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Abstract

Sensitivity for rewarding cues and distress signals from children is fundamental to
human caregiving and modulated by the neuropeptide oxytocin. In a functional mag-
netic resonance imaging study, we investigated whether oxytocin regulates neural
responses to reward or distress cues form children. In a placebo-controlled, within-
subject design, we measured neural responses to positive, negative, and neutral cues
from children in 22 healthy female subjects who received oxytocin (24 1U) versus
placebo. Further, based on current literature, we hypothesized that oxytocin effects
are modulated by experiences of childhood trauma. The task elicited valence-specific
effects—positive images activated the ventromedial prefrontal cortex, left anterior
cingulate cortex, and right putamen, and images of children in distress activated
the bilateral amygdala, hippocampus, and right medial superior frontal cortex. The
effects of oxytocin depended on subjective reports of childhood emotional neglect.
Self-reported neglect interacted with oxytocin administration in the amygdala, hip-
pocampus, and prefrontal areas. In individuals with higher scores of emotional neglect,
oxytocin increased neural reactivity of limbic structures to positive and neutral images.
Our findings need replication in larger samples and can therefore be considered pre-
liminary but are in line with the recent literature on the modulating effect of childhood

adversity on the sensitivity to oxytocin administration.
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1 | INTRODUCTION

Two important components of human parental caregiving are sensi-
tivity for rewarding signals from children, which is highly relevant for
communication and bonding, and empathic responses to needs of chil-
dren. A key modulator of sensitivity for social reward and empathy is
the neuromodulatory peptide oxytocin (OXT) (Bethlehem et al., 2014;
Bos et al., 2012). OXT has previously been shown to modulate neural
sensitivity to rewarding cues from infants, for example, infant laugh-
ter and pictures of happy infants (Bos et al., 2018; Gregory et al., 2015;
Riem et al., 2012) and neural markers of empathy in response to cues of
infant distress such as infant crying (Riem et al., 2011).

Empathy refers to the capacity to automatically read, understand,
and react to feelings and intentions of others based on their bodily sig-
nals. As such, empathy is an ability crucial for communication as well
as formation and maintenance of the parent-infant bond (Bos, 2017;
Decety, 2011b; Feldman, 2017). OXT seems to affect certain aspects of
empathy, such as the recognition of emotions (Bartz et al., 2010; Leppa-
nen et al.,2017) and the recognition of internal states of others (Domes
etal.,, 2010; Hurlemann et al., 2010), and has further shown to increase
empathy for pain on a subjective level, although only in specific con-
texts (Abu-Akel et al., 2015; Shamay-Tsoory et al., 2013). Seemingly in
contrast, neural activation in response to physical pain in others was
found to be reduced after administration of OXT (Bos et al., 2015),
which could be explained by a reduction of neural markers related to
personal distress in response to the high aversiveness of the stimuli
used in the study.

Furthermore, the effects of OXT do not only vary depending on task
selection but are also strongly determined by context and individual
characteristics (Bartz et al., 2011; OIff et al., 2013; Shamay-Tsoory &
Abu-Akel, 2016). Exposure to childhood adversity is one such charac-
teristic that can affect OXT function. Adverse childhood events can
comprise neglect and abuse on an emotional and physical level, as
well as chronic exposure to stress. Especially, adverse events during
early childhood can result in long-lasting changes in neural, endocrino-
logical, and social functioning (Bos, 2017; Lanius et al., 2010), hence
increasing vulnerability to stress and disease (Heim et al., 2008) and
negatively affecting parental behavior (Bos, 2017). Part of these effects
could be mediated by alternations in functioning of the OXT system
highlighting the importance to understand the interaction between
these factors. Indeed, early life adversities were found to be associ-
ated with decreased OXT cerebrospinal fluid concentrations in women
and nonhuman primates (Heim et al., 2009; Strathearn, 2011) and
with decreased OXT plasma levels in men (Opacka-Juffry & Mohiyed-
dini, 2012). Children who experienced severe emotional neglect early
on showed no change in OXT levels after physical contact with their

mother, whereas children who were raised in a caring environment

showed an increase of OXT (Fries et al., 2005). Neural responses to
OXT administration also seem to be dependent on early life adversi-
ties, which has repeatedly been shown in male participants in studies
relating to stress reactivity (Fan et al, 2015; Grimm et al., 2014;
Meinlschmidt & Heim, 2007). In a stress-related task, subjects with his-
tory of early life adversities showed enhanced task-related effects in
limbic structures after OXT administration, whereas controls showed
a reduction (Grimm et al., 2014). Another study in the same sample
showed that the degree of early life adversities was positively related
to amygdala-hippocampal functional connectivity during the stress
task, which then was attenuated by oxytocin (Fan et al., 2015). A study
investigating resting-state connectivity in women found OXT to induce
changes in functional connectivity in the default mode network, which
were absent in individuals who experienced rejecting caregiving expe-
riences (Riem et al.,, 2013). Besides these studies, the significance of
early life adversities on OXT effects in neural responses related to
caregiving motivation has not been studied extensively.

In addition to early childhood adversities, OXT effects have been
shown to be sex dependent, for example, amygdala reactivity to fearful
faces after OXT was found to be enhanced in women, but decreased in
men (Domes et al., 2010; Lieberz et al., 2020). Therefore, in the current
study we critically address the effects of OXT on the empathic neu-
ral response to children in a functional neuroimaging setup in women
only. The study was part of a larger project investigating the hormonal
precursors of parental caregiving (Bos et al., 2018). We developed a
new neuroimaging paradigm to investigate the effect of OXT on sen-
sitivity for social reward and affective empathic responses toward
children. The stimuli depicted children in situations of emotional dis-
tress and positive social interactions as well as children in neutral
situations serving as a control condition. Based on independent subjec-
tive evaluations, stimuli of children in emotional distress were selected
to elicit sympathetic but not aversive responses (Bos et al., 2021). We
will address the effects of OXT versus placebo on neural and subjec-
tive responses to the differently valanced stimuli, and further assess
whether the effects of OXT depend on interindividual differences
in history of childhood emotional neglect and caregiving motivation.
OXT (24 1U) was administered intranasally in a placebo-controlled,
randomized within-subject design. In an additional task postscanning,
participants were asked to give a subjective empathy rating of the
images they had seen in the scanner.

With OXT being crucial for caregiving responses, it is central
to understand the effects of early stress on the OXT system and
functional consequences on underlying mechanisms of caregiving
responses. Based on the social salience theory of oxytocin (Bartz et al.,
2011; Bethlehem et al., 2014; Shamay-Tsoory & Abu-Akel, 2016), it
can be hypothesized that OXT will increase the neural response to

images with children in positive social interactions in structures related

85U0| 7 SUOWILIOD BAIFER1D 3[R0t |dde auy Aq peusenob a1e 9l YO ‘@SN JO S3|nu J0j Aiq 1T 8UIUO AB]IAA UO (SUOHIPUCO-PUE-SWLBYW0D" AB| 1M AReaq1 U JUO//StNY) SUORIPUOD pue SWwie | 8U188S *[z20z/TT/8Z] Uo Afeiqi8uljuo A8]IM ‘SpUelRYIRN 8URIU00D AQ 67£22 A8P/Z00T OT/I0p/LI00 A8 1M Ateiq 1 uljuo//Sdiy Woiy papeojumod ‘T ‘2202 ‘2062860T



MEIER ET AL.

to reward, salience, and cognitive empathy, including the nucleus
accumbens (Nacc), ventromedial prefrontal cortex (vmPFC), ventral
tegmental area (VTA), putamen, caudate nucleus, and thalamus. How-
ever, recent work from our own lab in this same sample of women
showed reduced activation in neural responses toward infant faces
after OXT in areas related to reward and salience. This effect was
modulated by caregiving motivation (Bos et al., 2018). It can there-
fore also be expected that similar responses will be observed toward
the positively valenced stimuli. For images depicting children in emo-
tional distress, in line with previous literature of the effects of OXT on
emotional reactivity in women (Lieberz et al., 2020), we expect OXT
to increase neural reactivity in structures involved in negative emo-
tion processing, including the amygdala, hippocampus, anterior insula
(Al), anterior cingulate cortex (ACC), and orbitofrontal cortex (OFC).
Further, we expect that these OXT effects depend on interindividual
differences in history of childhood emotional neglect and caregiv-
ing motivation, considering OXT’s crucial role in caregiving behavior
and our recent findings of OXT effects toward infant stimuli being

modulated by caregiving motivation (Bos et al., 2018).

2 | MATERIAL AND METHODS
2.1 | Participants

A group of 26 healthy, female participants were recruited at Utrecht
University campus to take part in the study. To avoid hormonal fluctua-
tions during the cycle, only women using combined oral contraceptives
(OCs; i.e., containing ethinylestradiol and levonorgestrel; Microgynon
30) were included in the study, and no scans were performed during
the hormone-free interval of the OC regimen (Montoya & Bos, 2017).
Participants had no history of psychiatric, neurological, or endocrine
abnormalities. Participants did not smoke and used no medication
other than OCs. Participants were informed not to consume alcohol or
other drugs 24 h, and not to eat or drink 1 h, prior to testing sessions.
With regard to drug administration (nasal spray), testing sessions were
rescheduled when participants experienced a blocked or running nose.

The experimental protocol was approved by the ethics committee of
the University Medical Centre Utrecht, in accordance with the latest
declaration of Helsinki. All participants gave written informed consent
prior to participation in the study and received payment afterward.
Due to technical issues during functional magnetic resonance imag-
ing (fMRI) acquisition (artifacts in functional scans, n = 4), the final
sample consisted of 22 participants (mean age = 20.25; SD = 1.33;
range = 18-24).

2.2 | Drug administration

The setup of the study followed a within-subjects, double-blind,
placebo-controlled, counterbalanced crossover design in which 24
IU of OXT was administered (Syntocinon nasal spray; Defiante Far-

macéutica, S.A.). Participants self-administered three puffs (4 IU per
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puff) per nostril under supervision of the experiment leader. The
placebo consisted of an NaCl solution produced by the pharmacist
of the University Medical Centre Utrecht in accordance with GCP
guidelines.

2.3 | Procedure

Participants were scanned on two separate days, always at the same
time of day in a time frame between 12:00 p.m. and 5:00 p.m., with a
minimum interval of 72 h between sessions. Before drug administra-
tion, participants were screened for alcohol and drug use, were given
brief explanation of the task, and gave written informed consent.

Participants self-administered the nasal spray under supervision of
the experiment leader and were seated in a waiting room until asked
to proceed to the scanner. Before entering the scanner, participants
were screened using an MRI checklist and a metal detector, and sub-
sequently they were instructed to position themselves on the scanner
bed as comfortable as possible and to relax. Foam pads placed between
the radiofrequency (RF) coil and the participant’s head were used to
minimize head movement. Instructions and task images were displayed
on an MRI-compatible monitor placed at the headend of the scanner
visible via an angled mirror attached to the coil. Further communication
between participant and experiment leader during the scan session
was done via intercom. Average time interval between OXT adminis-
tration and the start of the task was 59 min (SD = 5.47), which is in line
with most studies showing effects of OXT on behavior so far (Bos et al.,
2012). At the end of the second session, participants were asked to
guess on which day they received OXT. They were not aware which day
they received OXT or placebo (binomial: p > .05). Last, all participants
were debriefed and received payment.

To control for mood effects of OXT, the Positive and Negative Affect
Schedule (PANAS; Watson et al., 1988) was filled out twice, once before
administration upon arrival in the laboratory and once directly before
proceeding to the scanner (~30 min after administration).

After the second day of testing, participants were emailed with the
request to fill out a Dutch online version of the Childhood Trauma
Questionnaire—Short Form (CTQ) (Thombs et al., 2009) and Parental
Care and Tenderness (PCAT) questionnaire (Buckels et al., 2015). The
CTQ measures childhood maltreatment on five separate constructs,
namely, emotional and physical neglect, and emotional, physical, and
sexual abuse (Bernstein et al., 2003). The subscale that we considered
for the current study, emotional neglect (CTQ-EN), is based on the
definition of “the failure of caretakers to meet children’s basic emo-
tional and psychological needs, including love, belonging, nurturance,
and support” (Bernstein et al., 2003). We chose this subscale of the
CTQ based on the findings of a previous administration study in rela-
tion to infant stimuli (Bos et al., 2014). Mean score of our sample on the
CTQ-EN was 8.1 (SD = 2.65; range = 5-15), which is comparable with
scores obtained in the nonclinical sample of the Dutch validation study
(Thombs et al., 2009). Cronbach’s a for the CTQ-EN in the Dutch valida-
tion study was 0.91 including clinical and nonclinical samples (Thombs
et al., 2009).
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The PCAT measures parental care motivation that consists of the
conceptually separate constructs nurturance and protection, where
the former uniquely predicts sensitivity for infant cuteness, and the
latter predicts restrictive parenting practices and harsh moral judg-
ments on moral transgressions (Buckels et al., 2015; Hofer et al., 2018).
This questionnaire was initially included with relation to an infant cute-
ness paradigm also part of the fMRI session (see Bos et al., 2018).
Since nurturance scores moderated effects of OXT in that study, we
ran exploratory analyses for the effects of nurturance tendencies on
the current data, reported in the Supporting Information. Similarly, a
recent study that used the same neutral and negative stimuli as in the
current study showed a modulation of protection scores on behavioral
effects of testosterone administration in response to the stimuli. An
exploration of effects of protection tendencies has therefore also been

added to the Supporting Information.

2.4 | Empathy task and behavioral ratings

The empathy task, a passive viewing task, was designed to measure
empathic responses to positive and negative scenarios. Participants
were presented with different luminance-controlled black-and-white
stimuli depicting children in scenes with an emotionally negative, pos-
itive, or neutral context. Positive stimuli showed rewarding social
interactions, children playing together, or parent-infant interactions.
Negative images showed children in distressing scenes, for example,
an isolated crying child. Based on independent subjective evalua-
tions, stimuli were selected that elicit sympathetic, but not aversive,
responses to limit the possibility of personal distress in our partici-
pants, which might occur observing physical pain in others. Neutral
images depicted children executing a task or playing with toys, with a
neutral facial expression and without social interaction. Stimuli were
preselected through a rating procedure from a larger set of 120 images
obtained after an internet search in a pilot study. Images were rated
on empathic content and positivity by 24 female participants (mean
age = 34.45, SD = 15.03) and in total 24 stimuli were selected per
condition based on consistency of the ratings. The resulting conditions
vary significantly on empathic content (F(2,46) = 452.51, p < .001,
72 =.95) and positivity (F(2, 46) = 326.59, p < .001, 7% = .93).

Atotal of 72 images, 24 images per condition, were presented to the
participant in a block design, with each image being presented twice
but randomized and never within the same block. This resulted in a
total of 18 blocks, divided into six blocks per condition. Every block
lasted 24,000 ms and consisted of eight stimuli of the same valence,
each presented for 3000 ms. A fixation cross was displayed at the
start of the task and at the beginning of each block for the duration of
5500 ms.

Participants were instructed to attend the images presented to
them carefully. The same task using the same stimuli was performed in
both sessions. At the end of each fMRI session, outside of the scanner,
participants performed an additional rating task containing a random
selection of 36 pictures from the same stimuli, 12 of each condition,

on how much compassion (Dutch: “medelijden”) they felt for the child
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in the image on a 10-point Likert scale (0 = No feeling of compassion;
9 = Very strong feeling of compassion). Participants never rated the same
stimulus twice during the two sessions. The rating scores were used to
perform an exploratory behavioral analysis.

2.5 | Scanning parameters

Scanning was performed on a 3-Tesla Philips Achieva MRI scanner
(Philips Medical Systems, Best, The Netherlands). Before the func-
tional scans, a high-resolution anatomical T1-weighted scan with
the following parameters was obtained for co-registration and nor-
malization purposes: 3.8 ms echo time, 8.4 ms repetition time,
288 x 288 x 175 mm field of view, 175 sagittal slices, flip angle of 8.0°,
voxel size of 1.0 mm isotropic.

Blood oxygen level-dependent (BOLD) response was measured with
functional T2*-weighted axial whole-brain images. In each session,
490 volumes were acquired during the task using a 2D-EPI-SENSE
sequence with 51 slices, a flip angle of 65°, voxel size of 2.5 mm
isotropic, a SENSE factor of R = 3.0 (anterior-posterior), and a field
of view of 220 x 127.5 x 220 mm. Repetition time (TR) for volume

acquisition was set to 1.01 s and the echo time (TE) to 24 ms.

2.6 | Preprocessing and data analyses

Preprocessing and subsequent analyses were performed with SPM12
(http://www.fil.ion.ucl.ac.uk/spm). Functional scans of both sessions
were realigned after which the anatomical scan was coregistered to
the mean functional scan. Subsequently, using unified segmentation,
the structural scan was segmented and normalization parameters were
estimated. Using these normalization parameters, all volumes were
normalized to a standard brain template (MNI) and were resliced at
2 mm isotropic voxel size. Smoothing with a 6-mm full width at half
maximum Gaussian kernel was applied to the normalized functional
volumes. Next, within both sessions, a general linear model was applied
to the data to investigate the effects of stimulus conditions. Neu-
ral responses to the different conditions of emotional valence were
modeled using a 24s boxcar function convolved with a hemodynamic
response function (hrf) as implemented in the SPM12 software. Addi-
tional regressors of no interest that are entered into the analyses to
reduce unexplained variance in the data include realignment param-
eters and a discrete cosine transform high-pass filter with a cutoff of
128s.

Next, contrast maps for the different emotional valence conditions
versus baseline of both sessions were entered into a second-level fac-
torial ANOVA, with drug (OXT vs. placebo) and emotional valence
(negative, neutral, and positive) as within-subject factors. F-tests were
run to test for the effect of condition (emotional valence), drug,
and the interaction effect of OXT with condition. To examine the
(de)activations of all stimuli versus rest, comparative t-tests were
performed. Further, to test for emotion specific effects, compara-

tive t-tests were performed for the contrasts negative > neutral and
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positive > neutral, with the data from both sessions (OXT and placebo)
combined.

To control for multiple comparisons in the whole-brain analyses, a
threshold was set at p < .05 (family-wise error [FWE] corrected). Addi-
tionally, small volume corrections (SVC; p < .05 FWE) were applied for
the predefined regions of the interest (ROls): the amygdala, hippocam-
pus, Al, ACC, OFC, putamen, caudate nucleus, and thalamus were
based on the automated anatomical labeling (AAL) template (Tzourio-
Mazoyer et al., 2002). The VTA, the Nacc, and the vmPFC are not
included inthe AAL atlas as masks and were therefore computed based
on previous empirical papers and a meta-analysis. The mask for the
VTA was based on Groppe et al. (2013) and consists of two spheres
of 10-mm radius around MNI coordinates x, y, z=+ 9, —18, —18. The
bilateral mask for the Nacc was retrieved from Montoya et al. (2014)
and based on T1-weighted scans of 60 separate individuals, normal-
ized in MNI152 space and averaged. The mask for the vmPFC is based
on a meta-analysis on theory of mind by Bzdok et al. (2012) built with
a 10-mm sphere around the MNI coordinates x, y, z= 0, 52, —12. For
all predefined anatomical ROIs that showed significant effects in the
emotion specific t-contrasts (negative > neutral; positive > neutral)
on whole brain level, percentage signal change was extracted using
MarsBaR (Brett, 2002) for further exploratory analyses.

2.7 | Analysis of interindividual differences

Toinvestigate the effect of the CTQ-EN on the neural responses toward
images of different emotional valences as well as the interaction of
CTQ-EN with OXT administration, exploratory analyses were con-
ducted. The extracted values of each ROl were entered into a separate
2 x 3 ANOVA with drug (OXT and placebo) and condition (negative,
neutral, and positive) as within-subject factors and the respective ques-
tionnaire as a covariate. Subsequently, CTQ-EN scores were correlated
with the extracted ROl parameters to describe the interaction effects.

2.8 | Analysis of behavioral data

Behavioral rating data were first screened for outliers, defined as
scores higher than 3 SD above the mean score, in each condition sep-
arately. Based on this criterion, all 22 participants were included in the
analysis. Next, scores were averaged over trials by condition (negative,
neutral, and positive) and drug (OXT vs. placebo), tested for normality
with a Shapiro-Wilk test and then entered in a 2 (drug) x 3 (emotional
valence) nonparametric analysis of variance (Friedman test). SPSS 23
(IBM analytics) was used for statistical analysis of the behavioral data

and an « of 0.05 was applied to test for significance.

3 | RESULTS
3.1 | Behavioral data

A 2 (OXT vs. placebo) x 3 (negative, neutral, positive) Friedman’s

ANOVA revealed a statistically significant difference between empa-
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thy ratings, depending on image valence and drug (¥2(5) = 93.33,
p <.0001). Post hoc analyses were conducted using Wilcoxon signed
rank tests with Bonferroni correction applied, with the statistical
significance level set at p <.009. To test for task effects, pairwise com-
parisons in the data from both sessions (OXT and placebo) combined
showed that all conditions differed significantly from each other on
ratings of compassion (negative vs. neutral: Z = —4.1, p < .001; pos-
itive vs. neutral: Z = —4.1, p < .001; negative vs positive: Z = —4.1,
p < .001). Negative images (M = 7.56, SD = 0.79) were rated signifi-
cantly higher on compassion than positive (M = 0.36, SD = 0.38) and
neutral ones (M = 1.13,SD = 0.83), and neutral images higher than pos-
itive ones. To test for OXT administration effects on ratings, pairwise
comparisons showed a marginally significant effect for ratings of neu-
tral images (Z = —2.32, p = .02), which did not survive the threshold of
.009, with lower ratings after OXT (M = 1.003, SD = 0.90) compared to
placebo (M = 1.25, SD = 0.88). All other p-values were >.30.

3.2 | Mood data

To test for possible effects of OXT on mood within and between the
two testing sessions, the sum scores on the positive and negative
affect scale of the PANAS (Watson et al., 1988) were entered into a
2 x 2 repeated measures ANOVA with drug (OXT, placebo) and time of
measurement (before and after drug administration) as within subject
factors. OXT did not affect mood ratings on the positive (F(1,21) =.001,
p =.974, % = .00) and negative (F(1,21) = .011, p = .918, »? = .001)
scale, nor did it interact with the time of mood measurement for pos-
itive (F(1,21) = .981, p = .333, 2 = .05) or negative (F(1,21) = 3.36,
p = .081, % = .14) affect scores. Overall mean scores on the PANAS
were M = 34.4 (SD = 4.9) for the positive affect scale and M = 12.8
(SD = 2.8) for the negative affect scale.

3.3 | Functional neuroimaging data

In the full factorial analysis on whole brain level, the O-test for main
effect of condition resulted in extensive activation including bilateral
visual cortices, fusiform gyrus, inferior parietal and temporal gyri, the
precuneus, and the medial superior frontal cortex, including the fol-
lowing of our ROIs: hippocampus, amygdala, insula, ACC, vmPFC, and
thalamus (see Table 1; Supporting Information). VTA, Nacc, putamen,
and caudate nucleus showed no significant activation on whole-brain
or ROl level.

Across both drug conditions, t-tests for the specific effect of pos-
itive > neutral (Figure 1a; Table 1) showed significant activation in
occipital areas (p < .01), the left vmPFC (p < .05), and the bilateral pre-
cuneus (p < .05). Further analyses within our a priori ROIs resulted
in significant activation of left ACC (p < .01, SVC), left anterior insula
(p < .01, SVC), and right putamen (p < .001, SVC). The t-test for neg-
ative > neutral (Figure 1b; Table 1) resulted in significant activation
of the bilateral hippocampus (p < .05) and the right medial superior

frontal cortex (p < .05). In addition, we observed significant activation
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TABLE 1 Overview of the peak T- and F-values, p-values, cluster sizes, and MNI coordinates for significantly activated voxels

Experimental effect Peak voxel location

Region X Y z F/T value Cluster size p-values

Full factorial

F-test: Main effect of condition

Temporal mid R R 48 -68 8 35.34 302 <0.001*
Occipital mid L L -46 -76 10 3242 266 <0.001*
Fusiform gyrus L -24 -52 -14 29.94 84 <0.001*
Precuneus L L =2 -58 44 28.70 316 <0.001*
Inferior temporal gyrus L -52 -56 -12 26.25 64 <0.001*
Fusiform gyrus R 28 -46 -14 23.27 28 <0.001*
Precuneus R R -16 -58 62 23.22 23 <0.001*
Hippocampus L -16 -6 -12 22.19 19 <0.001*
Inferior parietal lobe L -48 -34 44 21.51 79 <0.001*
Vermis 3 =2 -32 -4 20.96 15 <0.01*
Occipital mid L L -10 -92 0 20.42 40 <0.01*
Lingual gyrus L -16 -66 -6 20.21 7 <0.01*
Hippocampus R 18 -6 -10 19.18 3 <0.01*
Inferior frontal gyrus R 36 32 10 19.02 7 <0.01*
Fusiform gyrus L -32 -32 -24 18.38 3 <0.05*
Precentral gyrus L -50 4 34 17.76 4 <0.05*
Hippocampus L -30 -28 -8 17.36 1 <0.05*
Medial superior frontal gyrus R 6 50 40 16.86 1 <0.05*
Occipital mid L L -32 -70 22 16.70 3 <0.05*
Cuneus R R 4 -74 26 16.43 2 <0.05*
Amygdala L -18 -4 -14 19.11 59 <0.01**
Amygdala R 22 -6 -12 14.29 12 <0.01*
Parahippocampal gyrus R 30 -4 -28 9.45 3 <0.05**
Insula R 36 32 8 15.33 2 <0.01*
Insula L -26 14 -16 12.49 1 <0.05**
Anterior cingulate cortex L -4 50 10 11.06 1 <0.05**
Ventromedial prefrontal cortex L -4 54 -10 14.86 54 <0.001**
Thalamus L =2 -14 0 12.79 5 <0.01**
Thalamus R 0 -12 6 10.40 1 <0.05**
F-test: Interaction drug x condition

Superior frontal cortex L -22 56 [¢) 16.28 1 <0.05*
T-test: Positive > Neutral

Occipital mid L -10 -92 0 6.38 107 <0.001*
Occipital mid L -48 -76 12 6.19 47 <0.001*
Occipital mid R 46 -76 2 6.10 26 <0.001*
Occipital mid R 40 -68 18 5.78 61 <0.01*
Ventromedial prefrontal cortex L -4 54 -10 5.44 3 <0.05*
Precuneus cortex L 0 -56 42 5.36 32 <0.05*
Precuneus cortex R 6 -56 52 5.10 1 <0.05*
Anterior cingulate cortex L -4 50 10 6.64 16 <0.01**
Anterior insula L -26 14 -16 4.60 2 <0.01**

(Continues)
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TABLE 1 (Continued)

Experimental effect

Developmental Psychobiology vy gy_Lzem

Peak voxel location

Region X

Putamen R 22
Putamen R 28
Putamen R 30

T-test: Negative > Neutral

Hippocampus L -16
Hippocampus R 18
Vermis 3 0
Hippocampus L -30
Hippocampus R 30
Hippocampus R 24
Medial superior frontal gyrus R 6
Hippocampus R 32
Amygdala L -18
Amygdala R 22

Abbreviations: L, left; R, right.
*Whole brain FWE corrected at cluster level
**small volume FWE corrected at cluster level.

in the bilateral amygdala (p <.001, SVC) and the left thalamus (p <.001,
SVQ).

Regarding the drug administration, no overall main effect of OXT
was found on whole brain level and in any of the ROIls. We did, how-
ever, find a significant interaction of drug x condition in the superior
prefrontal cortex (sPFC), although only one voxel exceeded the whole
brain FWE correction (=22, 56, 6; p < .05, FWE; Figure 1c; Table 1).
Based on the significant interaction, a functional ROI of the sPFC was
defined. A repeated measures ANOVA on the extracted values of that
functional ROI resulted in a significant interaction of drug x condition
(F(2,42) = 12.24, p < .0001, 2 = .37), confirming the result found on
whole brain level. The results further indicated a decrease of activation
after OXT in the positive (OXT: M = -0.208, SD = 0.048; placebo: M = -
0.034, 5D =0.031) and neutral condition (OXT: M =-0.136,5D =0.041;
placebo: M = -0.07, SD = 0.04) and an increase in the negative condi-
tion (OXT: M = -0.135, SD = 0.039; placebo: M = -0.183, SD = 0.037).
Post hoc paired sample t-tests on the extracted values of the sPFC ROI
showed a significant decrease of activation after OXT in the positive
condition (t(21) = —3.46, p = .002), but no significant change in the
negative or neutral condition (p = .39 and p = .23, respectively). No
interaction effects were found in the a priori ROls (ps > .05).

To investigate the effect of individual differences of having experi-
enced childhood emotional neglect, we added the CTQ-EN scores as a
covariate in separate repeated measures ANOVAs with the extracted
values of a priori ROIs that were found to be significant in the emo-
tion specific t-tests (positive > neutral; negative > neutral), and the
extracted values from the sPFC. The CTQ-EN significantly interacted
with OXT administration in the amygdala (F(1,20) = 6.12, p = .022,
n? = .24) and with OXT x emotional valence in the hippocampus

Y z F/T value Cluster size p-values
6 10 4.96 14 <0.001**
8 4 3.98 1 <0.05**
6 3.91 1 <0.05**
-6 -14 6.56 38 <0.001*
-6 -10 6.19 15 <0.001*
-32 -2 6.13 17 <0.001*
-28 -8 5.86 11 <0.01*
-24 -8 5.54 <0.01*
-14 -12 5.22 4 <0.05*
50 40 5.10 1 <0.05*
-28 -10 5.09 1 <0.05*
-4 -14 6.16 16 <0.001**
-6 -12 5.18 1 <0.001**

(F(2,40) = 3.67, p = .034, »%2 = .155) and the putamen (F(2,40) = 3.86,
p =.029, n”2 = .162). In the prefrontal regions, CTQ-EN significantly
interacted with OXT administration in the extracted values of the func-
tional ROI in the sPFC (F(1,20) = 64.3, p = .051, 2 = .18) and with
OXT x emotional valence in the vmPFC (F(2,40) = 5.32, p = .009,
72 =.21) and the ACC (F(2,40) = 3.43,p = .042, 2 = .147).

Subsequently, to test for the direction of these effects, the CTQ-EN
was added in a correlational analysis with the extracted values of the a
priori ROls amygdala, hippocampus, vmPFC, ACC, and sPFC. We found
significant negative correlations between childhood emotional neglect
and activation in the amygdala after placebo in all three conditions
(positive conditions: r = -.618, p = .002; neutral condition: r = -.457,
p = .033; see Figure 2a,b; albeit marginally significant in the negative
condition: r = -.412, p = .056). No such relations were observed in
the OXT conditions (positive: r = -.091, p = .687; neutral: r = -.206,
p = .358; negative: r = -.082, p = .716). Similarly, a negative correla-
tion between CTQ-EN and activation in the hippocampus was found for
positive images only after placebo (r = -.641, p = .001), but not after
OXT (r=-.128, p =.570; Figure 2c).

At the same time, negative correlations between childhood emo-
tional neglect and activation in prefrontal ROls were found in the OXT
condition, which did not hold for placebo (Figure 3a,b). We found a neg-
ative correlation of CTQ-EN with activation in the vmPFC after OXT
for the neutral condition (r = -.539, p = .01; not for placebo: r = -.01,
p =.964; Figure 3a) and in the sPFC after OXT for the neutral condition
(r=-.492,p=.02;r=.126,p = .576; Figure 3b).

No significant correlation was found between CTQ-EN and ACC, or
CTQ-EN and putamen (all p < .05). Hence, emotional childhood neglect

was negatively associated with neural activation in amygdala and
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T-values

F-values

Positive

(a) Axial slices with corresponding Z-coordinates (MNI) from the T-map of neural activation for positive versus neutral images,

depicting significant activation in the left anterior insula, left ventromedial prefrontal cortex (vmPFC), left anterior cingulate cortex (ACC), and
right putamen, overlaid onto a standard anatomical template. (b) One coronal and two sagittal slices with corresponding X- and Y-coordinates
(MNI), respectively, from the T-map of neural activation for negative versus neutral images. Significant activation of bilateral amygdala, bilateral
hippocampus, left thalamus, and right medial superior frontal cortex is depicted. (c) Axial slice with corresponding Z-coordinate (MNI) from the
F-map of neural activation of the interaction of drug x condition, depicting significant activation in the left superior PFC. A bar graph of the
parameter estimates, extracted from a 10-mm sphere around the functional region of interest (ROI) of the left superior PFC, in all conditions
versus rest is displayed. Accompanying statistics are described in the text. All statistical maps are thresholded at p =.001 uncorrected, for

illustration purposes only. **p =.002

hippocampus under placebo, whereas this association disappeared
under OXT. At the same time, activation in the frontal regions, sPFC
and vmPFC, were negatively associated with childhood emotional
neglect under OXT exclusively.

3.4 | Post hoc connectivity analysis

With our results indicating that OXT increases neural activation in
amygdala and hippocampus, and simultaneously decreases activation
in sSPFC and vmPFC in individuals with high emotional neglect scores,
we conducted an exploratory connectivity analysis to probe whether

OXT administration results in attenuated prefrontal control allowing

for an increase of activity in limbic areas (see Supporting Information).

For connectivity from the sPFC seed region to amygdala and hip-
pocampus, no suprathreshold activation clusters were found in the
neutral and positive condition in either of the two drug contrasts
(OXT > placebo; placebo > OXT). For connectivity between the vmPFC
seed region with amygdala and hippocampus, no suprathreshold acti-
vation clusters were found for either drug contrast in the neutral
condition or the placebo > OXT contrast in the positive condition. In
the OXT > placebo contrast, one activation cluster (—22, —32, —6)
containing one voxel was found in the hippocampus after SVC. No
suprathreshold clusters were detected in the amygdala. In sum, we did
not find any significant relationship between connectivity within our

ROIs and CTQ-EN after correction for multiple comparisons.
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FIGURE 2 Scatterplots of the correlations between extracted parameter estimates from the anatomical bilateral amygdala toward positive (a)
and neutral (b) stimuli and the participant scores of the CTQ-EN, for oxytocin (OXT) and placebo. Scatterplot of the correlation between extracted
parameter estimates from the anatomical bilateral hippocampus toward positive stimuli (c) and the participant scores of the CTQ-EN, for OXT and

placebo. Accompanying statistics are described in the text.
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FIGURE 3 Scatterplot of the correlation between extracted parameter estimates of a 10-mm sphere around the MNI coordinates 0,52, —12
(Bzdok et al., 2012) toward neutral stimuli and the participant scores of the CTQ-EN, for oxytocin (OXT) and placebo (a). Scatterplot of the
correlation between extracted parameter estimates from the functional region of interest (ROI) of the superior prefrontal cortex (sPFC) (—22, 56,
6) toward neutral stimuli, and the participant scores of the CTQ-EN, for OXT and placebo (b). Accompanying statistics are described in the text.

4 | DISCUSSION

In this study, we investigated the effects of OXT in a group of healthy
nulliparous women on neural responses toward children in positive
social situations, or in distressing situations, in a newly developed neu-
roimaging task. The task evoked emotion-specific effects on behavior
and neural responses. The ratings on how much compassion partici-
pants felt with the children validated our task on a subjective level:
negative images received significantly higher ratings of compassion
than neutral or positive ones. Testing for the effect of OXT admin-
istration on subjective feelings of compassion toward the children in

the images showed no significant results after correction for multiple
comparisons.

On the neural level, images depicting children in positive social
situations activated areas related to reward and salience processing
(Bos et al., 2015; Seeley et al., 2007) including the vmPFC, precuneus,
ACC, anterior insula, and putamen. There was, however, no significant
activation of Nacc, caudate, and VTA, core structures involved in the
processing of reward (Haber & Knutson, 2010; Pecina et al., 2006).
At the same time, images depicting children in distress elicited acti-
vation in the hippocampus, amygdala, thalamus, and medial superior
prefrontal cortex, areas related to threat and emotion processing as
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well as affective empathy (Decety, 2011a; Reniers et al., 2014). Overall,
the outcome validated our paradigm as an adequate tool to investigate
the neural foundation of affective responses to children.

Regarding the effect of drug administration, we did not observe
overall effects of OXT in any a priori ROls or areas that showed task-
related effects, although an interaction effect of OXT and emotional
valence was found in the left sSPFC. OXT induced a small but signifi-
cant decrease of activation to positive stimuli in the sPFC. This finding
should be interpreted with caution given that the region did not show
task-related effects and did not belong to our a priori ROls. Previous
research found the left sPFC to be mainly involved in working mem-
ory load (Boisgueheneuc et al., 2006), and it is thus unclear why it
interacted with task condition and OXT administration.

Importantly, we hypothesized that OXT modulation would vary (Bos
et al, 2018) with experienced emotional neglect (Fan et al., 2014,
2015; Grimm et al., 2014; Meinlschmidt & Heim, 2007). Childhood
experiences of emotional neglect indeed showed differential effects
of OXT within the amygdala, hippocampus and prefrontal regions.
More specifically, in high-emotional-neglect individuals OXT increased
neural reactivity to positive and neutral stimuli in the amygdala, and
to positive stimuli in the hippocampus. Moreover, in high-emotional-
neglect participants OXT administration attenuated activation in the
vmPFC and sPFC to neutral images, which could suggest a decrease
in regulatory prefrontal control to stimuli of neutral content. Exist-
ing literature indicates changes of connectivity between amygdala,
hippocampus, and prefrontal areas in individuals with early life adver-
sity or posttraumatic stress disorder (PTSD) (Fan et al., 2014, 2015;
Frijling et al., 2016). We therefore conducted an exploratory analy-
sis to investigate possible connectivity changes between the vmPFC
and sPFC with amygdala and hippocampus in our sample. We did not
find any connectivity differences within the hippocampus or amygdala,
nor any significant correlation with childhood emotional neglect. The
exploratory nature of the analysis and our small sample size do not
allow for further interpretation of the connectivity results; however, a
replication with a larger sample size could be of value.

While we cannot conclude that OXT impacts prefrontal regula-
tion of amygdala and hippocampus, our results do show, for the first
time to our knowledge, that OXT modulates activity in limbic and
prefrontal structures to cues of children depending on childhood emo-
tional neglect in women. Our findings are difficult to compare with
other studies that look at the interaction of OXT administration and
early life adversities. These studies measure stress reactivity or resting
state (Fanetal.,2014,2015) and are mostly conducted in male subjects
where sex differences in OXT effects can be expected (Lieberz et al.,
2020). It is therefore of interest to consider studies with paradigms
more similar to our own study design, which have been conducted in
individuals with PTSD or who experienced trauma during adulthood.
PTSD and trauma exposure during adulthood are not directly com-
parable to the relatively modest early life adversities reported in our
subclinical sample, nonetheless the following studies are relevant to
the interpretation of our findings.

In line with the increase of amygdala reactivity after OXT found

in our sample, a study investigating neural reactivity to emotional

MEIER ET AL.

stimuli in individuals shortly posttrauma found increased amygdala
reactivity to negative emotional stimuli after OXT compared to placebo
(Frijling et al., 2015). Interestingly, another study found that OXT
decreased amygdala reactivity to emotional stimuli independent of
valence in a sample of PTSD patients, but enhanced amygdala reac-
tivity to all stimuli in matched healthy trauma-exposed controls (Koch
etal,, 2016). The difference in the effect of OXT administration on neu-
ral activity between the two populations could be mediated through
changes in receptor expression in individuals with PTSD compared
to more resilient controls, possibly indicating that trauma severity
and resilience to stress might be decisive factors in changes of OXT
sensitivity (Nawijn et al., 2019).

Overall, the results suggest that in individuals who experienced
emotional neglect, OXT boosts emotion and salience perception of
socially rewarding and neutral images of children by increasing activity
in amygdala and hippocampus and simultaneously decreasing activ-
ity in the vmPFC and sPFC. Being responsive to reward signals from
children is highly relevant for communication and bonding, and there-
fore a crucial aspect of caregiving behavior (Bos, 2017; Feldman,
2017). Although negative cues are already highly salient (as is demon-
strated by strong activation of amygdala and hippocampus in the
task-related effects), for high-emotional-neglect individuals positive or
neutral images might be less salient in comparison. A careful interpre-
tation could therefore be that OXT increases salience of positive and
negative stimuli in individuals who are less sensitive to such socially
relevant information.

We were surprised not to find effects on the Nacc, caudate, and VTA,
since in our previous work on the same sample of women we did show
activation in the bilateral VTA as well as putamen, amygdala, insula,
and ACC in response to infant faces (Bos et al., 2018). This is most
likely due to differences in task stimuli, as the reward function of infant
faces is fundamental to human caregiving early in life when infants are
most dependent on parental care for survival (Hahn & Perrett, 2014). In
addition, previous literature shows variation in activation of the reward
system toward social stimuli depending on sex-, task-, and stimulus-
related differences (Gregory et al., 2015; Groppe et al., 2013; Riem
et al., 2012; Spreckelmeyer et al., 2009). It should equally be taken into
account that our sample consisted of OC users. A study investigating
the effects of oxytocin on social reward cues found that OXT-induced
reward responses in the VTA and ventral striatum were suppressed in
OC users compared to naturally cycling women (Scheele et al., 2016). It
is therefore possible that OC use contributed to lacking effects of OXT
on VTA and striatum in our study.

We found no effects in areas involved in response to watching phys-
ical pain stimuli with a high aversive component (Bos et al., 2015) such
as the Al, ACC, or sensorimotor cortices, whereas we do show strong
activation of the amygdala, hippocampus, thalamus, and prefrontal
areas involved in the processing of negative emotions. Sensitivity of
these regions to distress is highly relevant for caregiving behavior
as it reflects increased emotion processing and possibly empathic
responses (Bos et al., 2014; Feldman, 2017). That we did not find activa-
tion in the aforementioned regions involved in empathy for pain might

reflect that our stimuli indeed induce feelings of compassion, but are
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not emotionally aversive, such as the sound of an infant crying, which
robustly activates the insula (Witteman et al., 2019). Finally, while our
findings are in line with the reported literature (Frijling et al., 2015;
Koch et al., 2016), they should be considered preliminary. We suggest a
replication of our findings in a larger sample size with more variation in
experienced childhood trauma.

In conclusion, the study validated our newly developed neuroimag-
ing task on neural responses to infant cues of different emotional
valence. Effects of OXT administration were mostly dependent on the
level of self-reported childhood emotional neglect for our hypothe-
sized regions amygdala, hippocampus, and vmPFC. This study is the
first, to our knowledge, to report that exposure to emotional neglect
during childhood in a subclinical range in women results in increased
neural reactivity of amygdala and hippocampus, and a deactivation of
prefrontal areas after OXT. The results suggest that OXT facilitates the
processing of rewarding and neutral pictures from infants, which is rel-
evant for how women process affective signals from children, and thus
for caregiving behavior. The findings further contribute to literature
suggesting a crucial role for OXT in increasing salience perception of

social cues, highlighting the importance of individual characteristics.
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