moderating effects of treatment-induced hormonal changes, the magnitude of the
increases in hormone concentrations (levels of EST, OXT, testosterone, and progesterone after the fMRI session
minus baseline) as well as autistic-like traits and social anxiety scores were considered covariates in the main
analyses with significant neural outcomes (i.e., parameter estimates of significant contrasts of interests).

Ethical approval. This study protocol was reviewed and approved by the institutional review board of the
medical faculty of the University of Bonn [Approval number: 213/16]. Written informed consent was obtained
from all participants included in this study.
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Data availability

The data that support the findings of the present study are openly available in the repository of the Open Sci-
ence Foundation at https://osf.io/xubts/ (https://doi.org/10.17605/OSEIO/XUBTS). The code that supports the
findings of the present study is openly available in the repository of the Open Science Foundation at https://osf.
io/xubts/ (https://doi.org/10.17605/OSEIO/XUBTS).

Received: 15 November 2022; Accepted: 9 February 2023
Published online: 22 February 2023

References

1.
2.

3.
4.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Gimpl, G. & Fahrenholz, F. The oxytocin receptor system: structure, function, and regulation. Physiol. Rev. 81, 629-683 (2001).
Schneider, E., Muller, L. E., Ditzen, B., Herpertz, S. C. & Bertsch, K. Oxytocin and social anxiety: Interactions with sex hormones.
Psychoneuroendocrinology 128, 105224 (2021).

Scheele, D. et al. Oxytocin modulates social distance between males and females. J. Neurosci. 32, 16074-16079 (2012).

Cohen, D,, Perry, A., Mayseless, N., Kleinmintz, O. & Shamay-Tsoory, S. G. The role of oxytocin in implicit personal space regula-
tion: An fMRI study. Psychoneuroendocrinology 91, 206-215 (2018).

. Ditzen, B. et al. Effects of intranasal oxytocin and positive couple interaction on immune factors in skin wounds. Brain Behav.

Immun. (2022).

. Kreuder, A. K. ef al. How the brain codes intimacy: The neurobiological substrates of romantic touch. Hum. Brain Mapp. 38,

4525-4534 (2017).

. Algoe, S. B,, Kurtz, L. E. & Grewen, K. Oxytocin and social bonds: The role of oxytocin in perceptions of romantic partners’ bond-

ing behavior. Psychol. Sci. 28, 1763-1772 (2017).

. Scheele, D. et al. Oxytocin enhances brain reward system responses in men viewing the face of their female partner. Proc. Natl.

Acad. Sci. U. S. A. 110, 20308-20313 (2013).

. Kreuder, A. K. et al. Oxytocin enhances the pain-relieving effects of social support in romantic couples. Hum. Brain Mapp. 40,

242-251 (2019).

. Eckstein, M. et al. Oxytocin facilitates pavlovian fear learning in males. Neuropsychopharmacology 41, 932-939 (2016).
. Eckstein, M. et al. Oxytocin facilitates the extinction of conditioned fear in humans. Biol. Psychiatry 78, 194-202 (2015).
. Kanat, M., Heinrichs, M., Mader, L, van Elst, L. T. & Domes, G. Oxytocin modulates amygdala reactivity to masked fearful eyes.

Neuropsychopharmacology 40, 2632-2638 (2015).

. Kirsch, P. et al. Oxytocin modulates neural circuitry for social cognition and fear in humans. J. Neurosci. 25, 11489-11493 (2005).
. Schultebraucks, K. et al. Intranasal oxytocin administration impacts the acquisition and consolidation of trauma-associated

memories: A double-blind randomized placebo-controlled experimental study in healthy women. Neuropsychopharmacology 47,
1046-1054 (2022).

Scheele, D. et al. Trauma disclosure moderates the effects of oxytocin on intrusions and neural responses to fear. Psychother.
Psychosom. 88, 61-63 (2019).

Lin, Y. T. & Hsu, K. S. Oxytocin receptor signaling in the hippocampus: Role in regulating neuronal excitability, network oscillatory
activity, synaptic plasticity and social memory. Prog. Neurobiol. 171, 1-14 (2018).

Schiller, B., Koenig, T. & Heinrichs, M. Oxytocin modulates the temporal dynamics of resting EEG networks. Sci. Rep. 9, 13418
(2019).

Bethlehem, R. A. I et al. Intranasal oxytocin enhances intrinsic corticostriatal functional connectivity in women. Transl. Psychiatry
7, e1099 (2017).

Brodmann, K., Gruber, O. & Goya-Maldonado, R. Intranasal oxytocin selectively modulates large-scale brain networks in humans.
Brain Connect. 7, 454-463 (2017).

Gordon, L. et al. Intranasal oxytocin enhances connectivity in the neural circuitry supporting social motivation and social percep-
tion in children with autism. Sci. Rep. 6, 35054 (2016).

Kou, J. et al. A randomized trial shows dose-frequency and genotype may determine the therapeutic efficacy of intranasal oxytocin.
Psychol. Med. 1-10 (2020).

Fischer-Shofty, M., Levkovitz, Y. & Shamay-Tsoory, S. G. Oxytocin facilitates accurate perception of competition in men and kin-
ship in women. Soc. Cogn. Affect. Neurosci. 8, 313-317 (2013).

Lieberz, J. et al. Kinetics of oxytocin effects on amygdala and striatal reactivity vary between women and men. Neuropsychophar-
macology 45, 1134-1140 (2020).

Maier, A. et al. Oxytocin reduces a chemosensory-induced stress bias in social perception. Neuropsychopharmacology 44, 281-288
(2019).

Rilling, J. K. et al. Sex differences in the neural and behavioral response to intranasal oxytocin and vasopressin during human
social interaction. Psychoneuroendocrinology 39, 237-248 (2014).

Scheele, D. et al. Opposing effects of oxytocin on moral judgment in males and females. Hum. Brain Mapp. 35, 6067-6076 (2014).
Tabak, B. A. et al. Preliminary evidence that CD38 moderates the association of neuroticism on amygdala-subgenual cingulate
connectivity. Front. Neurosci. 14, 11 (2020).

Jiang, X. et al. Intrinsic, dynamic and effective connectivity among large-scale brain networks modulated by oxytocin. Neuroimage
227, 117668 (2021).

Rubin, L. H. et al. Sex differences in associations of arginine vasopressin and oxytocin with resting-state functional brain con-
nectivity. J. Neurosci. Res. 95, 576-586 (2017).

Seeley, S. H., Chou, Y. H. & O’Connor, M. E. Intranasal oxytocin and OXTR genotype effects on resting state functional connectiv-
ity: A systematic review. Neurosci. Biobehav. Rev. 95, 17-32 (2018).

Ebner, N. C. et al. Oxytocin’s effect on resting-state functional connectivity varies by age and sex. Psychoneuroendocrinology 69,
50-59 (2016).

Eckstein, M. ef al. Oxytocin differentially alters resting state functional connectivity between amygdala subregions and emotional
control networks: Inverse correlation with depressive traits. Neuroimage 149, 458-467 (2017).

Kreuder, A. K. et al. Common and dissociable effects of oxytocin and lorazepam on the neurocircuitry of fear. Proc. Natl. Acad.
Sci. U. S. A. 117, 11781-11787 (2020).

Fan, Y. et al. Amygdala-hippocampal connectivity changes during acute psychosocial stress: joint effect of early life stress and
oxytocin. Neuropsychopharmacology 40, 2736-2744 (2015).

Casto, K. V,, Jordan, T. & Petersen, N. Hormone-based models for comparing menstrual cycle and hormonal contraceptive effects
on human resting-state functional connectivity. Front. Neuroendocrinol. 67, 101036 (2022).

Barth, C., Villringer, A. & Sacher, J. Sex hormones affect neurotransmitters and shape the adult female brain during hormonal
transition periods. Front. Neurosci. 9, 37 (2015).

Daniel, . M. Estrogens, estrogen receptors, and female cognitive aging: The impact of timing. Horm. Behav. 63, 231-237 (2013).

Scientific Reports |

(2023) 13:3113 | https://doi.org/10.1038/s41598-023-29754-y nature portfolio


https://osf.io/xubts/
https://doi.org/10.17605/OSF.IO/XUBTS
https://osf.io/xubts/
https://osf.io/xubts/
https://doi.org/10.17605/OSF.IO/XUBTS

www.nature.com/scientificreports/

39.

40.

41.

42.
43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.
75.

76.

77.

78.

79.

. Duarte-Guterman, P., Yagi, S., Chow, C. & Galea, L. A. Hippocampal learning, memory, and neurogenesis: Effects of sex and
estrogens across the lifespan in adults. Horm. Behav. 74, 37-52 (2015).

Lisofsky, N. et al. Hippocampal volume and functional connectivity changes during the female menstrual cycle. Neuroimage 118,
154-162 (2015).

Ossewaarde, L. et al. Menstrual cycle-related changes in amygdala morphology are associated with changes in stress sensitivity.
Hum. Brain Mapp. 34, 1187-1193 (2013).

Pletzer, B., Harris, T. & Hidalgo-Lopez, E. Subcortical structural changes along the menstrual cycle: Beyond the hippocampus.
Sci. Rep. 8, 16042 (2018).

Protopopescu, X. et al. Hippocampal structural changes across the menstrual cycle. Hippocampus 18, 985-988 (2008).
Hidalgo-Lopez, E. et al. Human menstrual cycle variation in subcortical functional brain connectivity: A multimodal analysis
approach. Brain Struct. Funct. 225, 591-605 (2020).

Ottowitz, W. E. et al. Evaluation of prefrontal-hippocampal effective connectivity following 24 hours of estrogen infusion: An
FDG-PET study. Psychoneuroendocrinology 33, 1419-1425 (2008).

Engman, J. et al. Hormonal cycle and contraceptive effects on amygdala and salience resting-state networks in women with previ-
ous affective side effects on the pill. Neuropsychopharmacology 43, 555-563 (2018).

Votinov, M. et al. Effects of exogenous testosterone application on network connectivity within emotion regulation systems. Sci.
Rep. 10, 2352 (2020).

Schulster, M., Bernie, A. M. & Ramasamy, R. The role of estradiol in male reproductive function. Asian J. Androl. 18, 435-440
(2016).

Frankiensztajn, L. M., Gur-Pollack, R. & Wagner, S. A combinatorial modulation of synaptic plasticity in the rat medial amygdala
by oxytocin, urocortin3 and estrogen. Psychoneuroendocrinology 92, 95-102 (2018).

Acevedo-Rodriguez, A., Mani, S. K. & Handa, R. J. Oxytocin and estrogen receptor beta in the brain: An overview. Front. Endocrinol.
6, 160 (2015).

McCarthy, M. M., McDonald, C. H., Brooks, P. ]. & Goldman, D. An anxiolytic action of oxytocin is enhanced by estrogen in the
mouse. Physiol. Behav. 60, 1209-1215 (1996).

Young, L. J., Wang, Z., Donaldson, R. & Rissman, E. E. Estrogen receptor alpha is essential for induction of oxytocin receptor by
estrogen. NeuroReport 9, 933-936 (1998).

Krause, D. N., Warfvinge, K., Haanes, K. A. & Edvinsson, L. Hormonal influences in migraine—interactions of oestrogen, oxytocin
and CGRP. Nat. Rev. Neurol. 17, 621-633 (2021).

Coenjaerts, M. et al. Exogenous estradiol and oxytocin modulate sex differences in hippocampal reactivity during the encoding
of episodic memories. Neuroimage 264, 119689 (2022).

Sudlow, C. et al. UK biobank: An open access resource for identifying the causes of a wide range of complex diseases of middle
and old age. PLoS Med. 12, 1001779 (2015).

Weis, S. et al. Sex classification by resting state brain connectivity. Cereb. cortex 30, 824-835 (2020).

. Vergun, S. et al. Characterizing functional connectivity differences in aging adults using machine learning on resting state fMRI
data. Front. Comput. Neurosci. 7, 38 (2013).

Drysdale, A. T. et al. Resting-state connectivity biomarkers define neurophysiological subtypes of depression. Nat. Med. 23, 28-38
(2017).

Bertsch, K. et al. Oxytocin and reduction of social threat hypersensitivity in women with borderline personality disorder. Am. J.
Psychiatry 170, 1169-1177 (2013).

Gamer, M., Zurowski, B. & Biichel, C. Different amygdala subregions mediate valence-related and attentional effects of oxytocin
in humans. Proc. Natl. Acad. Sci. U. S. A. 107, 9400-9405 (2010).

Spengler, E B. et al. Kinetics and dose dependency of intranasal oxytocin effects on amygdala reactivity. Biol. Psychiatry 82, 885-894
(2017).

Domes, G. et al. Oxytocin attenuates amygdala responses to emotional faces regardless of valence. Biol. Psychiatry 62, 1187-1190
(2007).

Kilpatrick, L. A., Zald, D. H., Pardo, J. V. & Cahill, L. E. Sex-related differences in amygdala functional connectivity during resting
conditions. Neuroimage 30, 452-461 (2006).

Kogler, L. et al. Sex differences in the functional connectivity of the amygdalae in association with cortisol. Neuroimage 134,
410-423 (2016).

Lopez-Larson, M. P,, Anderson, J. S., Ferguson, M. A. & Yurgelun-Todd, D. Local brain connectivity and associations with gender
and age. Dev. Cogn. Neurosci. 1,187-197 (2011).

Zhang, S. & Li, C. S. Functional connectivity mapping of the human precuneus by resting state fMRI. Neuroimage 59, 3548-3562
(2012).

Xin, F. et al. Oxytocin modulates the intrinsic dynamics between attention-related large-scale networks. Cereb. Cortex 31, 1848-
1860 (2021).

Zheng, S., Punia, D., Wu, H. & Liu, Q. Graph theoretic analysis reveals intranasal oxytocin induced network changes over frontal
regions. Neuroscience 459, 153-165 (2021).

Wen, Z. et al. Impact of exogenous estradiol on task-based and resting-state neural signature during and after fear extinction in
healthy women. Neuropsychopharmacology 46, 2278-2287 (2021).

Weissman-Fogel, I., Moayedi, M., Taylor, K. S., Pope, G. & Davis, K. D. Cognitive and default-mode resting state networks: Do
male and female brains “rest” differently?. Hum. Brain Mapp. 31, 1713-1726 (2010).

Arelin, K. et al. Progesterone mediates brain functional connectivity changes during the menstrual cycle-a pilot resting state MRI
study. Front Neurosci 9, 44 (2015).

Petersen, N, Kilpatrick, L. A., Goharzad, A. & Cahill, L. Oral contraceptive pill use and menstrual cycle phase are associated with
altered resting state functional connectivity. Neuroimage 90, 24-32 (2014).

Hillerer, K. M., Slattery, D. A. & Pletzer, B. Neurobiological mechanisms underlying sex-related differences in stress-related dis-
orders: Effects of neuroactive steroids on the hippocampus. Front. Neuroendocrinol. 55, 100796 (2019).

Fisher, P. M. et al. Pharmacologically induced sex hormone fluctuation effects on resting-state functional connectivity in a risk
model for depression: A randomized trial. Neuropsychopharmacology 42, 446-453 (2017).

Shin, N. Y. ef al. Disturbed retrieval network and prospective memory decline in postpartum women. Sci. Rep. 8, 5476 (2018).
Shin, N. Y. et al. Author Correction: Disturbed retrieval network and prospective memory decline in postpartum women. Sci. Rep.
8, 14437 (2018).

Zhou, X. A. et al. Neurogenic-dependent changes in hippocampal circuitry underlie the procognitive effect of exercise in aging
mice. Iscience 24, 103450 (2021).

Barker, J. M. & Galea, L. A. Repeated estradiol administration alters different aspects of neurogenesis and cell death in the hip-
pocampus of female, but not male, rats. Neuroscience 152, 888-902 (2008).

Spritzer, M. D. & Galea, L. A. Testosterone and dihydrotestosterone, but not estradiol, enhance survival of new hippocampal
neurons in adult male rats. Dev. Neurobiol. 67, 1321-1333 (2007).

Joel, S. E., Caffo, B. S., van Zijl, P. C. & Pekar, J. ]. On the relationship between seed-based and ICA-based measures of functional
connectivity. Magn. Reson. Med. 66, 644-657 (2011).

Scientific Reports |

(2023) 13:3113 | https://doi.org/10.1038/541598-023-29754-y nature portfolio



www.nature.com/scientificreports/

80. Sripada, C. S. et al. Oxytocin enhances resting-state connectivity between amygdala and medial frontal cortex. Int. J. Neuropsy-
chopharmacol. 16, 255-260 (2013).

81. Frijling, J. L. et al. Intranasal oxytocin affects amygdala functional connectivity after trauma script-driven imagery in distressed
recently trauma-exposed individuals. Neuropsychopharmacology 41, 1286-1296 (2016).

82. Kumar, ., Vollm, B. & Palaniyappan, L. Oxytocin affects the connectivity of the precuneus and the amygdala: A randomized,
double-blinded, placebo-controlled neuroimaging trial. Int. J. Neuropsychopharmacol. 18, pyu051 (2014).

83. Johnson, A. E., Coirini, H., Insel, T. R. & McEwen, B. S. The regulation of oxytocin receptor binding in the ventromedial hypotha-
lamic nucleus by testosterone and its metabolites. Endocrinology 128, 891-896 (1991).

84. Spengler, F. B. et al. Oxytocin facilitates reciprocity in social communication. Soc. Cogn. Affect. Neurosci. 12, 1325-1333 (2017).

85. Ditzen, B. et al. Sex-specific effects of intranasal oxytocin on autonomic nervous system and emotional responses to couple conflict.
Soc. Cogn. Affect. Neurosci 8,897-902 (2013).

86. Scheele, D., Plota, J., Stoffel-Wagner, B., Maier, W. & Hurlemann, R. Hormonal contraceptives suppress oxytocin-induced brain
reward responses to the partner’s face. Soc. Cogn. Affect. Neurosci. 11, 767-774 (2016).

87. Mawet, M., Gaspard, U. & Foidart, J. M. Estetrol as estrogen in a combined oral contraceptive, from the first in-human study to
the contraceptive efficacy. Eur. Gynecol. Obstet. 3, 3-21 (2021).

88. Sheehan, D. V. et al. The Mini-International Neuropsychiatric Interview (M.LN.L): The development and validation of a structured
diagnostic psychiatric interview for DSM-1V and ICD-10. J. Clin. Psychiatry 59, 22-33 (1998).

89. Kratz, A, Ferraro, M., Sluss, P. M. & Lewandrowski, K. B. Laboratory reference values. N. Engl. J. Med. 351, 1548-1564 (2004).

90. Eisenegger, C., von Eckardstein, A., Fehr, E. & von Eckardstein, S. Pharmacokinetics of testosterone and estradiol gel preparations
in healthy young men. Psychoneuroendocrinology 38, 171-178 (2013).

91. Guastella, A. J. et al. Recommendations for the standardisation of oxytocin nasal administration and guidelines for its reporting
in human research. Psychoneuroendocrinology 38, 612-625 (2013).

92. Lee, M. R. et al. Oxytocin by intranasal and intravenous routes reaches the cerebrospinal fluid in rhesus macaques: Determination
using a novel oxytocin assay. Mol. Psychiatry 23, 115-122 (2018).

93. Striepens, N. et al. Elevated cerebrospinal fluid and blood concentrations of oxytocin following its intranasal administration in
humans. Sci. Rep. 3, 3440 (2013).

94. Lee, M. R. et al. Labeled oxytocin administered via the intranasal route reaches the brain in rhesus macaques. Nat. Commun. 11,
2783 (2020).

95. Whitfield-Gabrieli, S. & Nieto-Castanon, A. Conn: A functional connectivity toolbox for correlated and anticorrelated brain
networks. Brain Connect. 2, 125-141 (2012).

96. Amunts, K. et al. Cytoarchitectonic mapping of the human amygdala, hippocampal region and entorhinal cortex: Intersubject
variability and probability maps. Anat. Embryol. 210, 343-352 (2005).

97. Eickhoff, S. B. et al. A new SPM toolbox for combining probabilistic cytoarchitectonic maps and functional imaging data. Neuroim-
age 25, 1325-1335 (2005).

Acknowledgements
The authors thank Mitjan Morr and Jana Lieberz for helpful discussions about our manuscript.

Author contributions

M.C. and D.S. designed the experiment; M.C,, L.T., and B.A. conducted the experiments; M.C. and D.S. ana-
lyzed the data. M.C. and D.S. wrote the manuscript. All authors read and approved the manuscript in its current
version.

Fundin

Open Acgess funding enabled and organized by Projekt DEAL. R.H. and D.S. are supported by a German
Research Foundation (DFG) grant (HU 1302/11-1 and SCHE 1913/5-1). The DFG had no further role in study
design, in the collection, analysis and interpretation of data, in the writing of the report, and in the decision to
submit the paper for publication.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-29754-y.

Correspondence and requests for materials should be addressed to M.C. or D.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:3113 | https://doi.org/10.1038/s41598-023-29754-y nature portfolio


https://doi.org/10.1038/s41598-023-29754-y
https://doi.org/10.1038/s41598-023-29754-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effects of exogenous oxytocin and estradiol on resting-state functional connectivity in women and men
	Results
	Sex differences under placebo. 
	Significant sex * ESTtra treatment * OXTint treatment interactions. 
	Treatment effects within the sexes. 
	Treatment effects in women. 
	Treatment effects in men. 

	Neuroendocrine parameters. 

	Discussion
	Methods
	Ethics and enrolment. 
	Participants. 
	Screening session and exclusion criteria. 
	Treatments. 
	Estradiolplacebo gel treatment. 
	Intranasal oxytocinplacebo treatment. 

	Resting state paradigm. 
	Experimental design. 
	Data analysis. 
	fMRI data acquisition. 
	fMRI data preprocessing. 
	fMRI data analysis. 

	Further exploratory analyses. 
	Statistical analyses. 
	Ethical approval. 

	References
	Acknowledgements


