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Summary

Research on the effects of oxytocin on social cognition and behavior is constantly growing.
Moreover, oxytocin is already discussed to be used as a drug supporting common therapies for a range
of disorders displaying deficits in social cognition. Although, the knowledge about its
neurophysiological mechanisms lacks in particular regarding its functioning in the non-social domain
of behavior, cognition and related brain responses. Therefore, the present thesis had the aim to
explore whether the neuropeptide oxytocin has an effect on non-social cognitive processes and their
underlying neural correlates, how the neural mechanisms of oxytocin are modulated by additional
social input and which basal changes are driven by the effects of oxytocin. | addressed these questions
by the use of functional magnetic resonance imaging (fMRI) with task-based and resting-state designs

and with a neuroimaging genetics approach.

Oxytocin is synthesized in subnuclei of the hypothalamus and was originally known for its
involvement in inducing labor. The oxytocin receptor is distributed largely across the brain, covering
areas of the mesolimbic system such as the ventral striatum (vStr), the ventral tegmental area (VTA)
and the amygdala, but also frontal areas and regions which are not prominently involved in social
cognition. Generally, oxytocin is thought to affect social behavior and cognition, including parenting,
affiliative behavior, but also emotion-regulation. It is also assumed to be sensitive for context, gender
and personality characteristics. Whereas many studies explored the impact of oxytocin on socio-
emotional actions such as on emotion-processing in the amygdala, only very few studies focused on
the non-socioemotional domain, as for example memory processing or reward-related decision-
making. With regard to the aims of this thesis, two of the three experiments employed a non-social
decision making paradigm to reveal effects of oxytocin on non-social behavior and related brain
activity. Indeed, oxytocin also modulated neural circuits during non-social tasks and even during the
resting-state paradigm in the third experiment. This indicates that a social context might not be

required to observe changes in neural activity and connectivity by oxytocin.

Several theories have been proposed to explain the mechanisms by which oxytocin might
function. The social cognition theory suggests that oxytocin might modulate prosocial affiliative
behaviors and self-referential processing, the fear/stress approach emphasized its anxiolytic and stress
reducing effects, the general approach-avoidance hypothesis of oxytocin assumes that oxytocin acts
on approach and avoidance motivation and the social salience hypothesis implies that oxytocin
regulates the salience of social stimuli. In conclusion, currently there is no general theory accounting
for all the social and non-social effects of oxytocin as described in the literature. In the same

perspective, the overall results from the current thesis contradict aspects of each theory, while specific



patterns of effects may be best reconciliated with the framework of the approach-avoidance theory

and the social salience hypothesis.

In the first study a neuroimaging genetics approach was applied to investigate whether
common variants of the oxytocin receptor gene influenced behavior and neural responses in a non-
social reward-based decision-making paradigm. Specifically, due to dopaminergic-oxytocinergic
interactions oxytocin-induced changes were expected in bottom-up reward-related and in top-down
cognitive control-related activity. Two of the three candidate single-nucleotide-polymorphism (SNP)
of the oxytocin receptor gene (OXTR) were associated with a modulation of reward-related activity
during desire and reason situations in the paradigm used. The desire context was formed by allowing
to obtain a presented reward, whereas in the reason context the same reward had to be rejected.
Participants who were homozygous for the major allele of the OXTR SNP rs1042778 expressed more
bottom-up related activity in the vStr in the desire context. In contrast to this, minor allele carriers
showed a greater suppression of the reward-related activity in the reason context. This might have led
to better cognitive control and therefore to significantly better performance in the rejection of reward
stimuli in reason situations. According to this, major allele carriers had a stronger coupling between
the vStr and the VTA in desire contexts. Moreover, minor allele carriers displayed an enhanced
connectivity between the vStr and the anteroventral prefrontal cortex (avPFC) in reason situations. For
the OXTR SNP rs237897 an interaction of gender with the activity in the VTA could be detected. Female
participants, homozygous for the major genotype, presented more activation in the left VTA compared
to males. Altogether, this study could show that OXTR polymorphisms are able to modulate reward-

related as well as control-related activity even in a non-social decision-making paradigm.

In study 2 a neuroimaging experiment was performed with the application of
intranasal oxytocin and a modified reward-based decision-making paradigm including non-social as
well as social stimuli. The main question was whether exogenous oxytocin alters behavioral and neural
processes during the non-social condition in this task. Additionally, | was interested in possible changes
of oxytocin effects by the presentation of emotional stimuli. Furthermore, by the additional use of
both positive and fearful stimuli, | wanted to shed light on the ongoing discussion whether oxytocin
acts valence-dependent or irrespective of valence on the activity of the amygdala. An opposite
modulation of activity and functional connectivity regarding non-social compared with social context
was shown after oxytocin treatment. In the non-social desire situation oxytocin reduced bottom-up
activity within the vStr, probably by enhancing top-down control due to strengthening the negative
coupling to a frontal region. In contrast, in non-social reason contexts the vStr was less deactivated,

maybe due to decreased top-down control. By presenting fearful faces in the social condition, the



pattern of neural responses and functional connectivity reversed. In this condition, oxytocin increased
the activation in the vStr in desire situations, while it reduced the activation in reason situations. This
change in activity was paralleled by stronger positive coupling in the desire context and less coupling
as well as negative coupling in the reason context. Furthermore, depending on valence oxytocin
decreased amygdala activation for fearful faces and increased amygdala activation for positive faces.
The altered activity within the reward system by oxytocin might be the reason for an impaired
performance during both desire and reason trials. After oxytocin treatment participants were less
accurate in selecting target stimuli than in rejecting the reward stimulus and vice versa for the placebo.
This suggests rather an impaired working memory than disturbed stimulus-association learning. To
sum up, the comparison between the effects of oxytocin in the non-social and social condition yielded

that oxytocin influences corticomesolimbic regions in a context-sensitive manner.

The last study used a resting-state fMRI technique with additional administration of
intranasal oxytocin. Of particular interest was the possible alteration of functional connectivity within
and between large-scale networks by oxytocin. The analysis focused on functional networks indicated
to play a major role in salience processing (the salience network - CO), social cognition and self-
referential processing (the default mode network - DM) and attention processing (the ventral
attentional network - VA). Thereby, basal changes by which oxytocin might influence neuronal
responses were shown providing results for the ongoing debate on the underlying function of oxytocin.
Although, | expected significant changes of functional connectivity within the DM network. The
modulation of the CO and the VA networks were seen. Indeed, oxytocin changed the functional
connectivity within and between large-scale networks even without engagement in a task. Oxytocin
mainly influenced the VA by decreasing the cross-talk to regions typically part of the DM nodes; and
oxytocin strengthened the functional connectivity to the edges of the CO, involving regions linked to
salience processing. Additionally, oxytocin directly impacted the functional connectivity within the CO.
Therefore, one basic effect of oxytocin might be to redirect attention (VA) from self-referential

processing (DM) to the external environment, preparing for reception of salient information (CO).

Taken together, the purpose of the present thesis was to extend the knowledge about the
effects of oxytocin as well as basic mechanisms of oxytocin’s influence on cognition, behavior and
neural activation and connectivity in non-social, social and task-free conditions. The results clearly
demonstrated effects on neural activation, functional connectivity and on behavior in all three studies;

supporting the claim that oxytocin does not only play an important role in socio-emotional processing.
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Chapter 1

General Introduction



Someone skimming through the newspaper or online media in the last five years at some point
came across the neuropeptide oxytocin. Whether it was hyped as the love hormone, trust hormone,
cuddle hormone or moral molecule, it was clear for the public that scientists had identified a
neuropeptide which was meant to be the glue for social interaction. Furthermore, oxytocin was
handled as the miracle drug for diverse psychiatric disorders involving impaired skills in the socio-
emotional domain as it showed promising positive impact on domains of social cognition such as

emotion recognition and prosocial and altruistic behavior.

Scientific studies reporting experiments on oxytocin or at least publications referring to this
neuropeptide accumulated over the last five years (Figure 1). It is worth mentioning that among
these publications, the category of social-emotional processing increased especially. While between
1996 and 2001 only 5% of papers were published on this issue, in the last five years already 35% of all
oxytocin publications included socio-emotional aspects. This bias reflects on the one side the public
interest about the effects of this neuropeptide and on the other side the effort to use oxytocin as a
drug for a wide range of disorders defined by social disabilities. By using more and more methods
from neuroscience, as for example neuroimaging, the mechanisms behind oxytocin’s social functions

can be further explored.

However, a more detailed search on the scientific database pubmed revealed that the proportion
of studies examining oxytocin’s impact on cognition without social relations is stable with under 1%
for clinical and neuroscience research in the years between 1996 and 2016. This issue is of potential
concern as oxytocin is used in an increasing part of clinical research, but current theories and
hypotheses about the function of oxytocin concentrate on its outcome mainly in the socio-emotional
domain. When a neuropeptide is discussed to be used as a drug supporting common therapies it is
imperative to study its consequences as a whole and not only in a limited domain. Oxytocin might
also have an effect on cognitive functions such as executive control, reward-related decision-making
or working memory in other than social situations, for example in economic situations. By focusing
only on the socio-emotional aspects important effects of this neuropeptide on the living brain and

organism could be missed and even the basic mechanisms and functions cannot be fully understood.
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Figure 1: Publications referring to or dealing with oxytocin in the years between 1996 and 2001.
Search on www.ncbhi.nlm.nih.gov/pubmed for publications including the word “oxytocin” was
performed on April 26™, 2016. Output was separated into papers published between 1996 - 2001,
2001 - 2006, 2006 - 2011 and 2011 - 2016. Further categories were formed by studies comprising
terms referring to the neuroscience, clinical and social domain reclusive and combined. Top row: On
the left side absolute quantities of oxytocin papers in 5 year steps between 1996 and 2016 are
presented in a bar graph. Subcategories of oxytocin papers in percent are illustrated in a pie chart on
the right side. Bottom row: Pie charts describe the proportion of subcategories of oxytocin papers in
5 year steps. Detailed information on pubmed search and forming of subcategories is specified in the

appendix.

Therefore, the present thesis has the aim to explore whether oxytocin has an effect on non-
social reward-related processes and their underlying neural correlates, how the neural mechanisms
of oxytocin are modulated by additional social input and which basic neural mechanisms are
underlying the function of oxytocin without non-social or social tasks. We addressed these questions
by the use of functional magnetic resonance imaging (fMRI) with task-based and resting-state

designs and with a neuroimaging genetics approach.



1.1.The neuropeptide oxytocin

Oxytocin was originally known for the induction of uterus contractions during labor or for the
ejection of milk in mothers after birth, but it is also involved in parenting behavior in rodents and
other mammalian species (for a detailed review see Insel, 1992). However, in the last twenty years
more promising studies in voles implicated its role in pair- and mother-pup bonding by showing
differences in the oxytocin pathway in polygamous and less parental montane voles compared with
monogamous and highly parental prairie voles (for review see Insel, 2010). Since then a multitude of
studies on human subjects was published exploring oxytocin’s apparently unique effects on social

and emotional processing (for review see Meyer-Lindenberg et al., 2011).

As oxytocin is highly suggested to play an important role on reward-related processes and
behavior - described in the following subchapters - | chosed to investigate its non-social effects
focusing on a reward-related decision-making paradigm. Although reviewing the assumed general
effects of oxytocin on social-emotional cognition and behavior and related neural processes, | will
emphasize mainly on its influences on reward-related behavior and the modulation of activity and

functional connectivity in associated brain regions.

1.1.1. Neural pathways: oxytocin expression, distribution of receptors and fibers and
suggested mechanism in the brain

The neuropeptide oxytocin is mainly synthetized and secreted by magnocellular neurons in
two hypothalamic nuclei, the supraoptic (SON) and paraventricular (PVN) nuclei. To act as a hormone
on peripheral targets outside the central nervous system, it is released by the posterior pituitary into
the blood circulatory system (Gimpl and Fahrenholz, 2001; Insel, 1992). Besides, oxytocin is
additionally released by dendritic transmissions or synaptic contacts into other regions of the central
nervous system such as the limbic system and the autonomic systems of the brain stem (Insel, 1992;
Knobloch et al.,, 2012; Ross et al., 2009). Moreover, it is hypothesized that oxytocin might be
distributed by diffuse transmission into the extracellular space throughout the brain, allowing the
neuromodulator to reach more distant targets (Gimpl and Fahrenholz, 2001; Knobloch et al., 2012).
However, it must be pointed out that the central release of oxytocin might be independent of the
pituitary release as the oxytocin levels in the cerebrospinal fluid and in plasma are not always
correlated (Freeman et al., 2016; Kagerbauer et al., 2013; but see for positive results Born et al.,

2002).

To date only one type of oxytocin receptor, a G protein-coupled receptor, has been identified
(Gimpl et al., 2008; Gimpl and Fahrenholz, 2001). Recent histologic studies detected that the
distribution pattern of the receptor is selective for species (Dumais and Veenema, 2016; Gimpl and
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Fahrenholz, 2001; Insel, 1992). Histological studies performed in humans found staining in the
ventrolateral septal nucleus, the amygdala, ventral striatum (vStr), the substantia nigra, the
midbrain, the superior colliculus, the pontine tegmentum, the ventral pallidum, the globus pallidus,
the cingulate cortex, the basal nucleus of Meynert, the hypothalamus, the olfactory bulb, postorbital
gyrus, the vertical limb of the diagonal band of broca, hippocampus and in the subiculum (Boccia et
al.,, 2013; Loup et al.,, 1991; Loup et al., 1989; for review see Stevens et al.,, 2014). Indeed, the
distribution of oxytocin fibers and receptors might mismatch at different regions of the brain, but in
general a similar pattern for oxytocin fibers and receptors is proposed (Knobloch et al., 2012; Stevens

et al,, 2014).

To my best knowledge, very few publications are available in the literature that address the
issue of oxytocin’s function on a molecular level which could be generalized to the human brain,
despite the existent differences between species. An early experiment discovered that stimulation of
neurons expressing oxytocin receptors facilitates gamma-aminobutyric acid (GABA) transmission, an
inhibitory neurotransmitter, and therefore modulates the inhibitory network within the amygdala
(Huber et al., 2005). Further support come from recently published experiments showing interactions
between oxytocin and GABA receptors in stress (Smith et al., 2016) and fear responses (Knobloch et
al., 2012). Other studies indicate that oxytocin receptors are mainly expressed by interneurons and
that oxytocin might be important for the excitatory-inhibitory regulation by decreasing evoked
inhibitory events (Mitre et al., 2016; Nakajima et al.,, 2014; Ninan, 2011). Mitre et al. (2016)
suggested that this might be a mechanism by which oxytocin might enhance the processing of salient
cues. Interestingly, the authors observed that oxytocin receptor activation in vivo was also evident

for stimuli which were not defined as social, which is a main topic in the present thesis.

1.1.2. Effects of oxytocin on cognition and behavior

Generally, oxytocin is thought to affect social behavior and cognition. Early behavioral and
pharmacological studies in animals could show its involvement in mother-pup bonding (Insel, 1992)
and in pair formation especially in monogamous and polygamous types of species (Young et al.,
2011). Further support emerged from genetic studies, indicating that an interruption of endogenous
oxytocin synthesis or the prevention of oxytocin receptor binding would result in abnormal social
cognition and behavior (Winslow and Insel, 2002) and in less social attachment and parental care
(Keebaugh et al., 2015). Oxytocin is also known for its anxiolytic effects by facilitating regulation of
emotion and stress responses after central release in response to stress inducing stimuli (for instance

Nyuyki et al., 2011; for review see Neumann and Slattery, 2016).



The promising results obtained from these animal studies lead to the hypothesis that
oxytocin might be mainly involved in socio-emotional processing and to the question whether it also
applies to human social cognition and behavior (Meyer-Lindenberg et al., 2011). Due to the vast
literature on this subject, | will concentrate on studies applying methods similar to the experiments
reported here including neuroimaging genetics and intranasal administration of oxytocin, and

excluding studies on endogenous oxytocin as measured in plasma.

The investigation of common variants of the oxytocin gene (OXT) and the oxytocin receptor
gene (OXTR) and possible interactions provide evidence for its important role in social behaviors in
humans (for review see Ebstein et al.,, 2009; Feldman et al., 2016; Kumsta et al., 2013; Meyer-
Lindenberg et al., 2011). For example, genetic studies of OXTR single nucleotide polymorphisms
(SNPs) revealed associations with empathy (Rodrigues et al., 2009; Schneiderman et al., 2014;
Uzefovsky et al., 2015), theory of mind (Lucht et al., 2009), affect processing and emotion regulation
(Haram et al., 2015; Melchers et al., 2013; Skuse et al., 2014; Tabak, 2013), prosocial decision making
and social cooperation (Feng et al., 2015; Israel et al., 2009; but see for negative results Apicella et
al.,, 2010), callous-unemotional traits and antisocial behavior (Beitchman et al., 2012), sensitive
parenting (Feldman et al., 2012a), pair-bonding in adults and social childhood problems (Walum et
al.,, 2012). Nevertheless, a meta-analysis could not find any link between two widely studied OXTR

SNPs and social behavior measures (Bakermans-Kranenburg and van lJzendoorn, 2014).

Indeed, not only imaging genetic studies but also the application of intranasal oxytocin
provides evidence for its important role in diverse social cognitions and behaviors. For instance it
increases trust (Kosfeld et al., 2005; Mikolajczak et al., 2010; Zak et al., 2005), empathy (Abu-Akel et
al., 2015; Bartz et al., 2010; Hurlemann et al., 2010), theory of mind and perspective taking (Domes
et al.,, 2007b; Theodoridou et al., 2013b), self-referential processing (Liu et al., 2013), emotion
processing and recognition (Di Simplicio et al., 2009; Fischer-Shofty et al., 2010; Lischke et al., 2012a;
Schulze et al.,, 2011), social recognition memory (Rimmele et al., 2009; Unkelbach et al., 2008;
Weigand et al., 2013), prosocial decision making (Hu et al., 2016), attentional gaze shifting to the eye
region of emotional faces (Domes et al., 2007a; Ellenbogen et al., 2012; Gamer, 2010; Guastella et
al., 2008; Lischke et al., 2012a; Tollenaar et al., 2013), social approach (Perry et al., 2015; Preckel et
al.,, 2014; Scheele et al., 2012 but see for missing modulation Theodoridou et al., 2013a), sexual
interest in women (Rupp et al., 2013), but also envy and gloating (Shamay-Tsoory et al., 2009) and
aggressive behavior (Ne’eman et al.,, 2016). Moreover, exogenous oxytocin reduces anxiety and
stress responses (de Oliveira et al., 2012; Ditzen et al., 2009; Heinrichs et al., 2003; Meinlschmidt and
Heim, 2007), facilitates extinction of fear conditioning (Eckstein et al., 2015), and social reward

learning depending on the valence of stimuli (Clark-Elford et al., 2014).



Whereas ample behavioral, neuroimaging and genetic studies in humans explored the impact
of oxytocin on socio-emotional cognition and behavior, only very few studies focused on the non-
social and non-emotional domain. Note that since the studies on stress response attenuation by
oxytocin include mostly psychosocial or emotional stressors, these are covered by the socio-
emotional section. One early study reported impaired learning performance for words in a verbal
memory task in females and males after intranasal oxytocin administration (Bruins et al., 1992).
Nevertheless, they did not detect any modulation of visual memory or attention. Moreover, it could
be confirmed that oxytocin reduced the overall recall rate for social as well as for non-social words in
comparison to a placebo condition (Heinrichs et al., 2004). However, in a further implicit recall test
only the social words were affected. In contrast, a more recently published paper demonstrated that
intranasal oxytocin impaired visual memory performance to both social and non-social stimuli
(Herzmann et al.,, 2012). In an experiment exploring cooperative behavior, oxytocin increased
cooperation when social information was presented, but decreased cooperation and lead to a risk-
adverse strategy without social information in comparison to placebo (Declerck et al., 2010).
Furthermore, studies on metabolic functioning and eating-disorders implicate that oxytocin also has
an effect on the energy consumption and is related cognition, for instance a reduction of reward-
related food intake was observed after intranasal oxytocin administration (Ott et al., 2013) and in
addition it could be shown that oxytocin especially strengthened the top-down control over food
intake (Striepens et al., 2016). Recently, more researchers became aware of the lack of studies on
effects of non-social reward related behavior by oxytocin. However, neither a neuroimaging genetics
study (Damiano et al., 2014) nor an intranasal oxytocin administration study on trauma-exposed
participants (Nawijn et al., 2016) and on healthy subjects (Mickey et al., 2016) could observe any

effects on behavior in a monetary incentive delay (MID) task (Knutson et al., 2000).

In contrast to studies examining the modulation of social and emotional processing and
behavior by oxytocin, its possible effects on non-social cognitive functions are almost neglected in
the research field. For this reason, the current doctoral thesis is dedicated to shed light also on the
understudied functioning of oxytocin in these non-social domains, exploring those which were less

popular in recent years.

1.1.3. Effects of oxytocin on neural activity and functional connectivity in humans

For clarity, only neuroimaging studies performed in humans are summarized here. Because
of oxytocin’s major role in socio-emotional processes, most task-based neuroimaging studies
addressed its morphological and functional effects in neural circuits known to be involved in social

cognition such as the amygdala and the hypothalamus. First, previous studies indicated that several
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common OXTR polymorphisms impact the volume of the amygdala (Furman et al., 2011; Inoue et al.,
2010; Marusak et al., 2015; Tost et al.,, 2010), the hypothalamus (Tost et al., 2011), the dorsal
anterior cingulate cortex (ACC) and the posterior brain stem (Furman et al.,, 2011) as well as the
insula (Saito et al., 2014) in different healthy populations. However, not only the volume of brain
regions, but also reactivity and functional connectivity of the amygdala and the hypothalamus seem
to be affected by certain OXTR SNPs. For instance, several studies found modulation of amygdala
responses (Montag et al., 2013; Tost et al., 2010; Waller et al., 2016), its functional coupling to the
hypothalamus (Tost et al., 2010) and also of the connectivity between the hypothalamus and the

dorsolateral prefrontal cortex (dIPFC) (Wang et al., 2013).

Most of the fMRI studies exploring the effects of administered oxytocin on social cognition
and emotion-related processes could find a suppression of the amygdala (Baumgartner et al., 2008;
Eckstein et al., 2015; Kanat et al., 2015a, 2015b; Kirsch, 2005; Riem et al., 2014b, 2013). There are
also studies showing a reduction of amygdala activation even without social context, for instance
during painful stimulation (Singer et al., 2008) or after induction of acoustic startle responses
(Striepens et al., 2012). Nevertheless, during positive reciprocated cooperation, the activity in the
amygdala was found to become enhanced by oxytocin (Rilling et al., 2012). Additional to the
modulation of activity within the amygdala, oxytocin decreased its functional connectivity with other
regions involved in autonomic and behavioral responses in fear, such as brain stem regions (Kirsch,
2005), with regions involved in reward-related processes, such as the dorsal striatum and the
midbrain (Baumgartner et al., 2008). However, functional connectivity between the amygdala and
reward-related regions as well as regions involved in social cognition was also seen to be increased
by oxytocin, to the orbitofrontal cortex, the ACC, the hippocampus, the precuneus, the
supramarginal gyru and the middle temporal gyrus during infant laughter (Riem et al., 2012).
Moreover, oxytocin increases the coupling between the amygdala and regions belonging to the
salience network, such as the anterior insula and the left inferior frontal gyrus in memory
performance after startle responses (Striepens et al., 2012) and during infant crying (Riem et al.,
2011). Mixed results were obtained from neuroimaging studies using a resting-state paradigm.
Contrary to task-based studies, intranasally applied oxytocin significantly increased the connectivity
between the amygdala and the medial frontal cortex (Sripada et al., 2013) and reduced the coupling

between the bilateral amygdalae and the right precuneus (Kumar et al., 2015).

Additionally, to its effects on the key region of the limbic system outlined above, there are
more neural regions affected by oxytocin or oxytocin receptor genotypes. For instance, a paper
reported increased activation in the inferior frontal gyrus, the middle temporal gyrus and the

superior temporal gyrus in a theory of mind task; but this was accompanied by decreased



performance in the experiment (Voorthuis et al., 2014). In contrast, others found an improvement in
accuracy of theory of mind together with enhanced neural activation in the superior temporal gyrus
and the insula after oxytocin treatment (Riem et al., 2014a). Another newly published study on
perspective taking detected that oxytocin enhanced activity in the temporo-partietal junction (TPJ)
(Hu et al., 2016). Recently, a self- and other trait judgements task was used and demonstrated that
oxytocin reduced responses in the dorsal and ventral medial prefrontal cortex (vmPFC) and in
connectivity with the ACC (Zhao et al., 2016). In a resting-state paradigm by Riem et al. (2013) a
decrease in functional connectivity between the posterior cingulate cortex and the brainstem was
observed following oxytocin treatment. However, a recently published voxel-based meta-analysis
observed only a hyperactivation of the left insula after oxytocin administration (Wigton et al., 2015).
Then again, they included only eleven studies and did not check for confounding factors such as
gender. It should be noted that the pattern of brain regions affected by oxytocin are largely

overlapping with the social brain (for review see Norman et al., 2012).

Nonetheless, despite the extensive research on the amygdala reactivity after oxytocin
treatment, there is still a discussion regarding the direction and the function of this modulation. On
the one hand, Domes et al. (2007a) observed that oxytocin attenuated the neural activity in the
amygdala during emotion processing regardless of the shown valence. In contrast to this, there is
data pointing to a valence dependent regulation of the amygdala activity by oxytocin (Gamer et al.,
2010; Shin et al., 2015). For instance, Gamer et al. (2010) reported that different subregions of the
amygdala were involved in both valence-related and attentional effects. Whereas the activity was
increased during presentation of positive emotional stimuli in a dorsal part of the amygdala, a more
ventral subregion exhibited decreased activity during the presentation of negative emotional
expressions. One of the more surprising results was that oxytocin increased the activation of the
amygdala in females instead of reducing it as seen in males during presentation of fearful faces
(Domes et al., 2010). Further evidence supporting the sex-specific modulation may lie in a study
reporting enhanced amygdala reactivity during presentation of threatening scenes in women (Lischke
et al.,, 2012b). However, extenuated amygdala reactivity by oxytocin were found in females

diagnosed with generalized social anxiety disorder (Labuschagne et al., 2010).

Taken together, the most compelling piece of evidence from this large number of studies
with regard to the aims of this thesis is that oxytocin also modulated neural circuits during non-social
tasks and even during a resting-state paradigm. This indicates that a social context might not be
required to observe changes in neural activity and connectivity by oxytocin. Additionally, the
described neuroimaging studies on the impact of oxytocin on amygdala activation and connectivity

seem to be insufficient to reveal the true underlying mechanism. As | will describe later, there is



growing support of the claim that gender, context and personal factors might influence the way in
which oxytocin acts on neural and behavioral processes (Bartz et al., 2011). Therefore, further
research on the specific effects of oxytocin on amygdala activity and connectivity and on neural
regions involved in non-social tasks is required. The present thesis is an attempt to bridge this

knowledge gap.

1.1.4. Oxytocin and dopamine interactions in the reward system

Due to the fact that two of the imaging studies presented in this thesis emphasizes the
effects of oxytocin on the dopaminergic reward system, | summarize the relevant literature in an
extra paragraph. Since | applied a decision-making paradigm recruiting mainly the key regions of the
reward system, including the vStr (specifically the nucleus accumbens), the ventral tegmental area
(VTA) and the PFC (Breiter and Rosen, 1999; Haber and Knutson, 2010), | will focus on these and
related structures in the following section. The key regions studied in this study are illustrated in

Figure 2.

Figure 2: Key regions of the reward system studied in the task-based studies of the thesis. The

bilateral vStr (including the NAcc) is shown in red, the midbrain/VTA is illustrated in pink and the

avPFCis displayed by the green color.

vStr = ventral striatum, NAcc = Nucleus accumbens, VTA = ventral tegmental area, avPFC =
anteroventral prefrontal cortex

The dopaminergic reward system is particularly involved in stimulus—association learning in
which incentive salience is allocated to rewarding stimuli (Berridge, 2007; Flagel et al., 2011).
Whereas the nucleus accumbens (NAcc) is suggested to play a major role in incentive salience
processing as well as in reward anticipation and consumption (Berridge et al., 2009), the VTA is

proposed to be involved mainly in salience processing (Bunzeck et al., 2006; Menon et al., 2015).
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Moreover, the PFC is assumed to exert top-down control and to regulate, if necessary, the reward-
related behavior (for example Ferenczi et al., 2016) as well as to be responsive to the magnitude of

different rewards during reward receipt (Diekhof et al., 2012a).

Again, there are ample genetic and pharmacological studies performed in animals,
highlighting the importance of key regions of the reward system involved in the modulation of social
cognition by oxytocin. As the current thesis only involves studies conducted in humans, | will only
mention a few of them. Above all, it could be shown that oxytocin interacts with the
neurotransmitter dopamine in the reward system, especially in the NAcc and the VTA during pair-
bonding (for review see Young et al., 2004), social cognition and behavior (Skuse and Gallagher,
2009) and during sexual behavior (for review see Melis and Argiolas, 2011). Moreover, it has even
been postulated that oxytocin-dopamine receptor heteromers might exists in the NAcc, which also
facilitates receptor-receptor interactions (Romero-Fernandez et al.,, 2013). Much research on
maternal behavior and its modulation by oxytocin in the reward system has been done so far (for
review see Bosch and Neumann, 2012), indicating that inhibiting oxytocin receptors in the NAcc and
the VTA disrupts maternal behavior (D’Cunha et al., 2011; Olazabal and Young, 2006; Shahrokh et al.,
2010). Additionally, knockdown of oxytocin receptor RNA in the NAcc (Keebaugh et al., 2015) and
knocking out CD38 (Akther et al., 2013), which is engaged in oxytocin secretion (see for review
Lopatina et al.,, 2013), results in aberrant parental behavior. An fMRI study by (Febo, 2005)
investigating mother-pup bonding in rats could demonstrate that oxytocin administration as well as
an oxytocin receptor antagonist modulated mainly regions which are known for their contribution to

maternal behavior including the NAcc, the PFC, the VTA and the amygdala.

Finally, research on interactions between the dopaminergic and the oxytocinergic system as
well as the modulation of reward-related structures by oxytocin becomes more popular regarding
studies dealing with social cognition and behavior in humans. Parental behavior in mothers was
examined, showing a correlation between oxytocin plasma levels and activation of brain regions
related to the dopaminergic reward system, including the vStr (Atzil et al., 2012; Strathearn et al.,
2009). Moreover, it was recently observed that oxytocin increased the response in the VTA during
presentation of rewarding infant stimuli but also of sexual stimuli in women (Gregory et al., 2015). In
two studies from the same group an increase of activation in the nucleus caudatus during
reciprocated cooperation was described (Feng et al., 2015; Rilling et al., 2012). Moreover, one OXTR
SNP influenced the activity in the dorsal striatum during a similar task (Feng et al., 2015). It should be
noted that the change of activation was in the opposite direction for females and males. A likewise
modulation of the dorsal striatum by oxytocin was also observed during a trust game (Baumgartner

et al., 2008). By using positron emission tomography measuring stress induced dopamine release by
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receptor availability, an oxytocin gene polymorphism was associated with greater stress-induced
dopamine release in the ventromedial caudatus in females but not in males (Love et al., 2012).
Wittforth-Schardt et al. (2012) suggested that oxytocin might affect the salience processing of social
cues in the reward system as they found diminished activation and functional connectivity of the left
globus pallidus with other reward- and attachment-related regions after oxytocin administration. In
line with this, intranasally administered oxytocin led to an increase in the processing of socially
relevant cues irrespective of valence in the VTA during a social incentive delay task which was
assumed to might reflect the increase in salience of the anticipated social feedback by oxytocin
(Groppe et al., 2013). Moreover, Hu et al. (2015) could show that oxytocin selectively increased
responses in the amygdala, the extended hippocampus and putamen and functional coupling
between the amygdala, insula and caudate during social feedback in the same task as used in the

previous mentioned experiment.

Also, pair-boding in humans was considered to be influenced by oxytocin. Scheele et al.
(2013) demonstrated in males an increased response in the VTA and the NAcc related to higher
perception of the attractiveness of their own female partner. Moreover, they found an augmentation
of the neural response in the left NAcc to their own partner compared with a familiar woman,
indicating a partner-bond specific effect. However, in a positron emission tomography study altered
binding of dopamine in the striatum or pallidum were not observed although attractiveness ratings
for unfamiliar women were increased after intranasally applied oxytocin (Striepens et al., 2014).
Instead there was an increased dopamine binding and reduced activity in the right dorsomedial PFC
and superior parietal gyrus. Therefore, the authors concluded that oxytocin might alter
attractiveness perception without dopaminergic contributions. A further lack of dopaminergic-
oxytocinergic interaction was described by Sauer et al. (2013). They tested whether variants of the
CD38 gene and a common catechol-o-methyltransferase (COMT) enzyme, known to be involved in
the degradation of dopamine, interacted with the pharmacological intervention of oxytocin in
response to social stimuli. While they found a modulation of the fusiform gyrus and a significant gene
X gene x substance interaction in the amygdala, no significant effects for the vStr or the VTA were

seen.

Nevertheless, oxytocin is also involved in dopaminergic-based but non-social behaviors, such
as addictive behaviors (for review see McGregor and Bowen, 2012) and reward-related food intake.
For instance, oxytocin’s reduction of reward-related food intake was accompanied by a suppression
of activation in the putamen, nucleus caudatus and midbrain regions (Striepens et al., 2016). In
contrast, activity in the ACC, the precuneus and frontal regions was augmented indicating that

oxytocin modulates mainly regions related to top-down control. Therefore, the authors suggested

12



that oxytocin might suppress the desire for rewarding food intake by strengthening cognitive control.
Similar to my first study in this thesis, Damiano et al. (2014) published an imaging genetics study, in
which they detected an association between a common polymorphism in OXTR and mesolimbic
responses to rewards in a non-social MID paradigm. Recently, the same task was applied to
participants suffering from post-traumatic stress disorder (PTSD) and traumatized controls
uncovering enhanced neural processing of monetary reward and loss after oxytocin administration
but not in the meso-limbic pathway (Nawijn et al., 2016). Another recently published paper applying
the same paradigm to healthy controls found an increase of activation in the VTA during the

presentation of incentive rewards (Mickey et al., 2016).

Despite the already existent neuroimaging studies on the impact of oxytocin on non-social
behavior and related neural activation, there is still a profound lack of knowledge in this domain. For
instance, Damiano et al. (2014) explored only three OXTR SNPs, which were not all identified as
functional variants in previous literature. Additionally, the authors did not consider possible
alteration of functional connectivity between reward related regions, which may be modulated by
oxytocin. Neither Nawjin et al. (2016) nor Mickey et al. (2016) did explore functional coupling after
oxytocin administration. Moreover, they included non-social stimuli only and therefore were not able
to examine differences between social and non-social processing after oxytocin treatment.
Importantly, the paradigm used in the first two studies of the present thesis differs from the MID
task as it not only explores bottom-up related activation but also top-down processes or action

control involved in suppressing impulsive decisions respectively.

1.1.5. Context, gender and personal characteristics are modulators of oxytocin’s
functionality

As already mentioned previously, in addition to its species selectivity, the behavioral and
neural modulation by oxytocin seems to be sensitive for context and environment, gender and

personality characteristics (for review see Bartz et al., 2011 or Olff et al., 2013).

Environmental factors appear to have a high impact on the distribution pattern of oxytocin
receptors as seen in monogamous rodents living in an enriched environment in contrast to the
oxytocin receptor distribution pattern in polygamous rodents in a poor environment (Insel, 1992).
Furthermore, domesticated mice and rats exhibited higher densities of neurons expressing oxytocin
than wild strains (Ruan and Zhang, 2015). Several publications in recent years documented sex-
specific modulation by oxytocin. For instance, female laboratory rodents often possess higher
oxytocin levels in contrast to males, who in turn show higher oxytocin receptor expression (Dumais

et al.,, 2013). Moreover, behavioral effects related to oxytocin have been found to be gonadal
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steroid-dependent in rats, since binding of oxytocin in some areas of the brain is estradiol-dependent
in female rats (Insel, 1992). A detailed review of the interplay between oxytocin and gonadal
hormones as well as further gender-specific effects by oxytocin in diverse species was published

recently (Dumais and Veenema, 2016).

Yet, for humans the gender effects in oxytocin receptor distribution are lacking. Only Loup et
al. (1991) were searching for sex differences. Because of a low female sample size (n=4) and
insufficient sensitive staining for oxytocin receptors no gender-specific effects could be discovered in
humans. But as opposite effects of intranasal oxytocin on behavior and neural activation in females
and males were observed, as described subsequently, it is conceivable that humans also show sex
specific distribution patterns. For instance, gender-specific effects under intranasally administered
oxytocin were seen in perspective taking (Theodoridou et al., 2013b) and in social recognition
memory (Herzmann et al., 2012). Higher concentrations of oxytocin in cerebrospinal fluid were
detected in women compared to men suggesting that central release of oxytocin may be higher in
females (as reviewed in Dumais and Veenema, 2016). OXTR SNP interactions with gender are
thought to modulate amygdala volume (Furman et al.,, 2011; Tost et al.,, 2011), functional
connectivity between the hypothalamus (Wang et al., 2013) and the dorsolateral PFC as well as
amygdala reactivity to angry faces (Waller et al., 2016). Intranasally administered oxytocin reduced
amygdala reactivity (for instance Kirsch et al.,, 2005) and diminished fusiform gyrus and superior
temporalis gyrus activation (Domes et al., 2007a) evoked by several negative emotional stimuli in
men but increased the activity in these areas to similar negative emotional stimuli in women (Domes
et al., 2010; Lischke et al., 2012b). Similarly, an opposite sex-specific reactivity pattern elicited by
oxytocin was found in the activation of the striatum and other reward-related areas during a social
reciprocated cooperation paradigm (Feng et al.,, 2014; Rilling et al., 2014). Possible gonadal-
hormone-oxytocin interactions were examined by Weisman et al. (2013) demonstrating that
intranasally administered oxytocin altered testosterone levels and parenting behavior in fathers
(Weisman et al., 2014). Further support comes from a recently published paper reporting a reduction
in oxytocin-elicited reward-related activity in women using hormonal contraceptives (Scheele et al.,
2016). Detailed reviews about gonadal-hormone-oxytocin interactions on social cognition and

behavior are given by MacDonald (2013) and Dumais and Veenema (2016).

Furthermore, interactions with personality measures also account for variations in oxytocin’s
outcome on social behavior and neural responses (for review see Bartz et al., 2011). For instance, an
interaction between an OXTR SNP and gender modulated the degree of self-reported harm
avoidance (Stankova et al., 2012). Other common variants of the oxytocin gene were associated with

stress-induced dopamine release linked to attachment anxiety, trait anxiety and lower well-being
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depending on gender (Love et al., 2012), and with reward dependence in males only (Tost et al.,
2010). Moreover, the environmental factor assessed by early life stress mediated the modulation of
activity and functional connectivity within the limbic system by oxytocin (Fan et al., 2014; Grimm et

al., 2014).

Overall, gender-specific effects were seen in neural and behavioral responses related to
oxytocin and were also found in the decision-making paradigm used in this thesis (Diekhof et al.,
2012). Therefore, | investigated the presence of gender-specific interaction effects with oxytocin in
the neuroimaging genetics experiment as the sample was well-represented by including female and
male participants. However, in the intranasal administration studies | included only male participants
in order to avoid this possible confound. Moreover, potential inter-individual personality differences,
measured by the Temperament Character Inventory (TCl) and the Barrett Impulsivity Scale (BIS),

were also controlled for interaction with oxytocin outcome.

1.1.6. Common theories about oxytocin

Several theories have been proposed to explain the mechanisms by which oxytocin might act
on social cognition, behavior and the underlying neural activity and functional connectivity. Due to
the different outcomes in the socio-emotional domain, there is still an ongoing debate on the nature

of its precise functioning. In the following section the main hypotheses will be shortly described.

Numerous experiments provide evidence for the influence of oxytocin on a broad range of
social cognition and behavior and the underlying neural circuits as described in previous sections.
Therefore, several researchers assume that a main oxytocin mechanism might lie in the
enhancement of prosocial affiliative behaviors (Kosfeld et al., 2005; Zak et al., 2007). Nowadays,
oxytocin is mainly suggested to influence neural circuits which are involved in social affective and
self-referential processing (Kumar et al., 2015; Riem et al., 2013; Riem et al., 2011; Zhao et al., 2016).
The major drawback of this social cognition theory is the fact that there is no common underlying
mechanism which could explain all the consequences of oxytocin administration seen in different

socio-affective processes, and non-social effects are totally neglected.

Along similar lines, the social-approach/withdrawal hypothesis by Kemp and Guastella (2010;
2011) infers that oxytocin mainly acts on the approach-avoidance system by upregulating the
motivation for social approach such as in prosocial decision-making, and down-regulating social
avoidance motivation such as by inhibition of negative emotional responses (Kemp and Guastella,
2010). Later, the theory was advanced into the general approach-avoidance hypothesis of oxytocin
(GAAQ) (Harari-Dahan and Bernstein, 2014) by claiming that oxytocin might act on a general level

and not exclusive on social adaptive and maladaptive behaviors. Moreover, this theory specifies that
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oxytocin might modify the reward system, including striatal, midbrain and frontal regions, leading to
effects on approach motivation, and alters the cortico-amygdala circuitry for avoidance motivation.
Although, the expanded version of the theory also considers non-social alterations by oxytocin, it is
still a matter of debate why oxytocin also increases social behaviors which are defined as

maladaptive in a particular context or depending on the gender of the tested sample.

The early fear/stress account mainly addressed the anxiolytic effects of oxytocin (Bartz et al.,
2011) and according to it the anxiolytic function might be a basic mechanism by which oxytocin
modulates several stress- and anxiety related responses. Therefore, this could also increase
approaching behavior and salience processing, thereby affecting more complex social cognitions
(Churchland and Winkielman, 2012). Indeed, the theory was extended by accounting additionally for
stress and anxiety influences on social approach-related behavior (Heinrichs and Domes, 2008;
MacDonald and Feifel, 2014), which was also supported by a paper reporting that the approach-
related behavior elicited by oxytocin was modulated by social threat (Radke et al., 2013). Nowadays,
oxytocin’s involvement in stress reduction as well as in modulation of neural circuits for emotion
regulation is considered (Neumann and Slattery, 2016). Therefore, this theory additionally considers
oxytocin’s non-social effects such as effects on stress responses. Nevertheless, it is still not successful
in explaining oxytocin’s influence on a variety of social cognitions and it is still neglecting non-social

effects on memory or reward-related behavior.

The social salience hypothesis supposes that oxytocin may act primarily to regulate the
salience of social stimuli and affiliative behaviors due to interactions with the dopaminergic system,
including the VTA, the NAcc, the amygdala and areas of the PFC among other neural structures
(Shamay-Tsoory and Abu-Akel, 2016). Major support for this hypothesis came from observed
attentional shifts to salient features of social stimuli induced by oxytocin (for instance Gamer et al.,
2010) or the increase in reward related activity linked to socially relevant stimuli (Groppe et al., 2013;
Riem et al.,, 2011). A special focus is also placed on contextual and individual characteristics
mediating the functioning of oxytocin (Bartz et al., 2011; OIff et al., 2013; Shamay-Tsoory and Abu-
Akel, 2016). Further support arose from the observation that oxytocin seems to improve symptoms
and to normalize neural activity and connectivity in patients suffering from disorders which are
known to exhibit abnormal salience processing such as in PTSD (for review see Koch et al., 2014) or in
generalized anxiety disorder (Gorka et al., 2015). In contrast to other theories the social salience

hypothesis does not consider non-social effects of oxytocin.

Theodoridou et al. (2013a) performed a study in order to show which of the both most
prominent theories, the approach-avoidance or the social salience hypothesis, accounts for an

oxytocin mechanism. Interestingly, none of the two theories was supported by the results. Neither
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an increased approach nor avoidance behavior — as suggested by the approach-withdrawal
hypothesis - nor a stronger effect on social in comparison with non-social stimuli — as described by
the social salience hypothesis - was found after oxytocin administration. In conclusion, currently
there is no general theory accounting for all the effects of oxytocin on cognition, behavior and neural

circuits in the literature.

1.2.Experimental methods used in the following studies

1.2.1. Functional magnetic resonance imaging (fMRI)

fMRI is a technique mainly used to explore cognitive function by utilizing the fact that active
neurons spend energy that leads to an enhanced perfusion and blood oxygen level changes in
involved neural structures. These local changes in blood oxygenation, which has been shown to be
coupled with neural activity and is known as the blood oxygenation level dependent (BOLD) signal,
can be detected by fMRI as oxygenated and deoxygenated blood exhibit different magnetic
properties. The BOLD signal can be described in the hemodynamic response function, defined by a
slow increase in blood flow reaching its maximum approximately 5 seconds after neural activation.
As it is assumed that the hemodynamic response exhibits linear characteristics, general linear model
can be used to compute statistical differences in time courses of the convolved BOLD signal. More
detailed information regarding the fMRI technique is summarized in books for example by Huettel et

al. (2009) or by Poldrack et al. (2011).

In the first two task-based neuroimaging studies reported in this thesis | used a rapid-event-
related fMRI design and in the last one a resting-state fMRI paradigm. The task-based studies were
used to investigate the effects of intranasal administered oxytocin and pre-selected OXTR SNPs on
reward-based decision-making behavior and related mesocorticolimbic activation and functional
connectivity. Previous neuroimaging studies provide evidence that by using the fMRI technique in
tasks involving reward processing the neural underpinning of reward-related behavior can be
investigated (Breiter and Rosen, 1999; McClure et al., 2004; O’Doherty, 2004). Therefore, | used a
monetary reward-based decision-making paradigm which is called the Desire-Reason-Dilemma (DRD)
paradigm and was developed in order to investigate neural activation and possible interactions
between regions related to reward processing and impulse control (Diekhof et al., 2012; Diekhof et
al., 2012b; Diekhof and Gruber, 2010). Contrary to the task-based studies, with the resting-paradigm
| intended to examine the effects of oxytocin on neural connectivity during rest. | was especially

interested in the modulation of large-scale networks by oxytocin. Large-scale networks are defined
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by slow fluctuations (<.1 Hz) of coherent activity, consistent spatial topographic patterns and by
involving brain regions known to play a role in sensor-motoric or cognitive systems (Betzel et al.,
2014). Among other potential functioning they are suggested to reflect basic multiple states of the
brain and to facilitate communication between regions far away from each other (Deco and
Corbetta, 2011). As oxytocin exhibits a broad range of effects on neural activation depending on the
particular experimental design, | was interested in investigating the underlying and basic mechanisms

by which oxytocin might modulate neural connectivity irrespective of a task.

1.2.2. Statistical analysis used in the three fMRI experiments

Full factorial models in SPM (Wellcome Trust Centre for Neuroimaging, University College
London, UK; http://www.fil.ion.ucl.ac.uk/spm) and MATLAB 2012a (The MathWorks, Inc., Natick,
MA, USA) were used to analyze random effects on group level in the first two task-based studies. On
the one hand, this enabled me to take all factors into account, including the particular contrast,
genotype or treatment, and gender. Thus, to calculate within-subject-effects as well as between-
subject-effects elicited by the experimental condition and oxytocin treatment or oxytocin receptor
genotype depending on the reported experiment. Additionally, the full factorial model is known to be
robust to different sample sizes by setting the variance parameter to unequal, which was of
relevance for the imaging genetics study, and also for different amounts of events in the task-based
intranasal administration study. Considering a recently published paper (Eklund et al., 2016)
discussing the problem of false-positives in most of the neuroimaging studies using cluster-based-
inference approaches, | report the main results of the first two task-based studies on a voxel-based-
inference level, which was shown to be more conservative as applied by SPM, a software package for

analyzing neuroimaging data.

Moreover, in both task-based studies | assessed the functional interaction between reward-
related brain structures under oxytocin treatment by using psycho-physical interactions (PPI) (Friston
et al., 1997). At first, individual BOLD signal time courses were extracted from so-called seed regions,
defined by placing a sphere around preselected independent coordinates, which then served as
physiological vectors in the analyses. The psycho-physiological vectors in the PPl analysis were
formed by the specific contrasts of the DRD paradigm. Afterwards, the hemodynamic signals were
deconvolved using a parametric empirical Bayesian formulation and mean-corrected to assess the
underlying neural signal. Then the PPl interaction terms were built by multiplying the deconvolved
physiological vector with the respective psychological vector, followed by convolution, mean
correction, and orthogonalization. The three regressors (physiological vector, psychological vector

and interaction term) went into the statistical analysis on single-subject-level. For group effects a
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two-sample t-test was calculated for the single subject contrast images (PPI interaction term against

baseline) of the oxytocin and the placebo treatment group.

In order to identify common large-scale networks, | applied a group independent component
analysis (gICA) in the resting-state fMRI study. The gICA is a multivariate pattern approach across
groups, dividing the neural signal into components (networks), which exhibit correlated signals
within their elements but are independent from other components (Calhoun and Adali, 2012). The
resulting components were individually back transformed to the single subject. After applying a GLM
in SPM, the differences between oxytocin and placebo treatment groups were analyzed by the use of
one-way ANOVAs. Further support for the observed changes by oxytocin was gathered by calculating
Pearson correlation matrices to discover differences in the functional inter-network connectivity. The
parallel analysis was conducted to account for the possible appearance of false-positives in the

cluster-based analysis in SPM as described by Eklund et al. (2016).

1.2.3. Imaging genetics of oxytocin receptor gene polymorphisms

Although the approach of neuroimaging genetics applied to the oxytocin system is relatively
new in oxytocin research, there is already ample evidence that common variants of the oxytocin
receptor gene (OXTR) have an influence on the volume and the activation of neural structures
involved in social cognition circuits (for review see Feldman et al., 2016; Israel, 2016; Kumsta and
Heinrichs, 2013). Due to the fact that most of the imaging genetics studies focused on a modulation
of social behavior and associated brain regions, there is a lack of evidence for potential effects also in
non-social cognitions such as in reward-based decision-making. Indeed, a recently published paper
found a link between an OXTR SNP and mesolimbic activation during reward anticipation in a
monetary incentive delay task (Damiano et al., 2014). However, they did not investigate alterations
of functional connectivity within the reward system. Additionally, in the imaging genetics study
presented here | was also able to study possible influences on top-down control by OXTR
polymorphism as the DRD paradigm offers situations eliciting bottom-up signals as well as situations

in which action control is necessary (Diekhof and Gruber, 2010).

1.2.4. |Intranasal application of oxytocin

The approach of intranasal application of oxytocin is widely-used since Born et al. (2002)
provided evidence that intranasally administered vasopressin, a neuropeptide similar in structure to
oxytocin, would reach the cerebrospinal fluid (CSF) within 30min (Born et al., 2002). In addition to

the desired simple modulation of central oxytocin levels, there are no serious side-effects reported,
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no subjective changes for the receiver and oxytocin application is not associated with adverse

outcomes in a controlled setting (MacDonald et al., 2011).

Despite the growing number of studies on the effects of oxytocin on neural functioning,
there is still an ongoing debate whether intranasally applied oxytocin reaches the central system or
whether it is transported to the blood circuit (Guastella et al., 2013; Quintana et al., 2015). However,
increased oxytocin levels within brain regions and in the extracellular fluid accompanied by increases
in oxytocin plasma levels after intranasal oxytocin administration were reported for rodents
(Neumann et al., 2013). Moreover, a study in nonhuman primates demonstrated an increase in CSF
levels of oxytocin after intranasal application (Chang et al., 2012). So far, only one study performed in
humans supplied evidence for the transportation of oxytocin to the brain by the use of arterial spin
labeling in resting regional cerebral blood flow (rCBF) (Paloyelis et al., 2016). After oxytocin
administration, they found increased rCBF in regions believed to become activated by oxytocin which
sustained over the whole observation interval of 78min. Additionally, mixed results regarding the
association between elevated oxytocin plasma levels and the central oxytocin pool were reported in
the last decade. Although, Born et al. (2002) showed an association between plasma and CSF levels,
others did not find such an association when investigating endogenous oxytocin (for instance

Kagerbauer et al., 2013).

Until now, it is not clear which pathway from the nose to the brain is relevant for intranasally
administered oxytocin. Therefore, different pathways have been suggested (Born et al., 2002;
Guastella et al., 2013; Quintana et al., 2015) such as an intraneural pathway across the mucous layer
to the olfactory bulb, a pathway by trigeminal nerve near the respiratory epithelium to the brainstem
and last, via extracellular mechanisms or diffusion along paravascular or perineural spaces in the
olfactory epithelium. Since it is assumed that taking the intraneural pathway might take at least

hours, the extracellular pathway is more conceivable.
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Chapter 2

Aims of the thesis

21



The main aim of the present thesis was to explore whether oxytocin modulates behavior and
neural activity as well as connectivity even though no socio-emotional stimuli or context were
presented. Despite existent evidence for non-social effects of oxytocin, there are still open questions
of which behavior and neural structures are in particular influenced by oxytocin. Moreover, the
current literature shows no consensus on the mechanisms by which oxytocin might affect social
cognition, anxiety-, emotional and stress-related responses as well as non-social behavioral and
cognitive patterns. The issue of finding a general and basic mechanism accounting for the diverse
effects of oxytocin is still not solved to a sufficient degree. Therefore, this thesis addressed these
core questions by applying different approaches such as the use of the fMRI technique with a non-
social and social task-based decision-making paradigm, the use of a resting-state fMRI design
providing no task, as well as intranasal administration of oxytocin and an investigation of an influence

of common OXTR polymorphisms.

Chapter 3 describes a neuroimaging genetics approach to investigate whether common
variants of the oxytocin receptor gene influenced behavior and neural responses in a non-social
reward-based decision-making paradigm. Specifically, oxytocin-induced changes in bottom-up and in
top-down processing were expected during desire and reason situations as the involved
dopaminergic brain regions, namely the vStr, the VTA and the PFC, are known for its dense oxytocin
receptor distribution and its modulation by oxytocin in studies on both animals and humans.
Additionally, possible moderating effects such as gender and personality as well as impulsivity
measures were proposed, since previous studies indicated an interaction with gender and individual

characteristics in social reward-related behavior as well as associated brain regions by oxytocin.

Chapter 4 reports a neuroimaging study with the application of intranasal oxytocin and a
modified reward-based decision-making paradigm including non-social as well as social stimuli.
Again, the paramount question was whether exogenous oxytocin alters behavioral and neural
processes during the non-social condition in this task. Additionally, | was interested whether and in
which direction the observed pattern of effects would vary by presentation of emotional stimuli.
Therefore, the focus was set to alterations of behavior and neural activation and functional
connectivity by oxytocin during the decision-making task in the presence of non-social and emotional
stimuli. The prediction was that in both conditions effects of oxytocin could be observed.
Furthermore, by the use of positive and emotional stimuli during the social condition of the decision-
making paradigm, | wanted to shed light on the ongoing discussion whether oxytocin acts valence
dependent or irrespective of valence on the emotional-induced activity in the amygdala. On the basis
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of previous published studies, | expected an influence of valence with opposite alteration of emotion

processing by oxytocin.

Chapter 5 illustrates a resting-state fMRI study with additional administration of intranasal
oxytocin. Of particular interest here was the possible alteration of functional connectivity within and
between large-scale networks by oxytocin. The analysis concentrated on functional networks which
mostly consist of neural regions indicated to play a major role in salience processing (the salience
network), social cognition and self-referential processing (the default mode network) and attention
processing (the ventral attentional network). Thereby, | supposed to find basic processes by which
oxytocin might influence neuronal responses and to provide significant results for the ongoing
debate on the underlying functioning of oxytocin. In detail, | expected significant changes of
functional connectivity within the default mode network as previous studies as well as the social
cognition theory and the approach-withdrawal hypothesis indicated a special role of oxytocin in
social cognition. However, also a modulation of the salience network and the ventral attentional
network were conceivable since the social salience theory proposed main effects in these functional

networks.

Taken together, the purpose of the present thesis was to extend the knowledge about the
effects of oxytocin as well as basic mechanisms of oxytocin’s influence on cognition, behavior and

neural activation and connectivity in non-social, social and task-free conditions.
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Chapter 3

OXTR SNPs modulate the dopaminergic reward

system in a non-social decision-making task
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3.1 Abstract

Previously, it was shown that allelic variants of the OXTR impact behavior and its underlying
reward-related neural response in social decision-making. However, although the research on the
effects of oxytocin, its receptor and its genetically underpinning is escalated for the social-emotional
domain, its impact on non-social cognition and behavior is mostly neglected. Therefore, we examined
whether three single nucleotide polymorphisms of OXTR (rs1042778, rs237897, rs11131149) were
associated with behavioral and neural responses in a monetary reward paradigm. For rs1042778 we
found a main effect of genotype in the activation of the NAcc and a modulation of functional
connectivity between this area, the VTA and the PFC. Additionally, the analysis revealed a gender x
genotype interaction for rs237897. Moreover, impulsivity and personality scores correlated with the
activation in reward related brain regions in both rs1042778 and rs237897 SNPs. We did not observe
any significant impact of genotype on reward related behavior of rs1131149 nor on neural activation.
Overall, we could show that allelic variation of OXTR, which is mainly studied in the social domain, is
also involved in non-social decision-making by modulating the neural activity of the dopaminergic

reward system.
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3.2 Introduction

In everyday life, one has to take decisions in various contexts, such as in the management of
financial conditions or in social interactions. Often the decision-making process is impeded when the
possibility of gaining an immediate reward stands in contrast to the achievement of a prior defined
long-term goal, which might offer higher benefits in the future. Therefore, cognitive mechanisms,
such as self-control, are essential to overcome the impulse to select the proximate reward and in

order to pursue the long-term plan.

It is assumed that at least two major systems are involved in these decision processes.
Evidence comes especially from several animal studies (for instance Ferenczi et al., 2016) but also
from human studies showing the recruitment of these systems occurring in reward related decision-
making tasks (Clark et al., 2012; Ferenczi et al., 2016). For decisions favoring immediate or high
rewards, parts of the mesolimbic dopamine system, the NAcc and the VTA, showed increased
dopamine induced activation (Clark et al., 2012; Delgado, 2007; Haber and Knutson, 2010; Liu et al.,
2011; McClure et al., 2004). In contrast, various regions of the PFC are associated with self-controlled
behavior and decisions characterized by the ability to inhibit responses to manage goal-directed
actions (Jimura et al., 2013; Kim and Lee, 2011; Knoch and Fehr, 2007). To investigate whether these
two systems also interact in humans, a decision-making paradigm, called desire-reason-dilemma
(DRD), was developed and applied in fMRI studies (Diekhof and Gruber, 2010). In situations in which
participants were allowed to pursue their impulse and to collect immediate rewards, they found
increased activation in the key regions, NAcc and VTA, but in situations in which the impulse for
collecting the immediate reward had to be suppressed (desire-reason dilemma), they found reduced
activation in NAcc and VTA and also a strengthened coupling between the NAcc and the
anteroventral PFC (avPFC). Subsequent studies using the DRD paradigm demonstrated that gender
(Diekhof et al., 2012), personality traits (Diekhof et al., 2012b), disorders such as depression (Goya-
Maldonado et al., 2015) or bipolar disorder (Trost et al., 2014) and also allelic variation of a gene for
encoding the cyclic AmP response element-binding protein (CREB) (Wolf et al., 2015) or of a gene
(MADILI) associated with higher risk for bipolar disorder (Trost et al., 2016) could modulate the

activation and connectivity between these systems.

In the current study, we explored whether allelic variation of the oxytocin receptor gene
(OXTR) would also explain some variation in reward related activity during decision-making situations
in the DRD paradigm. The functional and structural association of oxytocin with the neural reward
system and related behavior is well studied at least in several animal studies on pair-bond-formation
and mother-pup-bonding (Ross and Young, 2009; Young and Wang, 2004). Moreover, the oxytocin

receptor is mainly distributed in mesolimbic and frontal areas, including the amygdala, hippocampus
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and the anterior cingulate cortex but also the NAcc and medial PFC (Loup et al., 1989; Loup et al.,
1991; Stevens et al., 2014). Several studies provide evidence for interactions between oxytocin and
the neurotransmitter dopamine in reward-related regions (Baskerville and Douglas, 2010; Insel,
2010; Skuse and Gallagher, 2009) and evidence that dopamine-oxytocin receptor heteromers exists
at least in the NAcc (Romero-Fernandez et al., 2013). Recently, also human studies start to focus
more on the modulation of the reward system by oxytocin such as in romantic relationships (Scheele
et al., 2013; Taylor et al., 2010), social learning (Hu et al., 2015), social memory (Herzmann et al.,
2012) and social decision-making (Groppe et al., 2013; Hu et al., 2016). Even more interesting, SNPs
of the OXTR show effects in social domains and underlying neural reward related processes, at least
in prosocial decision-making (Israel et al., 2009) and pair-bonding (Walum et al., 2012). Moreover,
interactions between OXTR genotypes and the neurotransmitter were observed during the
processing of social stimuli (Sauer et al., 2013) and in stress responses with an additional effect of
gender (Love et al.,, 2012). However, not only social reward processing might be affected by
variations in OXTR. Indeed, a recent imaging genetics study showed even modulation of the
mesolimbic reward circuit by an OXTR polymorphism in a monetary-incentive delay task without

social context or stimuli (Damiano et al., 2014).

As there are fewer studies investigating the effects of oxytocin or OXTR in a non-social
domain, it is still not clear whether the gene possess impact on the neural activation in further non-
social cognitive tasks. This might be of special relevance as oxytocin is already used in trials with
clinical populations which might benefit from its effects on social cognition (Koch et al., 2016; Shin et
al., 2015; Watanabe et al., 2015). Though, not all daily tasks comprise a social context or social
interactions as for example decision-making in financial or occupational affairs and dispensed
oxytocin or a polymorphism in the OXTR might show also an effect on these non-social tasks.
Therefore, the main research question of the present study was whether OXTR polymorphisms
would also alter reward related activity and connectivity during the non-social DRD task. For the
analysis, we mainly focused on key regions of the reward system, namely NAcc, VTA and avPFC,
which have been shown to be strongly activated during the DRD paradigm (Diekhof and Gruber,
2010). We hypothesized to find an effect on neural activation and functional connectivity as the
mentioned key regions are known to be modulated by oxytocin in a social context. Additionally, we
were also interested if gender and OXTR genotypes would interact since the results of previous
studies indicated that sex might affect both the dopaminergic (Diekhof et al., 2012) as well as the
oxytocinergic (Feng et al., 2015) modulation. Moreover, as it is known that context and personality
traits might modulates the effects of oxytocin, we wanted to explore whether this is also true for the
OXTR polymorphism and non-social traits such as impulsivity and harm avoidance which was already

found to modulate the activation during the DRD previously.
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3.3 Methods

3.3.1 Participants

306 healthy male Caucasian subjects, recruited from the university environment, were
included in this study. Participants were between 18 and 35 years old, had normal or corrected-to-
normal vision, were free of any medical condition and were not suffering from psychiatric,
neurological or any other diseases. In addition, they were screened for MRI contraindications and for
drug or psychotropic use. Participants gave written informed consent and were paid for
participation. All procedures were approved by the Ethics Committee of the University Medical

Center Gottingen.

3.3.2 SNP selection, genotyping and analysis

We found 51 with OXTR associated SNPs after intensive search of common genetic data
bases and review of published studies on OXTR effects in humans. From this sample, 10 SNPs were
selected because of their effects on neural activity, anatomical structure and/or characterization as
possible functional variants (Damiano et al., 2014; Feldman et al., 2013, 2012; Furman et al., 2011;
Loth et al., 2014; Michalska et al., 2014; Montag et al., 2013; Tansey et al., 2010; Tost et al., 2011;
Wang et al., 2013). Finally, 3 OXTR SNPs, rs1042778, rs237897 and rs11131149 were genotyped by
using Illumina OmniExpress Chip. SNP rs11131149 was selected as proxy for rs13316193 because of
their high association (R%=1 and D’=1) according to SNAP
(https://www.broadinstitute.org/mpg/snap/) and dbSNP-Q (https://cgsmd.isi.edu/dbsnpqg/) data

bases.

Minor allele frequencies of all selected OXTR SNPs were similar to values reported on public
data bases and all SNPs were in Hardy-Weinberg-Equilibrium but not in linkage disequilibrium

(Tablel).

For genotyping, saliva was collected in Oragene saliva DNA kits (DNA Genotek) and human
DNA was obtained by using the Gentra Puregene Blood kit (Qiagen). By using 400ng of DNA, SNP
genotyping was performed with Illumina OmniExpress Genotyping BeadChips. Additionally, we
checked for population stratification by the use of a principal component analysis included in
EIGENSOFT (https://www.hsph.harvard.edu/alkes-price/software/). All subjects in this study were

clustered together with HapMap3 European-descent populations.

We chose dominant models to explore the effects of OXTR SNPs on behavioral data and

neural activity in the reward system by combining the homozygous minor allele groups (AA) with the
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heterozygotes (AG) in comparison to the homozygous major allele groups (GG). This was done to
minimize the number of between-subject comparisons and therefore to reduce the differences in
sample sizes of the genotype groups. Furthermore, the minor carrier model account for the
assumption that one minor risk allele is sufficient to modulate the reward related activity and it is
known as a standard procedure for testing risk alleles on their impact on behavior or neural

processes.

Table 1: Selected OXTR SNPs

Pairwise LD analysis (D’/R?
SNP Region MAF HWE (x2)
rs1042778 rs11131149 rs237897

rs1042778 intron A=043 1.64 -
rs11131149 intron A=0.40 0.07 0.44/0.17 -

rs237897 intron A=0.40 0.28 0.18/0.03 0.16/0.02 -

SNP = Single nucleotid polymorphism, MAF = minor allele frequency, HWE = Hardy-Weinberg-
Equilibrium, LD = Linkage-Disequilibrium

3.3.3 The Desire-Reason-Dilemma paradigm

The DRD paradigm was developed to assess reward related activity in decision-making
situations when a reward stimulus was allowed to be obtained or had to be rejected (Diekhof and
Gruber, 2010). Prior to the fMRI experiment participants performed a conditioning task outside the
scanner in which different colored squares were presented in a random order on a monitor and had
to be accepted or declined by button press. Due to 20 repetitions for each of the 8 colors,
participants learned that acceptance of two specific colors was associated with an immediate reward
(bonus points) and the other 6 colors were associated with a neutral outcome. Afterwards,
participants underwent a short training of the actual fMRI experiment. The event-related fMRI design
consists of two sessions with 20 blocks respectively. Each block started with the presentation of two
colored squares (cues) which had to be selected by button press in the following 4 or 8 trials to reach
a superordinate goal of 50 points at the end. All other colors had to be rejected. Additionally, the
reward associated colors from the conditioning task prior to scanning were presented. In half of the
blocks, participants were allowed to select these colors to receive bonus points (desire context) and
in the other half these colors had to be rejected to achieve the superordinate goal (reason context).

Whether the participant had to abide by the rules of the desire or the reason context was indicated
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by a letter prior to presentation of the cues, “B” (Bonus) for the desire and “Z” (Target) for the reason
context. By missing or erroneous responses to target, non-target and bonus colors the current block
was interrupted, the participant received zero points and a new block with new target colors started.
In the end of each correctly finished block a feedback was given displaying the 50 points and
additional selected bonus points. Again, a total feedback was presented at the end of each session.
Finally, the amount of points was transferred into real money and payed to the participants (20-50€).
The duration of a trial was about 1900ms including a blank screen (200ms), the color square (900ms),
an immediate feedback (700ms) and again a blank screen (100ms). The total time to perform the 2
sessions of the DRD paradigm was approximately 12min. A more detailed description can be found in

supplemental information (Figure S2).

3.3.4 Behavioral and personality measures and analysis

Behavioral data during scanning were acquired using Presentation software (Version 14.9,
www.neurobs.com). In addition to demographic data, impulsivity scores and personality measures
were obtained by applying the Temperament Character Inventory (TCl) and the Barratt Impulsiveness
Scale (BIS). Normal distribution of performance data and personality measures were tested using the
Kolmogorov-Smirnov test. Independent t-tests were used for differences between the groups of
genotypes (two-tailed). When the normal distribution was violated the Mann-Whitney-U test was
applied and for categorical parameters such as gender and handedness the Chi-squared test was
used. To account for possible interaction effects with gender, we calculated separate ANOVAs for
personality measures, performance and reaction time data including gender and genotype as
between-subject factor. Analysis of behavioral and personality data were calculated using SPSS (IBM

SPSS Statistics version 23, SPSS Inc., Chicago, Illinois, USA).

3.3.5 Imaging acquisition and analysis

MRI scans were conducted at a 3T scanner (Magnetom TRIO, Siemens Healthcare, Erlangen,
Germany) by using a standard 8-channel phased array head coil. 31 axial slices (voxel size, 3x3x3mm?;
gap = 0.6 mm; matrix size = 96 x 96, field of view = 192 mm) were acquired in ascending direction
using a T2*-weighted gradient echo-planar imaging sequence (interscan interval, 1.9 s; echo time,
33ms; flip angle, 70°). During each of the 2 functional sessions 185 volumes were obtained. FMRI
data were preprocessed and analyzed using SPM5 (Wellcome Trust Centre for Neuroimaging,
University College London, UK; http://www.fil.ion.ucl.ac.uk/spm). Preprocessing steps included

coregistration, realignment to correct for head movements, slice-timing, normalization into standard
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stereotactic space (MNI) with a resampling of 3 x 3 x3 mm?3, and spatial smoothing with an isotropic

Gaussian kernel filter of 9 mm FWHM.

At the individual subject level, regressors were formed by convolving each experimental
condition with the hemodynamic response function. Ultimately, the general linear model consists of
6 task conditions for correct trials in desire and reason context, 1 cue and 1 immediate feedback
presentation, 2 block feedbacks for desire and reason respectively as well as 1 block abortion.

Erroneous trials were excluded from the analysis.

First, a two-sample t-test was performed to assess brain activation effects elicited by the
conditioned reward stimuli in the desire context and reason context for the entire sample
independent from genotypes to confirm the reward related activation as hypothesized by previous
studies using the DRD paradigm. For this reason, the desire and the reason contrasts were built by
contrasting the conditions against baseline. To uncover the suppression of the reward related signal
the desire-reason-dilemma was formed by comparing reward-related activity in the desire context
versus reason context. For group inferences a full factorial model was calculated for each SNP with
the factors genotype (AA + AG, GG), task condition (reward stimulus in desire context, reward
stimulus in reason context) and gender (female, male) by using SPM8 (Wellcome Trust Centre for
Neuroimaging, University College London, UK; http://www: fil.ion.ucl.ac.uk/spm). The task conditions
were selected to reveal possible effects of the OXTR SNPs on reward related bottom-up activation in
the desire context and on its suppression by top-down control in the reason context. Although, we
did not find any interactions between gender and genotype on behavioral data, thought has been
given to the fact, that intranasal oxytocin administration lead to heterogeneous neural effects
between both sexes. As we had specific a priori hypothesis regarding task related neural activation
based on previous observations (Diekhof and Gruber, 2010), we used small-volume-corrections for
our regions of interests (ROI), namely NAcc and VTA, to correct for multiple testing. Coordinates from
the original study were used to build spheres around the NAcc (x=£12 y=12 z=-4, 6mm) and the VTA
(x=%8 y=-16 z=-16, 8mm). Activations are reported at a threshold of p < 0.5/3 = 0.017, corrected for
family-wise error (FWE) as well as for multiple testing of all 3 SNPs. To illustrate the magnitude of
change between the genotype groups, we plotted the means of the parameter estimates for desire
and reason contrasts. For this purpose we extracted beta values with a sphere of 6mm around the
reported peak levels by using the toolbox MarsBaR (Brett et al., 2002) and calculated the means and
standard deviations for each group. Additional regions were reported in the supplemental
information with a statistical threshold of p<0.005, uncorrected, with a minimum cluster size of k=10

voxels, if not otherwise indicated.
Furthermore, we assessed the functional interaction of significant ROl peaks to reveal the
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impact of genotypes on the reward system by using psychophysiological interactions, PPl (Friston et
al., 1996; 1997). Therefore, individual blood oxygenation level-dependent (BOLD) signal time courses
were extracted from peak levels with a sphere of 8mm, which served as physiological vectors in the
PPI analyses. The relative larger sphere of 8mm was selected to account for inter-individual
differences regarding the exact localization of striatal activation and connectivity. The psychological
vector consisted either of the desire, the reason or the dilemma contrasts. Then the PPl term was
built separately for each of the regions by multiplying the deconvolved and mean-corrected BOLD
signal with the respective psychological vector. The three regressors (PPl term, physiological and
psychological vectors) went into the statistical analysis and genotype group comparisons were
assessed by two-paired t-tests. Again, we used small volume corrections for previous defined ROls
and additionally included the avPFC as ROI. For the last region, we also used small-volume correction
with a sphere of 6mm around coordinates (x=32 y=60 z=8) extracted from the original study. At last,
we were interested in the influence of impulsivity and personality traits on differences in activation
levels between genotype groups. Therefore, we correlated the subscales of the BIS and the subscale
harm avoidance of the TCl questionnaires with the previously extracted beta values (Pearson’s r

correlation, two-tailed).

3.4 Results

3.4.1 Genotypic and sex effects on personality and behavioral data

228 participants were included in the final sample for all three selected SNPs. 77 participants
were excluded because of missing imaging or genetic data, excessive head movements (more than
3.5mm) or absolute performance lower than 70% as well as voluntary abortion of the task. No
statistical differences were seen in age, gender, handedness, TCl and BIS scores as well as in task
performance between the genotype groups within SNP conditions except for the SNP rs1042778. The
minor allele group was more accurate in rejection of the reward stimuli in the reason context (Table
2). The ANOVAs checking for interactions between genotype and gender regarding personality

measures, performance and reaction time data yielded no significant effect (all p > .017).
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Table 2. Mean values and standard deviation for demographic, personality and task performance

data of selected SNPs and genotype groups

SNP A/A+A/G G/G p—value
rs1042778
Demographic data
Gender 90 F, 58 M 47 F,33 M 762
Handedness 139R,91L 76 R, 4L 742
Age (years) 24.10+2.36 23.91+2.64 .51°
Temperament and Character Inventory
Novelty seeking 21.34 +£5.82 21.38+5.64 .97
Harm avoidance 13.53+£5.96 13.92 £6.50 .65
Reward dependence 16.75 + 3.24 16.26 +3.71 48°
Persistence 4.71+2.20 4.70 £2.02 .91°
Barratt Impulsiveness Scale
Attentional impulsivity 16.16 + 3.06 16.23+2.94 .94°
Motor-impulsivity 22.21 +3.60 22.53 +3.62 .51°
Non-planning Impulsivity 23.45+4.02 24.00+£4.70 .56°
Total 61.82 £ 8.31 62.75 +8.77 43
Performance and reaction time
Goal failure (absolute value) 7.20+3.94 7.75+4.30 43°
Desire context
Acceptance of reward stimuli (%) 88.61+12.15 89.61+8.10 .60°
Reaction time (ms) 515.23 +49.77 520.05 +52.72 .49
Reason context
Rejection of reward stimuli (%) 97.22 +4.01 95.84 +5.03 .01
Reaction time (ms) 500.78 + 48.50 511.72 £57.29 13
rs237897
Demographic data
Gender 85F,62M 52F,29M .35°
Handedness 138R,91L 77R, 4L 712
Age (years) 23.92+2.42 24.25+2.52 42°
Temperament and Character Inventory
Novelty seeking 21.49+6.04 21.10+5.12 .63
Harm avoidance 13.83£6.33 13.38£5.84 .60
Reward dependence 16.59 + 3.52 16.54 + 3.24 .87°
Persistence 478 +2.12 4.56+2.01 .34°

Barratt Impulsiveness Scale
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Attentional impulsivity 16.43 £3.03 15.73+£2.94 12°

Motor-impulsivity 22.56 £ 3.51 21.89+3.74 .18

Non-planning Impulsivity 23.75+4.22 23.46 +£4.40 .62

Total 62.74 £ 8.30 61.08 +8.72 0P
Performance and reaction time

Goal failure (absolute value) 7.73+4.15 6.78 + 3.87 .13°

Desire context

Acceptance of reward stimuli (%) 89.13 +10.03 88.65 + 12.37 .62°

Reaction time (ms) 515.94 +49.02 518.67 + 54.03 .70

Reason context

Rejection of reward stimuli (%) 96.71 +3.99 96.78 +5.12 .13°

Reaction time (ms) 507.55 +54.76 499.30 + 46.09 .25
rs11131149
Demographic data

Gender 87 F,59 M 50F, 32 M .842

Handedness 138R, 8L 77R,51L .85°

Age (years) 24,18 + 2.64 23.78 £2.09 .33k
Temperament and Character Inventory

Novelty seeking 21.07 £5.73 21.85+5.76 .33

Harm avoidance 13.77 £6.08 13.49+6.31 75

Reward dependence 16.61 +3.24 16.52 £3.72 77°

Persistence 4.78 +2.06 4.57 £2.26 .53P
Barratt Impulsiveness Scale

Attentional impulsivity 16.17 £ 3.09 16.21 +2.88 .92

Motor-impulsivity 22.25 +3.57 22.44 + 3.68 .61°

Non-planning Impulsivity 23.42+4.04 24.05 £ 4.66 .29

Total 61.84 +8.27 62.70 + 8.83 46
Performance and reaction time

Goal failure (absolute value) 7.53+3.92 7.15+4.33 .30°

Desire context

Acceptance of reward stimuli (%) 88.40 +11.56 89.95+9.57 43°

Reaction time (ms) 521.18 £ 49.10 509.32 + 53.04 .14°

Reason context

Rejection of reward stimuli (%) 96.92 +4.16 96.41 +4.90 .54°

Reaction time (ms) 507.01 + 48.07 500.35 +58.14 .38

p-values derived from t-tests between independent groups

2 Chi-squared tests were used for handedness and gender
® Mann-Whitney-U tests were used for data violating the normal distribution

* p<.017, Bonferroni corrected to account for multiple testing
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3.4.2 fMRI data

Entire sample
Replicating previous results (Diekhof et al., 2012; Diekhof et al., 2012b; Diekhof and Gruber,
2010), we found significantly stronger bottom-up activation in NAcc and VTA in the desire contrast
and significant top-down suppression of the reward signal as revealed by the dilemma contrast

(Table 3).

Table 3: Reward related activation and suppression in vStr and VTA during the DRD paradigm (MNI

coordinates, t value)

Region Desire Reason Desire-Reason-Dilemma
-1590(15.33) -1590 (7.34) 212123 (13.17)
L/R vStr
1590 (15.21) 1590 (5.99) 12 12 3 (14.38)
-6-21-18 (18.53) -6-21-15 (8.83) -3-18-18 (12.54)
L/RVTA
6-21-18 (18.78) 6-21-18 (8.48) 6-18-21 (12.83)

L/R = left/right, vStr = ventral striatum, VTA = ventral tegmental area. All values are significant at a
threshold of FWE p<.000, svc corrected.

rs1042778

There was a main effect of genotype for the SNP rs1042778 in the activation of NAcc (x=-9
y=15 z=0, F=13.76, FWEs. p=.004, Figure 1). Post hoc t-tests revealed that the genotype group with
the major allele had more activation than the group with the minor allele (x=-9 y=15 z=0, t=3.71,
FWEs. p=.002). Indeed, plots of parameter estimates demonstrated that the major allele group
showed in both desire and reason contrast more bottom-up related activation, but the difference in
activation for the genotype groups was only at trend level for the reason contrast (x=-9 y=15 z=0,
t=2.92, FWE. p=.018). The model including gender as additional between-subject factor showed no
significant interaction between gender and genotype (all p>.017). The PPl analyses with the left NAcc
as seed coordinate revealed changes in functional connectivity to other ROIs for allelic variation. In
comparison to the minor genotype, participants belonging to the major genotype group showed a

stronger functional coupling to the left VTA at trend level in the desire situation (x=-3 y=-12 z=-12,
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t=2.53, FWE.. p=.088), which is in line with the stronger bottom-up signal in the VS. In contrast,
minor allele carriers exhibit a trend for a stronger coupling to the right avPFC in the reason situation
(x=33 y=60 z=15, t=2.30, FWEs. p=.082), which is in accordance with the stronger top-down

suppression of the VS.

Main effect of genotype

12 H Minor (AA + AG)
= Major (GG)
1
0,5
/]
0,5

-1

Desire Reason

Figure 1: Effect of genotype for rs1042778 in the left ventral striatum. There was a significant effect
for genotype in the left vStr (x=-9 y=15 z=0, FWE,, p=.004). Among both conditions, the major allele
group showed more bottom-up reward related activation than the minor allele group, but only for
the reason contrast the difference was at trend level. For illustration purpose, differences in
activation are shown at an uncorrected threshold of p<.005.

vStr = ventral striatum

rs237897

For SNP rs237897, the analysis showed no main effect of allele but an interaction effect
between gender and genotype group in the left VTA (x=-6 y=-21 z=-15, F=11.58, FWE.. p=.015,
Figure 2). There was no difference in VTA activation level for the desire contrast. But in the reason
contrast, female participants belonging to the major genotype group showed more activation in the
left VTA compared to male participants with the major genotype (x=-6 y=-21 z=-12, t=6.63, FWE\
p=.004). Additionally, plots of parameter estimates suggest that this activity pattern is reversed for

the minor genotype groups in the reason contrast but the difference did not reach statistical
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functional connectivity to other regions of interest.

Interaction: genotype x gender

significance in posthoc t-test. Moreover, PPl analysis uncovered no significant allelic influence on
W Female
HMale

..

Minor (AA+ AG) Major (GG) Minor (AA+AG) Major [GG)

Desire Reason

Figure 2: Effect of genotype x gender for rs237897 in the left VTA. There was a significant
interaction effect for genotype x gender in the left VTA (x=-6 y=-21 z=-15, FWE.. p=.015). For the
reason contrast female participants with the major genotype showed more activation than male
participants with the major genotype (x=-6 y=-21 z=-12, t=6.63, FWEsvc p=.004). For illustration
purpose, differences in activation are shown at an uncorrected threshold of p<.005.

VTA = ventral tegmental area

rs11131149
For the rs11131149 OXTR SNP, allelic variation did not influence reward related signals in the

NAcc or VTA. Also, the interaction with the factor gender showed no effect at all (p>.017).

Correlations of reward related activations with personality measures

Regarding OXTR SNP rs1042778, Pearson correlation illustrate that the BIS subscale
attentional impulsivity is positively associated with the left NAcc activation in the major genotype
group (r=.281, p=.011, two-tailed, Figure S6) but not in the minor genotype group and not for the
other subscales and the total scale. Though, in the minor genotype group the TCl subscale harm
avoidance was negatively correlated with the functional connectivity to the left VTA (r=-.216, p=.010,
two-tailed, Figure S6) but not the other subscales. As a significant difference between genotype
groups was found in performance regarding correct rejection of the reward stimulus in the reason

context, a Pearson correlation was calculated to explore whether the performance data was
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associated with differences in activation and functional connectivity. Nevertheless, the correlations

did not reach statistical significance (all p>.017).

Pearson correlation for significant left VTA activation of OXTR SNP rs237897 in the desire
contrast yielded a positive association for the BIS subscale attentional impulsivity in males with major
genotype at a trend level (r=.452, p=.018, two-tailed, Figure S7) but not for the other subscales or the
total scale. For the minor genotype group and for females no correlation reached statistical

significance.

3.5 Discussion

In this study, we could demonstrate that two out of three a priori selected SNPs of the OXTR
gene had an influence on the neural activation in NAcc and VTA during a decision-making task even
in the absence of a social context. Additionally, we could also show that the coupling between
regions associated with reward processing was affected by genotype and moreover, that impulsivity

and personality scores correlated with activity depending on the particular genotype.

We found a main effect of genotype for the SNP rs1042778 independent from task context
on reward related activity in the DRD paradigm. Participants with GG genotype exhibited greater
activation in the left NAcc than carriers of the minor allele. A study on sensitive parenting found that
major allele carrier of the same SNP exhibited higher oxytocin plasma level than carriers with the
homozygous minor allele (Feldman et al., 2012a). Assuming a feedback loop between the OXTR and
the oxytocin gene, it might be possible that the major allele of the OXTR SNP induces enhanced
oxytocin synthetization which could be also mirrored in higher plasma oxytocin levels. Due to
interaction of oxytocin with dopamine in the reward system this could result in enhanced activation
during the present decision-making task. Though, the assumed feedback loop between the two
genes as well as the interaction between dopamine and oxytocin are still to be investigated. Evidence
for this suggested interaction comes from oxytocin administration studies which show an increased
VTA and NAcc response under oxytocin when the male participant was presented pictures of the
current female partner in contrast to unknown women (Scheele et al., 2013) or in a delayed reward
task with social stimuli (Groppe et al., 2013). Additionally, in a social reward learning task participants
learned better when social stimuli were presented and under oxytocin treatment. On the neural
level, again activity in reward related regions was increased (Hu et al., 2015). Besides these previous
fMRI studies, our finding demonstrates clearly that oxytocin changes the neural activation of the

reward system also in the absence of a social context or social stimulation. Therefore, an induction of
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oxytocin effects on neural activation and also decision-making behavior by a social content seems to
be not always required. However, our finding is not in line with an fMRI study using a non-social
monetary incentive delay task which did not observe a modulation of mesolimbic activation during
reward anticipation or outcome by the SNP rs1042778 (Damiano et al.,, 2014). The difference
between the findings of our and the previous study could rely on various aspects. First, we dealt with
a much larger sample size resulting in a stronger statistical power in our analysis. Small effects of
rs1042778 may not reach significance in the former study. Second, the design used by the authors
was slightly different to the DRD paradigm applied in this study. The monetary incentive delay task
enables investigation of reward anticipation and of reward outcome phases (Knutson et al., 2000),
whereas these phases are not differentiated in the DRD. Therefore, the power to find a modulation
of a particular OXTR SNP on the underlying signal might have been greater in our study. Our PPIs at
trend level might shed light on the complex mechanisms behind the OXTR modulation of reward
related activation. In the desire situation, the coupling between the left NAcc and the left VTA was
stronger for GG carrier and might reflect a stronger bottom-up signal during the presentation of the
immediate reward stimulus. This would be in accordance with the social salience hypothesis, a
current theory about the function of oxytocin stating that oxytocin facilitates salience processing
(Shamay-Tsoory and Abu-Akel, 2016). The bonus stimulus is perceived as salient in the DRD paradigm
as it is associated with an extra reward and therefore, depending on the specific genotype, the
coupling within the dopaminergic reward system is strengthened. Conversely, in the reason situation
the functional connectivity to the avPFC was reduced for the major allele carrier which might result
in a weaker top-down control and therefore in a less successful suppression of the reward related
activity. Other neuroimaging studies found an attenuation of amygdala functional connectivity from
subcortical regions to the PFC by oxytocin as well (Frijling et al., 2015; Wittfoth-Schardt et al., 2012)
but see also (Riem et al., 2012; Sripada et al., 2013). Both the positive relationship of impulsivity with
NAcc activity and the less accurate rejection of immediate reward during the reason context support
the idea that the major genotype is more sensitive for bottom-up stimulation and reward processing
respectively. Maybe due to this sensitivity, participants exhibit less self-control in intricate decision
making situations such as the dilemma situations in the DRD paradigm in which participants with the
major genotype failed to reject the desired bonus stimulus. Though, previous studies found that
highly impulsive individuals who successfully solved the desire-reason dilemma compensated their
lack of self-control by exhibiting diminished activation in the NAcc and increased connectivity to the
avPFC (Diekhof et al., 2012b). OXTR effects on personality traits as harm avoidance were already
previously reported (Stankova et al., 2012). However, here we could show an association between
harm avoidance and genotype for the strength of functional connectivity. In AA/GA carriers harm

avoidance was negatively correlated with the functional connectivity between NAcc and VTA. This
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might indicate that A allele carriers do not only display stronger top-down control but also reduced

bottom-up stimulation depending on their personality traits.

Analysis with the SNP rs237897 revealed an interaction between gender and genotype for
the reward related activation in the VTA. Females with GG genotype displayed stronger activation of
the VTA than male homozygous major allele carrier and vice versa for the minor allele genotype
being significant for the reason situation. The OXTR SNP rs237897 was selected as it is implicated in
transcriptional suppression of the gene and might be therefore a strong candidate for cis-acting
variation, meaning that this SNP might have a genuine regulatory function in the gene (Tansey et al.,
2010; Wade et al., 2014). Previous studies without oxytocin treatment or analysis of genotype
reported already the impact of gonadal hormones on decision-making processes and indicated that
reward related dopamine transmission might be modulated by gonadal hormones (Derntl et al.,
2014; Diekhof et al., 2012). The observed sex differences in dopaminergic modulation by oxytocin in
our study might be caused by the interplay between the neuropeptide with gonadal hormones as for
example estrogen (Gabor et al., 2012; MacDonald, 2013). Indeed, neuroimaging studies with
intranasal administration of oxytocin found an influence of gender on reward related activity. For
example, during a reciprocated cooperation task responses in the caudate/putamen region were
greater in males and reduced in females under oxytocin treatment (Feng et al., 2014). A further study
using a Prisoner’s Dilemma paradigm found in men increased brain activity in areas linked to reward
processing, such as the striatum, whereas females showed no or reduced activity in these regions
(Rilling et al., 2014). Another explanation would be a different pattern or density of oxytocin receptor
distribution for gender as it was previously reported or indicated for several species including
humans (Dumais et al., 2013; Dumais and Veenema, 2016; Smeltzer et al., 2006). Interestingly, in a
positron emission tomography study the interaction between one allelic variant of the oxytocin gene
and gender affected the stress-induced dopaminergic transmission in the ventromedial caudate. Only
in female carriers of the minor allele but not in males the dopaminergic transmission was increased

(Love et al., 2012).

The OXTR SNP rs11131149 was selected for this study as it was previously linked to ASD
classification (Liu et al., 2010) and its major allele was associated with higher theory of mind as a
function of cognitive sensitivity (Wade et al., 2014). More importantly, its proxy SNP rs13316193 is
known as a functional variant as its minor allele has been linked to decreased expression of oxytocin
receptors in the brain with weak correlation of total gene expression in the amygdala (Tansey et al.,
2010). Nevertheless, under a dominant model we did not find any modulation of reward related

regions by genotype.
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3.6 Conclusion

In the decision-making process, current and future goals, rewards, consequences and
contexts have to be evaluated and compared to select the optimal decision in the specific situation
and for future success. Albeit the neuropeptide oxytocin and its receptor are suggested to effect
mainly social cognition and behavior, our findings indicate that the allelic variation of OXTR might
also contribute to individual differences in non-social reward based decision-making. Moreover,
impulsivity traits and gender appeared to have selective influences on the extent of reward related
neural activation and functional connectivity. More future studies should focus also on non-social

cognitive processes and behavior to form a more comprehensive model of the neuropeptides

function in humans.
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3.7 Supplemental Information

51 OXTR SNPs

were found in genetic data bases and
literature

¥

10 OXTR SNPs

were linked to effects in the brain
and/or assumed to be functional variants

¥

3 OXTR SNPs
rs1042778,rs237897,rs11131149

were genotyped by [llumina
OmniExpress Chip (including one proxy)

With rs 1131149 as proxy for rs13316193 (R2=1 and D’=1) according to SNAP
(https://www.broadinstitute.org/mpg/snap/) and dbSNP-Q
(https://cgsmd.isi.edu/dbsnpq/)

Figure S1: OXTR SNP selection process

43



Desire-reason-dilemma (DRD) paradigm
half of the blocks were done in the
reason context and the other halfin the
desire context. lllustrated hands and
buttons displaythe correct responses in
each block

Conditioning of reward-stimulus
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Figure S2: Desire-reason-dilemma paradigm (DRD)

Slightly modification of an artwork created by Maria Keil (2015).
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Table S3: Whole brain differences in activation on cluster level between genotype groups of OXTR

SNP rs1042778 (MNI, t values).

Region MNI k t-value
Major (GG) > Minor (AA+AG)
R/L Fronto median and SFG 123042 2418 6.08*
-242163 21 3.78
R/L Temporal pole and mTG 39 15-27 482 5.13*
-48 12 -21 16 3.39
R/L SPL 45 -39 54 407 4.54*
-21-66 33 176 4.11
R/LOCC 15-87-3 301 4.41*
-42 -87 -15 343 4.35%*
L OFC -42 48 -9 54 3.90
LIFG -42 6 27 45 3.76
-48 36 12 30 3.19
R/LpCC 0-36 30 156 3.67
LiTG -51-63-18 37 3.43
L Fusiform gyrus -39-36-21 17 3.40
L Al -30186 52 3.39
Precuneus 0-69 42 58 3.32
L avPFC -3048 15 17 3.03
R dPFC 245124 22 2.98
LTPJ) -51-51 30 10 2.83
Desire
R Fronto median and SFG 123042 369 4.78*
R/LIFG and MFG 4512 27 367 4.06*
-456 21 20 3.08
R/LSPL 45 -39 54 202 4.06
-24 -69 39 38 3.10
R mTG and iTG 66 -36 -9 118 4.00
51-18-24 56 3.47
R Temporal pole 3915-27 48 3.83
R/LOCC 36-75-3 121 3.42
-33-783 68 3.47
L Midbrain and Thalamus -6-12 -6 65 3.38
R/L Fusiform gyrus 33-36-27 12 3.27
-39-36-21 10 3.37
L Occipital pole -18-99 -6 16 3.15
pCC 0-36 30 39 3.10
R mOCC 42 -87 12 22 2.86
Reason
R/L Fronto median and SFG 12 3045 152 3.90
271863 14 2.96
R Temporale pole 4515-24 71 3.63
R/L Caudatus -6159 77 3.53
L OFC -42 48 -9 18 3.23
R/LOCC 15-90 -3 11 3.01
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-42 -90 12
R Al and IFG 33309
4512 27

Major (GG) < Minor (AA+AG)
L postcentral gyrus -48 -18 51

Desire

Reason

10
63
14

10

3.13
3.08
2.80

3.09

Reported activations are significant at p<.005, uncorrected, with an extend threshold of k > 10.

R/L = right/left, SFG = superior frontal gyrus, mTG = middle temporal gyrus, SPL = superior parietal
lobe, OCC = occipital cortex, OFC = orbito-frontal cortex, IFG = inferior frontal gyrus, pCC = posterior
cingulate cortex, iTG = inferior temporal gyrus, Al = anterior insula, avPFC = anteroventral prefrontal
cortex, dPFC = dorsal prefrontal cortex, TPJ = temporo-parietal junction, MFG = middle frontal gyrus,

mOCC = middle occipital cortex.
clusters were significant at FWE p<.05 (whole-brain)
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Table S4: Whole brain differences in activation on cluster level between genotype groups of OXTR

SNP rs237897 (MNI, t values).

Region MNI k t-value
Major (GG) > Minor (AA+AG)

R SPL 60 -45 45 20 3.71
R IFG 513912 25 3.61
R Angular gyrus 54 -69 33 12 3.20
R NAcc 1518 -9 20 3.16
L ACC -1842 -3 16 3.09
Desire

Reason

Major (GG) < Minor (AA+AG)

R/L OCC 6-816 43 3.27
-15 -84 30 35 3.69
R central operculum /MFG 54 -15 24 36 3.63
R SPL 18 -54 66 21 3.50
R/L fusiform and lingual gyrus 39-66 -9 22 3.39
-15-660 22 2.91
R/L Cuneus 15-72 30 46 3.36
-6-69 21 23 2.99
L avPFC -18 54 -3 12 3.31
L OFC -3330-9 17 3.28
R Amygdala 18 -6 -15 19 3.24
LIFG -511212 13 3.20
L Angular gyrus -45 -60 36 10 2.99
RiTG 51-48 -3 25 2.90
Desire
Reason
R central operculum /MFG 51-18 27 27 3.31
L OFC -3333-6 20 3.29
L OCC -15 -84 30 12 3.17
R Amygdala 21-6-18 18 3.03
R Cuneus 15-72 30 21 3.04
Precuneus 0-5727 37 2.95
Brain stem 0-30-3 13 291

Reported activations are significant at p<.005, uncorrected, with an extend threshold of k > 10.

R/L = right/left, SPL = superior parietal lobe, IFG = inferior frontal gyrus, NAcc = nucleus accumbens,
ACC = anterior cingulate cortex, OCC = occipital cortex, MFG = middle frontal gyrus, avPFC =
anteroventral prefrontal cortex, OFC = orbito-frontal cortex, iTG = inferior temporal gyrus.

* clusters were significant at FWE p<.05 (whole-brain)
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Table S5: Whole brain differences in activation on cluster level between genotype groups of OXTR

SNP rs11131149 (MNI, t values).

Region MNI k t-value
Major (GG) > Minor (AA+AG)
R/L precentral gyrus 609 36 30 341
27 -6 63 22 3.24
-24-2154 803 4.75%*
R/LOCC 36-7515 317 4.68*
-27-81 15 56 3.78
R/L supramarginal gyrus 45 -36 48 161 3.92
-54-4554 26 3.96
R/LiTG and MTL 48 -60 -9 94 3.53
-39-33-6 27 3.32
R inferior OCC 39 -84 -15 14 3.28
R SPL 27 -42 54 35 3.10
L MFG -3036 30 14 3.09
RAI 331212 15 3.06
L Caudatus -18 1518 19 2.88
Desire
R OCC 36-7212 161 3.98
L precentral gyrus -24-2154 212 3.76
R supramarginal gyrus 45 -36 48 37 3.10
RiTG 45 -57 -12 20 3.01
Reason
L supramarginal gyrus -54 -45 54 19 3.38
R OCC 39-7224 61 3.21
L SMA -9-351 11 3.00
L precentral gyrus -24 -18 57 2.99 24
-24-21 33 2.84 13
-39-12 33 2.76 18

Major (GG) < Minor (AA+AG)

R OFC, orbital gyrus 3651-12 12 3.63
2127-15 36 3.14

L Angular gyrus, TPJ -42 -51 15 26 3.50

R IFG 543318 11 2.96

Desire

Reason

L Angular gyrus, TPJ -42 -51 15 10 2.98

Reported activations are significant at p<.005, uncorrected, with an extend threshold of k > 10.

R/L = right/left, OCC = occipital cortex, iTG = inferior temporal gyrus, MTL = middle temporal lobe,
SPL = superior parietal lobe, MFG = middle frontal gyrus, Al = anterior insula, SMA = supplemental
motor area, OFC = orbito-frontal cortex, TPJ = temporo-parietal junction, IFG = inferior frontal gyrus.
* clusters were significant at FWE p<.05 (whole-brain)
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Figure S6: Effects of OXTR polymorphism rs1042778 on neural activity and connectivity correlated
with raw scores of questionnaires. A) Correlation of major genotype (GG) activation of the left NAcc
with the Al scale of the BIS. B) Correlation of the minor genotype (AA+AG) functional connectivity to
the left VTA with the subscale harm avoidance of the TCI.

L = left, NAcc = nucleus accumbens, VTA = ventral tegmental area, BIS = Barrett Impulsivity Scale, Al =
attentional impulsivity, TCl = Temperament Character Inventory, HA = harm avoidance.

Significance level: p<.017
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Figure S7: Effects of OXTR polymorphism rs237897 on neural activity correlated with raw score of
questionnaire. Correlation of major genotype (GG) activation of the left VTA with the Al scale of the
BIS in males.

L = left, VTA = ventral tegmental area, BIS = Barrett Impulsivity Scale, Al = attentional impulsivity,
Significance level: p<.017
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Chapter 4

Intranasal oxytocin influences the reward
system during social and non-social
decision-making
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4.1 Abstract

Whereas a great amount of papers is published focusing on the impact of oxytocin on social
decision-making situations, there is a profound lack in studies investigating the effects of intranasally
administered oxytocin in non-social tasks. Therefore, the main aim of the present neuroimaging
study was to explore whether oxytocin modulates behavioral and neural processes in a non-social
reward-based decision-making task. Moreover, by introducing additional emotional faces as stimuli,
it could be assessed how the effects of oxytocin on the reward system were moderated by emotional
content. Lastly, we pursued whether the amygdala responds selectively under oxytocin treatment

depending on the shown valence.

To address these questions, a modified version of the desire-reason-paradigm (DRD) was
applied. In the "desire situation" a previously learned reward stimulus was featured together with a
neutral stimulus and was free to be selected to obtain the offered reward. In the "dilemma
situation" the reward stimulus was paired with a target and had to be rejected. Additionally, grey
oval or emotional faces were presented. In this double-blind cross-over design 34 healthy male
subjects received intranasal 241U of oxytocin/placebo before fMRI scanning. fMRI data were
analyzed by a full-factorial model and by calculating PPls to assess the changes in functional

connectivity between region of interests, especially VTA, NAcc as part of the vStr, and avPFC.

In the non-social desire situation oxytocin reduced bottom-up activity within the vStr and
strengthened the negative coupling between frontal and mesostriatal regions. In contrast, in non-
social reason situations the vStr was less suppressed under oxytocin and stronger positive coupling
to the avPFC was observed. By introducing fearful faces in the social condition, the pattern of neural
responses and functional connectivity reversed. While oxytocin increased the activation in the vStr
in desire situations, it reduced the activation in reason situations. This change in activity was
paralleled by stronger positive coupling in the desire as well as with negative coupling in the reason
context. Moreover, depending on valence oxytocin decreased amygdala activation for fearful faces
and increased amygdala activation for positive faces in non-reward trials. Oxytocin impaired
performance during both desire and dilemma trials. Surprisingly, after oxytocin treatment
participants were less accurate in selecting target stimuli than in rejecting the reward stimulus and

vice versa for the placebo.

With this neuroimaging study, we could clarify that exogenous oxytocin modulates behavior
and neural activation during non-social decision-making situations. Additionally, our findings give
further insights into additional modulation by introducing emotional content. Currently oxytocin is
used in various clinical trials and therefore it is even more important to examine the effects of

oxytocin on neural activations also in non-social contexts.
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4.2 Introduction

Many everyday decisions and actions are taken in social relevant situations. Whether
someone behaves impulsively or self-controlled the resulting action might be strongly influenced by
the situational social context. However, to what extent cerebral levels of neuropeptides modulate
the underlying neural activation in such situations is still an open question. The neuropeptide
oxytocin, functionally involved in social cognition and behavior (Ebstein et al., 2009; McCall and
Singer, 2012), might be a good candidate for the investigation as it is known to act on regions of the

reward system implicated also in decision making (Insel, 2010; Meyer-Lindenberg et al., 2011).

Although the original animal studies related oxytocin elicited behavior to the reward system,
including the vStr and the VTA (Young et al., 2001, 2011; Olazabal and Young, 2006; Ross et al., 2009;
Ross and Young, 2009b), most studies in humans focused on the amygdala and other regions
associated with emotion processing and social cognition (Bethlehem et al., 2013; Ma et al., 2016;
Zink and Meyer-Lindenberg, 2012). Despite the intensive research in this domain there is still a
discussion about the neuropeptide’s selectivity and its underlying mechanisms. Therefore, several
hypotheses attempt to explain the functioning of oxytocin on a neural and a behavioral level. First,
the social salience hypothesis (Shamay-Tsoory, 2010; Shamay-Tsoory and Abu-Akel, 2016) assumes
that oxytocin increases the salience of social stimuli and conditions. The social approach/withdrawal
hypothesis (Kemp and Guastella, 2010) focuses on oxytocin’s up- and downregulating effects on
approach and avoidance behavior and at last the fear/stress account (Neumann and Slattery, 2016)
emphasizes the anxiolytic and stress reduction effects of oxytocin. Nevertheless, all accounts have
the over-evaluation of the social component in oxytocin’s mode of operation in common. Thus, they
neglect possible non-social effects of oxytocin by setting their focus on social behavior and neural
regions associated with emotion processing and social cognition. Only recently, Harari-Dahan and
colleagues (Harari-Dahan and Bernstein, 2014) expand their general approach-avoidance hypothesis
of oxytocin (GAAQ) with the extension for non-social contexts and supposed that also the effects of
oxytocin on neural and behavioral level in non-social conditions could be explained by approach and

avoidance.

Currently, more research is done on oxytocin’s impact on regions related to motivation and
the reward system but they are still emphasizing the social-affective domain, as for example pair-
bonding (Scheele et al., 2013), stressful life events (Loth et al., 2014), emotional memory as well as
social reward anticipation (Hu et al., 2015) and emotion perception (Puglia et al., 2015). Only a few
studies reported effects of oxytocin on behavioral and neural activity in non-social conditions. For
instance, a behavioral study discovered that oxytocin could impair memory for both social and non-

social visual objects (Herzmann et al., 2012), and an imaging genetic study implicated that the
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oxytocin receptor gene is associated with mesolimbic activation during reward anticipation in a non-
social MID task (Damiano et al., 2014). However, the mechanisms through which oxytocin might
influence activation in the reward system with and without emotional information is an unsolved

question yet.

Therefore, the first aim of the study was to explore whether oxytocin modulates the neural
underpinnings and the behavioral outcome in a decision-making task even so no social context or
stimuli are used. To address this question, we applied a modified version of the well-established
desire-reason-dilemma-paradigm (DRD) (Diekhof et al., 2012b; Diekhof and Gruber, 2010; Trost et
al., 2014). Thereby we focused mainly on the modulation of the reward system, especially on the VTA
and on the NAcc as part of the vStr, and on the avPFC, a region associated with action control (Behan
et al., 2015; Diekhof and Gruber, 2010). Furthermore, we pursued whether the amygdala responses
selectively under oxytocin treatment to negative and positive valenced stimuli without the presence
of a reward. And finally, we investigated how oxytocin moderates the activity in and the connectivity
between regions in decision-making situations when both reward and emotion processes are

involved.

4.3 Methods

4.3.1 Participants

40 male participants, students or with a completed tertiary education, were included in this
double-blind, placebo-controlled and within-subject study. 6 participants were excluded afterwards.
The remaining 34 participants (mean age 24.94+3.55y) reported to be right handed, free of any
medication, not suffering from psychiatric, neurological or endocrine diseases and to have normal or
corrected-to-normal vision. In addition, they were screened for MRI contraindications and for alcohol
and drug use. Participants gave written informed consent and were paid for participation. All
procedures were approved by the ethics committee of the medical faculty of the Georg-August-

University of Gottingen.

4.3.2 Procedure

All participants underwent three testing sessions on three consecutive days. On the first day,

they underwent a conditioning and training session at the test computer and on the second and third
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day they performed the task in the MRT scanner. Before each fMRI scanning participants underwent
again a short training of the subsequent experiment. 30min before start of the fMRT participants
self-administered intranasal 24IU oxytocin (Syntocinon-Spray, Novartis, Basel, Switzerland) or
placebo dependent on the session. The randomization order as well as the nasal sprays was prepared
by the pharmacy of the Heidelberg University Hospital (InphaSol) whereby the placebo contained the
same ingredients as the oxytocin nasal spray except for the neuropeptide. Once participants were
positioned in the scanner and the structural scanning was completed they conducted three runs of
the experiment during fMRI. At last participants underwent a 6min resting-state but the results of
the resting-state are published elsewhere. Before each treatment and after scanning, participants
had to complete the multidimensional mood questionnaire. There was no difference in the ratings

between oxytocin or placebo treatment (p>.05, Table SI).

4.3.3 Stimuli

Task-relevant stimuli were formed by colored squares. 6 different colors were used in an
equal frequency for every trial type. To form a social and emotional context in the decision-making
task faces with different emotional expressions were presented within colored squares. 68 images of
face identities (34 female/ 34 male) with neutral, fearful and happy expressions were taken from
NimStim (Development of the MacBrain Face Stimulus Set was overseen by Nim Tottenham and
supported by the John D. and Catherine T. MacArthur Foundation Research Network on Early
Experience and Brain Development. Please contact Nim Tottenham at tott0006@tc.umn.edu for
more information concerning the stimulus set), Radbout and ADFES databases. All faces were
recorded from the front and with directed gaze. When the information was provided by the specific

database only identities expressing emotions with validation ratings higher than 80% were used.

4.3.4 Desire-Reason-Dilemma paradigm

On the first day participants conducted a simple operant conditioning task outside the
scanner. In 160 trials two out of six different colored squares were presented randomly and
participants were free to select one of them by pressing a corresponding button, either the left one
for the color presented on the left side of the monitor or the right one for the color presented on the
right side of the monitor. Two of the colored squares were always immediately rewarded with 10
points (CR) and all others had a neutral outcome of 0 points. Presentation of colors was
counterbalanced for both sides and responses for left or right button press, respectively. After
participants learned the stimulus-response-reward contingencies they performed the actual
experiment, a modified variant of the DRD (Diekhof and Gruber, 2010). In the novel paradigm task-
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relevant stimuli (colors) were presented with social stimuli (neutral, happy and fearful faces) or with

a control stimulus (grey oval) (see Fig. 1).

Desire and reason paradigm

Block feedback Total 60
L CRstimuli: Bonus 10
Bonus points
300+ 1600ms

Dilemma situation:

target vs. CR stimulus
no-target or

target stimuli

Desire situation:
no-target vs. CR stimulus

k. . J||l. |

no-target vs. no-target
S Il Ny

= =

Participants have to choose target

] ~ stimuli to reach a superordinate
1%

no-target vs. target

-[E] goal (60 points)

Participants are allowed to decide

target stimuli 300+ 1700ms for.a CR Fo ga.ln bonus pomts. in the
- desire situation but not in the

dilemma situation

100+ 1900ms

Figure 1: Experimental design of the Desire-Reason paradigm. In a prior conditioning phase
participants learned that specific stimuli were associated with a reward (CR). In the main experiment,
they had to select target stimuli to obtain points in the end of each block. Additionally, they were
instructed to select the reward associated stimuli whenever it was not displayed together with a
target color (desire vs. dilemma situation). When participants violated this rule, they did not receive
the points in the end of the block. Stars indicate the best option to gain points by selecting targets

and CR stimuli.

In the beginning of each block, two colors were defined as targets and participants had to
choose them in the following trials. If the participants selected all presented target colors during a
block, they gained 60 points in the end. But if the participant missed one target color or selected
misleadingly the other color the outcome was zero at the end of a block. In addition, also the CR
colors were presented during some of the trials. By collecting them the participants received bonus
points (10 points each). Due to different combinations of colors the participant experienced different

contexts or different trial types, respectively. In the "desire situation" the CR color was featured
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together with a no-target color and was free to be selected to obtain the reward. In the "dilemma
situation" the CR color was paired with a target color which had to be always selected to achieve the
superordinate goal of 60 points in the end of the block. In this condition participants had to
overcome the tendency to acquire the immediate reward stimuli to pursue the longtime goal.
Control trials were defined by free selection of two no-target colors or by selection of the target color
when it was paired with a no-target color. In all, participants completed 124 blocks over the course of
three fMRI runs with 8 trials per block (for more information see Sl). All experiments were conducted

with the Presentation® software (Neurobehavioral Systems, Albany).

4.3.5 Statistical Analysis of Behavioral Data

Factorial repeated-measures ANOVAS for error rate and reaction time with the factors
treatment (oxytocin, placebo), emotion (no, neutral, fear, happy), reward context (trials containing
or missing the CR) and reason context (trials containing or missing the target color) were calculated
with the software package SPSS (Version 19.0). To reveal effects in emotion and reward processing
depending on treatment condition, separate ANOVAS for the emotions fear and happy were
computed with the factors emotion (yes, no), treatment (oxytocin, placebo), reward context (trials
containing or missing the CR) and reason context (trials containing or missing the target color).

Afterwards dependent t-tests were calculated to uncover interactions within the ANOVAS.

4.3.6 fMRI Data Acquisition and Processing

MRI scans were conducted at a 3T Siemens TIM Trio scanner. 36 axial slices (voxel size,
3x3x3mm3; gap = 20%) were acquired in ascending direction using a T2*-sensitive echo planar
imaging (EPI) sequence (interscan interval, 1.9 s; echo time, 30ms; flip angle, 70°). A total of 1382
volumes were obtained over the course of three functional sessions. In addition, a structural image
was acquired by a three-dimensional, T1-weighted, gradient-echo (MPRAGE) sequence (1 x 1 x 1
mm3). FMRI data were preprocessed and analyzed using SPM8 (Wellcome Trust Centre for
Neuroimaging, University College London, UK; http://www:.fil.ion.ucl.ac.uk/spm). Preprocessing steps
included coregistration, realignment and unwarping, slice-timing, normalization into standard
stereotactic space (skull-stripped EPI template by the Montreal Neurological Institute (MNI)), and

spatial smoothing with an isotropic Gaussian kernel filter of 6 mm FWHM.

At the individual subject level, each experimental condition was convolved with the
hemodynamic response function to form regressors for each trial type and emotion. The target cues
and the block feedback were also modeled as regressors of no interest. Erroneous trials and trials in

which the CR color was not selected in the desire situation were excluded from the analysis.
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For group inferences a full factorial model was calculated with the factors treatment
(oxytocin, placebo), emotion (no, neutral, fearful, happy) and trial type (no-target vs. no-target, no-
target vs. target, desire situation, dilemma situation). As we were interested in revealing valence-
related effects of oxytocin on amygdala activation without any interference by reward related
activation, we composed the contrasts for negative valence (fearful vs. no face) and positive valence
(happy vs. no face) merely of trials containing no CR stimulus. To identify reward related bottom-up
activation in situations in which the subject was allowed to choose the desired CR stimulus, we
calculated the desire contrast (CR vs. no-target > no-target vs. no-target). The reason contrast (CR vs.
target > no-target vs. target) was built to demonstrate that bottom-up activation was missing in
situations in which the subject was not allowed to select the CR stimulus, and the interaction
contrast desire-reason-dilemma (desire contrast vs. reason contrast) uncovered the top-down
associated suppression of reward related activation. The reward related contrasts were calculated
for the no-face condition to discover the effects of oxytocin on the reward system without social
context and also for the fearful face condition to explore the possible modulation of activation by
emotional input. The standard statistical criterion for group statistics was p < 0.005, uncorrected,
with a minimum cluster size of 10 voxels, if not otherwise indicated. As we had specific a priori
hypothesis regarding task related neural activation based on previous observations (Diekhof and
Gruber, 2010; Kramer and Gruber, 2015), we used small-volume-corrections (SI) to account for the
multiple comparisons problem. Activations corrected for small volume are reported at a threshold of
p < 0.05, corrected for family-wise error (FWE). Moreover, we used a very lenient statistical criterion
of p < 0.05, uncorrected, to search also for minor signs of oxytocin’s impact on reward related
activation in regions related to our a priori hypothesis. To illustrate the magnitude of change in
activation after oxytocin treatment, we plotted the means of the parameter estimates for both
treatment conditions. For this purpose, we extracted the Retas with a sphere of 4mm around the
reported peak levels by using the toolbox MarsBaR (Brett et al., 2002) and calculated the means and

standard deviations for each group.

Furthermore, we assessed the functional interaction between the vStr and the amygdala-
hippocampus-complex to reveal the impact of emotion processing on the reward system under
oxytocin treatment by using psycho-physical interactions, PPl (Friston et al., 1996; 1997). As seed
region, we selected the local maxima of the left NAcc which showed a significant modulation of
activation in the fearful vs. no face analysis under oxytocin in comparison to placebo treatment. For

further information, please see Sl or amendment.
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4.4 Results

4.4.1 Behavioral Data

Accuracy: The ANOVA calculated for error rate revealed a significant main effect for
treatment (F(1,33=7.17, p<.05) with more errors done under oxytocin treatment, for reward
(F(1,33=60.55, p<.001) and for reason context (F1,33=46.07, p<.001) with less accuracy in trials
containing the CR or the target color. A significant interaction effect for treatment x reward
(F(1,33=9.95, p<.005) and treatment x reason (F(1,33=15.76, p<.001) as well as a triple interaction
treatment x reward x reason (F(1,33)=5.23, p<.05) was also detected. Posthoc t-test discovered that all
participants made more errors in trials containing the CR or target color in comparison to no-reward
and no-target trials, but under oxytocin participants were significantly less accurate in reward
(T33=7.27, p<.001) and reason context (T(s3=3.71, p<.001). Further contrasts revealed that in the
oxytocin condition participants were less accurate not only in target trials in comparison to the
placebo condition (T(33=6.94, p<.001). Also within the oxytocin condition participants made more
errors in target than in desire trials (T(33=2.61, p<.05) and under placebo treatment vice versa
(T3=3.01, p=0.005). Both ANOVAs calculated for error rates specific for fear vs no emotion and
happy vs. no emotion showed main effects for treatment (Frear(1,33=4.805, p<.05; Fhappy(1,33)=5.52,
p<0.05), reward (Frear(1,33=61.09, p<.001; Fhappy(1,33=41.45, p<.001) and reason context
(Frear(1,33)=42.35, p<.001; Fhappy(1,33)=52.2, p<.001). In general participants made more mistakes in trials
containing a CR or target color compared to no-reward and no-target trials respectively. Under
oxytocin treatment performance decreased regardless of context. Moreover, there were significant
interaction effects in both analysis, between treatment x reward (Frear1,33=4.58, p<.05;
FHappy(1,33)=5.56, p<.05) and treatment x reason (Frear(1,33=7.9, P<.01; Fhappy(1,33=11.82, p<.005).
Additionally, a significant triple interaction was found between treatment x reward x reason
(FhHappy(1,33)=6.07, p<.05). In the fear analysis posthoc t-tests uncovered that participants under
oxytocin treatment made significantly more errors in trials without a CR (T33=4.85, p<.001) and in
trials presenting a target color (T33=3.05, p<.005) in contrast to the placebo treatment. The same
pattern was found in the happy analysis with significantly less accuracy in trials without a CR
(T(33)=6.35, p<.001) and in trials with target colors (T(33=3.56, p=.001). There was no effect between

treatment and emotion in any of the ANOVAS.

Reaction time: The ANOVAs calculated for reaction times yield no significant effects for

treatment condition (p>.05).
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4.4.2 Neuroimaging Data

Classical findings using experimental paradigms related to reward and emotion
processing

We replicated the DRD effects (Diekhof and Gruber, 2010) in the absence of emotion and
oxytocin treatment with higher bottom-up activation in reward related regions for the desire
contrast, reduced bottom-up activation in the reason contrast and enhanced top-down control as
shown in the dilemma contrast (SI, Table S2 & Figure S1). Additionally, we reproduced previous
findings on the effects of emotion processing in the amygdala (Fusar-Poli et al., 2009; Sabatinelli et
al., 2011). In the absence of reward and oxytocin application, emotion processing effects were seen
in the amygdala with higher activation for positive and negative valenced stimuli in comparison to
the non-social condition (SI, Table S3). The replications of these classical findings together confirm

the proper functioning of the used paradigm.

Oxytocin effects on emotion processing in the amygdala

In the fearful vs no emotion condition without CR trials oxytocin reduced significantly the
activation in the right amygdala-hippocampus-complex (x=20 y=-12 z=-20, t=3.26, FWE,. p<.05) in
comparison with placebo. Whereas in the happy vs no emotion condition without CR trials oxytocin

increased the activation in the left amygdala (x=-14 y=-2 z=-16, t=3.02, FWE.. p=.089) (SI, Table S3).

Oxytocin effects on bottom-up generation and top-down modulation of reward signals
in NAcc and VTA

The comparison of the desire contrasts between the two treatment groups showed slightly
reduced reward-related activation at the bilateral vStr (x=10 y= 16 z=-10, t=1.99, p<.05; x=-18 y= 16
z=-14, t=2.15, p<.05; Fig. 2a) but no difference in the bilateral VTA for the oxytocin condition. PPI
analysis with the right NAcc as seed region gives evidence for strengthened negative coupling with
the avPFC under oxytocin treatment (x=-32 y=46 z=14, t=3.37, FWE. p<.05; x=38 y=48 z=14, t=2.86,
FWEs. p<.05). Interestingly, the pattern of regions associated with increased connectivity to the
bilateral NAcc partly overlapped with the pattern of negative connectivity in the reason contrast of
the placebo condition (SI, Table S4), indicating oxytocin generated a dilemma in the desire contrast
and a stronger top-down modulation of reward related activity, respectively. On the other hand, the
reason contrast revealed higher activation at the ventral vStr (x=6 y=8 z=-10, t=2.93, p<.005; x=-8
y=16 z=-10, t=2.65, p<.005; Fig. 2b) and marginal reduced activation in the right VTA (x=4 y=-24 z=-

22, t=2.02, p<.05) for oxytocin in comparison with the placebo condition. Therefore, the down-

60



regulation of reward-related striatal activation (x=8 y=14 z=-10, t=2.94, p<.005; x=-8 y=16 z=-10,

t=2.62, p<.005; Fig. 2c¢) and of VTA activation (x=-12 y=-18 z=-10, t=2.04, p<.05) was attenuated by

oxytocin in the desire-reason dilemma.
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Figure 2: Oxytocin effects on bottom-up generation and top-down modulation of reward signals in

vStr in a non-social context. a) Oxytocin suppressed the activation in the bilateral vStr in the desire

contrast. b) Oxytocin increased activation in bilateral vStr in the reason contrast. c) Oxytocin reduced

the down-regulation of the activation in bilateral vStr during a desire-reason dilemma. For illustration

purposes a threshold of p < .05 uncor. was used. OT = Oxytocin, Pl = Placebo, vStr = ventral striatum,

VTA = Ventral tegmental area.
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Modulation of oxytocin effects on reward signals by additional emotion processing

Additionally, we were interested in examining whether the factors emotion and reward
would interact under the influence of oxytocin in the vStr. As the modulation by oxytocin was similar
but weaker for happy than for fearful we only describe here the DRD contrasts for the fearful vs no
emotion condition. We found slightly more activation under oxytocin at the bilateral vStr and the
VTA for the desire (NAcc: x=12 y=8 z=-8, t=1.78, p<0.05; x=-16 y=8 z=-6, t=1.82, p<.05; Fig. 3a; VTA:
x=12 y=-16 z=-12, t=2.25, p<.05; x=-12 y=-14 z=-14, t=2.30, p<.05) and the dilemma contrast (NAcc:
x=6 y=14 z=-10, t=1.78, p<.05; x=-8 y=16 z=-10, t=2.24, p<.05; Fig. 3c; VTA: x=18 y=-14 z=-14, t=2.03,
p<.05; x=-12 y=-14 z=-14, t=1.89, p<.05). But for the reason contrast activation at the bilateral vStr
was more strongly in the placebo condition (NAcc: x=4 y=16 z=-10, t=2.49, p<0.01; x=-8 y=6 z=-12,
t=2.64, p<.005; Fig. 3a). There was no change in activation level for the VTA in the reason contrast. As
shown in Figure 4a PPI analysis for oxytocin vs placebo in the desire contrast fearful vs no emotion
discovered a significant strengthened coupling between the left NAcc (Seed: -16 8 -6), the bilateral
amygdala-hippocampus-complex (x=-22 y=-8 z=-10, T=2.87 FWEq. p<.05; x=34 y=-12 z=-22, T=3.52
p<0.000) and the VTA (x=0 y=-14 z=-18, T=3.02 FWE.. p<.05). Contrary, we found a decreased
coupling between the left NAcc (Seed: -8 6 -12) and the right amygdala-hippocampus-complex (x=24
y=4 z=-18, T=3.81 p<0.0005) in the reason contrast (Fig 4b).
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Figure 3: OT effects on bottom-up generation and top-down modulation of reward signals in vStr in
a fearful context. a) Oxytocin increased the activation in the bilateral vStr in the desire contrast. b)
Oxytocin suppressed activation in bilateral vStr in the reason contrast. c¢) Oxytocin increased the
down-regulation of the activation in bilateral vStr during a desire-reason dilemma. For illustration

purposes a threshold of p < .05 uncor. was used. OT = Oxytocin, Pl = Placebo, vStr = ventral striatum.
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Figure 4: Oxytocin related changes in amygdala-striatal and reward related connectivity in the
fearful face condition. a) Oxytocin increased the coupling between the left NAcc and the left
amygdala-hippocampus-complex as well as the VTA in the desire contrast. b) Oxytocin decreased the
coupling between the left NAcc and the right amygdala-hippocampus-complex in the reason
contrast. For illustration purposes a threshold of p < .05 uncor. and an anatomical mask for the seed
regions was used. OT = Oxytocin, Pl = Placebo, NAcc = Nucleus accumbens, VTA = Ventral tegmental

area, Amy = Amygdala.

4.5 Discussion

To our knowledge this is the first neuroimaging study showing that exogenous administered
oxytocin also modulated the neural activity in a decision-making task even though no social
information was present. Both the bottom-up and the top-down signals were reduced by oxytocin.
Previous animal (Baracz and Cornish, 2013; Mullis et al., 2013; Romero-Fernandez et al., 2013; Young
et al., 2014), human neuroimaging (Riem et al., 2012, 2011; Strathearn, 2011; Strathearn et al., 2009)
and genetic studies (Love et al., 2012; Sauer et al., 2013, 2012) implicated an interaction between
dopamine and oxytocin in reward related behavior and its associated neural response (but see for

missing associations Striepens et al., 2014). Contrary to studies finding an increase in reward-related
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activity in vStr and VTA (Groppe et al., 2013b; Hu et al., 2015; Loth et al., 2014; Scheele et al., 2013),
we could show a dampening of the reward-related activity under oxytocin treatment in the desire
contrast during the non-social condition. The social salience hypothesis assumes that the dopamine-
oxytocin interaction is necessary to assign salience to social stimuli and consequently that this
interaction is the reason for the upregulation of activity (Shamay-Tsoory and Abu-Akel, 2016). As
oxytocin decreased the reward related activity in non-social but salient trials, this hypothesis cannot
account for the oxytocin effects observed in our study. The exploratory conjunction analysis for the
bottom-up related connectivity in the desire contrast suggest a strengthened top-down control
under oxytocin similar to the reason contrast under placebo. Following Wittfoth-Schardt and
colleagues (2012) the underlying mechanism could rely on the attenuation of automatic neural
responses. Moreover, Ninan (2011) found that oxytocin suppresses the glutamate release in the PFC
but facilitate the activity-dependent strengthening of the glutamatergic synapses in the mPFC. The
author suggests that the enhancement could result in downstream-inhibition of the amygdala by a
feedforward inhibition of the central amygdala. It is possible that a similar mechanism for oxytocin is
existent in the coupling between the avPFC and the vStr. As shown in the reason and the dilemma
contrasts, the top-down signal is also decreased by oxytocin in situations in which cognitive control
would be necessary to solve the task. Here again, oxytocin seems to inhibit prefrontal areas but in
this situation, another neural circuit might have been affected and lead to a relief of top-down
control on the vStr (Dembrow and Johnston, 2014; Richard and Berridge, 2013). In their review Bartz
et al. (2011) discussed already the fact that the effects of oxytocin differ between individuals and
experiments because of contextual and personal features but also due to diverse neural mechanisms.
For instance, a study with exogenous oxytocin administration showed contrary behavioral adaptation
depending on emotional content of stimuli and context (as reviewed in De Dreu, 2012). Therefore, it
is not unlikely that depending on task context, desire or reason, the modulation of neural activation
and connectivity by oxytocin might alter. For this reason, prospect studies should explore more
intensely whether oxytocin modulates fronto-striatal circuits differently when a reward is present or

absent.

Furthermore, by presenting a fearful face and introducing thereby a social context, the
neural pattern of the reward system flipped with stronger bottom-up and top-down signals after
oxytocin treatment. Connectivity analysis revealed that oxytocin strengthened the coupling between
the NAcc, the amygdala-hippocampus-complex and the VTA in the desire contrast and decreased the
coupling between the NAcc and the amygdala-hippocampus-complex in the reason contrast. Our
findings are consistent with a previous neuroimaging study on the DRD paradigm which also showed
an increased coupling between the amygdala and the vStr in the presence of reward and emotional

information (Kramer and Gruber, 2015). According to a model by Bos et al (2012) oxytocin might
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facilitate social behavior by enhancing cognitive control from prefrontal regions and by its effects on
the reward system, respectively. On the one hand, oxytocin elicited its anxiolytic properties by
boosting top-down control in trials presenting negative emotional information. This possible causes
an attenuated amygdala reactivity as already seen in several studies before (Kirsch, 2005; Knobloch
et al., 2012; Labuschagne et al., 2010; Neumann and Slattery, 2016). At the same time, the bottom-
up activation in the VTA and the vStr amplifies due to the presence of a reward and a social stimulus.
This is in line with findings of neuroimaging studies demonstrating an increase in reward-related
activity by oxytocin (Groppe et al., 2013; Hu et al., 2015; Scheele et al., 2013). The oxytocin provoked
reversal of the strong limbic-reward coupling and the decrease in striatal arousal in absence of
reward demonstrate that the inhibition of top-down control together with the enhancement of

bottom-up signal is essential for the effects observed in reward-related activity.

Besides, our fMRI data contribute to the discussion whether oxytocin attenuates the neural
activity in the amygdala during emotion processing regardless of the shown valence (Domes et al.,
2007a) or whether it acts with specificity on emotion processing (Gamer, 2010; Shin et al., 2015). As
we found a reduction of activity in the amygdala for negative emotions and an increase in the activity
for positive emotions, our results support the assumption of oxytocin’s selectivity. But we did not
observe any significant behavioral effect regarding the valence of the stimuli. According to the GAAO
hypothesis (Harari-Dahan and Bernstein, 2014) oxytocin down-regulates the cortico-amygdala threat
circuitry underlying avoidance/withdrawal, and up-regulates the dopaminergic reward circuitry
underlying approach. Therefore, the behavioral outcome in the decision-making task might be the
same for negative and positive valenced stimuli so that both emotional situations might entail
approaching behavior under oxytocin treatment. In total, oxytocin worsened the overall performance
in contrast to the placebo condition independent of emotional context. Interestingly, the impairment
was stronger for trials containing no CR but the target stimulus. A behavioral study (Herzmann et al.,
2012) found also amnesic effects of oxytocin on non-social stimuli. As the hippocampus and the
amygdala are not only known for high oxytocin receptor distribution (Gimpl and Fahrenholz, 2001)
but also for their major role in associative memory consolidation and memory recollection oxytocin

might have affected the memory performance for target trials in the DRD paradigm.

To sum up, we could show that intranasally administered oxytocin attenuates the neural
activation of the reward system in a non-social decision-making task. By presenting additionally
emotional information oxytocin increased activation in reward related regions and strengthened the
functional coupling between the NAcc and the amygdala-hippocampus-complex as well as the VTA.
Since oxytocin is already seen as a potential target in the therapy of neuropsychiatric disorders or

disorders leading to deficits in social cognition, as for example in drug addiction (McGregor and
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Bowen, 2012), in autism spectrum disorder (Lin et al., 2014; Tachibana et al., 2013), in schizophrenia
(Feifel et al., 2010; Pedersen et al., 2011) in general social anxiety disorder (Labuschagne et al., 2010)
and in borderline personality disorder (Bertsch et al., 2013), it is even more important to examine the
effects of oxytocin on neural activations and behavior also in non-social contexts. Future studies
should focus more intensely on interactions between neural regions in different task contexts. This
might reveal the diverse mechanisms and processes through which oxytocin modulates cognition and
behavior and the newly obtained knowledge might enable the development of effective and save

therapeutic approaches.
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4.6 Amendment

Where does the observed flip in neural activity come from?

In the previous subchapters, analysis of neural activity in DRD contrasts revealed a flip in the
direction of activation dependent on the socio-emotional content of the presented stimuli by
oxytocin. While intranasally administered oxytocin reduced the activation of the vStr in the desire
contrast and increased the reward-related activity in the reason contrast during the presentation of
non-social stimuli (no face), it showed reverse effects during the presentation of socio-emotional
stimuli (fearful face). Former connectivity analyses were calculated to explore the change of activity
by oxytocin in comparison to placebo treatment within and between the respective conditions.
Thereby, we could uncover that oxytocin might generate a dilemma situation in the non-social desire
contrast. First, the negative coupling between the right NAcc and the avPFC was strengthened by
oxytocin and second, a conjunction analysis indicated that the functional connectivity pattern of the
desire contrast under oxytocin treatment overlapped to a great extent with the pattern usually
observed in the reason contrast under placebo treatment. Additionally, we could demonstrate in the
socio-emotional vs non-social condition that the functional connectivity between the NAcc and the
amygdala-hippocampus-complex and the VTA was increased in the desire contrast and decreased in

the reason contrast for oxytocin in comparison to placebo.

However, as we were interested whether the flip in activity would be mirrored in a direction
change in the functional connectivity, we added more psycho-physiological interaction (PPI) analyses
with focus on such regions which were recruited during the reward-based decision-making task for

both conditions, namely as seed the bilateral NAcc and as ROls the avPFC, the amygdala and the VTA.

Methods

Sample of subjects, task and procedure as well as the first and second level analysis of

neuroimaging data were the same as reported in the previous paper.

Psycho-physiological interaction analysis (PPI)

We assessed the functional interaction between the vStr and the previous defined ROIs to
reveal the impact of emotion processing on the reward system under oxytocin treatment by using
psycho-physical interactions, PPI; (Friston et al., 1996; 1997). As seed regions, volumes of interest
(VOl), we selected the local maxima of the bilateral NAcc which showed a significant modulation of
activation by oxytocin in comparison to placebo in the desire, reason and dilemma contrasts in the
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non-social and the socio-emotional condition (Table 1). The sphere for VOI dimensions was set to 8 x
8 x 8 mm? accounting for possible inter-individual functional-neuroanatomical differences. The
extracted individual BOLD signal time courses of the VOIs served then as physiological vectors in the
analyses. The psycho-physiological vectors in the PPl analysis were either formed by the desire
contrast (CR vs. no-target > no-target vs. no-target), the reason contrast (CR vs. target > no-target vs.
target) or the desire-reason-dilemma contrast (desire contrast > reason contrast). For the non-social
condition, we only involved trials containing no face stimulus and for the socio-emotional condition
we compared trials with fearful faces compared to trials without faces to correct for the non-social
content. With the PPI toolbox of SPM8 the hemodynamic signals were deconvolved using a
parametric empirical Bayesian formulation and mean-corrected to assess the underlying neural
signal. Afterwards the PPI interaction terms were built by multiplying the deconvolved physiological
vector with the respective psychological vector. Then again a convolution, mean correction, and
orthogonalization were carried out and the three regressors (physiological vector, psychological
vector and interaction term) went into the statistical analysis on single-level. For group effects a two-
sample t-test was calculated between the single subject contrast images (PPl interaction term against
baseline) of the oxytocin and the placebo treatment group. The following coordinates extracted from
the literature were used for small volume correction for our previously defined ROIs VTA + 4 -16 -20
(Diekhof et al., 2010), avPFC + 36 48 12 (Trost et al., 2014) and amygdala 18 -6 -14 and -20 -6 -12
(meta-analysis by Fusar-Poli et al., 2009) with a sphere of 5mm. Additionally, we report functional
connectivity to the a priori regions at an uncorrected threshold of p<.005 if it did not reach

significance.

Table 1: Coordinates of the bilateral NAcc for VOI extraction.

Stimulus condition Contrast NAcc Coordinates
(MNI)
non-social Desire Pl >0T 10 16 -10
-18 16 -14
Reason oT > Pl 6 8 -10
-8 16 -10
Socio-emotional Desire oT > Pl 12 8 -8
-16 8 -6
Reason Pl >0T 4 16 -10
-8 6 -12

NAcc = nucleus accumbens, Pl = placebo, OT = oxytocin
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Results

As we suggested, the flip in activity from reduction to enhancement by oxytocin and socio-
emotional content is mirrored by the modulation of functional interaction between the NAcc and the

amygdala, the VTA and the avPFC as reported in Table 2/3 for the right and left NAcc as seed regions.

Table 2: Functional interaction changes between the right NAcc and reward-related regions by OT

during non-social and socio-emotional conditions.

MNI Coordinates (t-value)

Condition

Region oT Pl OoT>PI PI>OT
/ Contrast
pos FC neg FC pos FC neg FC
non-social
Desire  avPFC 344410 (3.17) 3848 14 (2.86)
-36 46 12 (3.72) -3246 14 (3.37)
Amy-hippo -16-14-20 (4.27)° -20-10-12(2.93)
VTA -8-18-20 (4.63) -6-16-20 (3.74)
Caud/Ins -24 4 14 (4.07) -24 414 (3.84)° -24 4 14 (5.58)*
Reason avPFC 3048 10 (2.60)¢ 324810 (2.94)
Amy -222-20(2.49)¢ -222-20(2.80)°
Socio-emotional
Desire  avPFC 225410 (2.92)b 3650 16 (2.80)b
-40 46 14 (3.29) -3444 12 (3.79)
Amy-hippo 36-8-20 (2.48)° 36 -6-20 (3.54) 36-8-20 (4.05)°
-14-16-12(3.27)° -20-12-14 (2.66)>  -18-10-12(2.70)°
VTA 6-12-18(3.98) 8-16-22(2.91)
IFG 5430 16 (4.53) 5432 16 (3.85) 5430 16 (5.78)*
Precuneus 4-44 64 (4.72) 8-42 64 (3.95)° 8-42 64 (5.85)*
Reason  avPFC -3040 16 (2.54)°  -32 46 18 (2.66)° -3046 20 (3.12)°
Amy 26 2-22(2.51)¢ 24 4-20 (2.54)¢
-22 0-24 (2.60)°
VTA -2-10-16 (2.93)° -4-12-18(2.79)

All reported coordinates are small volume corrected for family wise error if not otherwise indicated.
Pl = placebo, OT = oxytocin, pos FC = positive functional connectivity, neg FC = negative functional
connectivity, NAcc = nucleus accumbens, avPFC = antero-ventral prefrontal cortex, Amy = amygdala,

Amy-hippo =
caudatus / insula, IFG

* FWE-corrected on whole-brain level
2 p <.001 (uncorrected)
®p < .005 (uncorrected)

“p <.01 (uncorrected)

amygdala-hippocampus complex, VTA = ventral tegmental area, Caud/Ins = nucleus
= inferior frontal gyrus
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Table 3: Functional interaction changes between the left NAcc and reward-related regions by

oxytocin during non-social and socio-emotional conditions.

MNICoordinates (t-value)

Stimulus condition

Region oT Pl OT>PIl PI>OT
/ Contrast
pos FC neg FC pos FC neg FC
non-social
Desire  Amy -22-4-8(2.80) -22-4-8(2.97)
Reason -
Socio-emotional
Desire  Amy-hippo  32-10-22 (2.50)¢ 32-14-24(3.13)°  34-12-22(3.52)b
-22-8-10 (2.55) -22-12-14(2.72)>  -22-8-10(2.87)
VTA - 4-12-18(3.37) 0-14-18(3.02)
Reason  Amy 24 4-18 (3.05)° 26 10-18 (3.60)? 24 4-18 (3.81)°
Hypo 8-6-12 (4.41)°  6-8-12 (4.24) 6-8-12 (6.10)*

All reported coordinates are small volume corrected for family wise error if not otherwise indicated.
Pl = placebo, OT = oxytocin, pos FC = positive functional connectivity, neg FC = negative functional
connectivity, NAcc = nucleus accumbens, avPFC = antero-ventral prefrontal cortex, Amy = amygdala,
VTA = ventral tegmental area, Hypo = hypothalamus

* FWE-corrected on a whole brain level

2 p <.001 (uncorrected)

b p <.005 (uncorrected)

¢ p <.01 (uncorrected)

Interestingly, the reversed connectivity pattern is seen in the comparison between oxytocin
and placebo treatment within and between the conditions, either non-social or socio-emotional
(Figure 1). While there is more negative coupling between the NAcc and the other regions under
oxytocin for the non-social condition in the desire contrast and for the reason contrast vice versa,
there is the reversed connectivity pattern for the socio-emotional condition under oxytocin for both
contrasts.

In the desire contrast with non-social stimuli oxytocin leads to a significantly strengthened
negative functional connectivity between the bilateral NAcc and the left amygdala as well as
between the right NAcc and the bilateral avPFC and the left VTA. Additionally, oxytocin reversed the
functional coupling between the right NAcc and the left nucleus caudatus/anterior insula region from
positive under placebo to negative, the difference is significant even on a whole-brain level.
However, in the reason contrast oxytocin provokes a positive coupling between the right NAcc and
the right avPFC and decouples the negative functional interaction between the right NAcc and the
left amygdala.

In contrast, in the desire contrast with fearful faces oxytocin inverts the negative
coupling between the bilateral NAcc and the bilateral amygdala and between the right NAcc and the
right inferior frontal gyrus and the right precuneus into a positive coupling. Moreover, oxytocin
decoupled the negative functional connectivity between the right NAcc and the right avPFC and the

VTA and between the left NAcc and the right VTA. In the reason contrast with fearful faces the
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functional connectivity pattern flipped again. Oxytocin reversed the positive coupling under placebo
between the right NAcc and the avPFC as well as between the left NAcc and the right amygdala and
the right hypothalamus. Additionally, oxytocin leads to a negative coupling between the right NAcc
and the right amygdala and decouples the functional connectivity between the right NAcc and the

left amygdala and the left VTA.

Non-social

avPFC
vStr

Amygdala

VTA

*  Ins/Caud
® Pprecuneus
* IFG

® Hypothalamus

Connectivity changes by OT
<€—> FWE,,
<——= p<.005 (uncorr.)
=== decoupling

— negative

+ positive

Figure 1: Functional connectivity changes by oxytocin.
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Summary of results

To uncover the reason why both the bottom-up and the top-down signals were reduced by
oxytocin in the previous neuroimaging study, we calculated additional PPls between the bilateral
NAcc as seed region and reward-related regions which are known to be activated during the DRD
paradigm. As we suggested the reversed pattern in reward-related activation by oxytocin was
mirrored by the modulation of functional connectivity within and between each socio-emotional
context. In accordance with the previous calculated exploratory conjunction analysis in the desire
contrast involving no faces we found an increased negative coupling between the NAcc and other
reward-related regions by oxytocin. Additionally, to the strengthened top-down control implicated
by the negative coupling between the NAcc and the avPFC, there was also a weakened bottom-up
signaling to the NAcc by the VTA. Interestingly, although there was no socio-emotional content
oxytocin leads also to a negative coupling between the left amygdala and the NAcc indicating that
the amygdala is also involved in rewarding processes without emotional processes. Moreover, the
functional connectivity pattern flipped with additional emotional input. Whereas there was a
strengthened positive coupling between the NAcc and reward-related regions and additionally with
the precuneus and the inferior frontal gyrus in the desire contrast, there was negative coupling up to
decoupling between the NAcc and meso-cortico regions as well as an enhance negative coupling
between the NAcc and the hypothalamus. Irrespective of emotional condition and task-context the
right NAcc was more affected by the oxytocin induced modulation of functional connectivity than the
left NAcc.

Therefore, the supplementary calculations of the functional connectivity between the
conditions and task-context give essential insight into the mechanisms by which oxytocin might alter
the meso-cortico circuit involved in reward processing. Not only bottom-up and top-down
connectivity is changed by oxytocin but also the coupling between the NAcc and the amygdala

independent whether emotional information was presented or not.
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4.7 Supplemental Information

Participants

Participants were recruited via announcements at university facilities. 6 participants were
excluded afterwards due to technical issues (n=2), extensive movement during scanning (n=2),
performance under 75% in the task (n=1) and voluntarily abortion (n=1). The remaining participants
were instructed were instructed not to take medication or to consume alcohol 24h before scanning
and additionally not to drink coffee on the same day as scanning or two smoke or to eat 2h before

the experiment.

S| Questionnaires and Measurements

Table S1: Means and standard deviations of the questionnaires

Questionnaires Mean Standard deviation

TCI

Novelty seeking 21.44 5.95

Harm avoidance 9.71 6.37

Reward dependence 14.56 4.06

Persistence 4.32 1.71

Total 50.03 8.78

BAI 4.24 4.35

BDI-1I 4.06 3.17

MWT-A 110.97 9.00

TAS-20 17.32 4.63

SPF 34.71 6.00

BIS

Attention 16.24 2.82

Motor impulsivity 23.26 4.30

Non-planing impulsivity 23.29 4.38

Total 62.79 9.04

MDBF* Pl Mean Standard OT Mean Standard

deviation deviation
GS* -0.88 3.07 0.94 3.61
WM* 3.18 6.12 3.26 7.99
RU* 0.18 3.90 -0.03 4.52

Total* 2.47 9.24 4.18 13.10

*Subscores for MDBF were calculated by subtraction of scores before and after treatment.

TCl = Temperament and Character Inventory, BAl = Becks Anxiety Inventory, BDI-Il = Becks

Depression Inventory, MWT-A = Mehrfachwahl-Wortschatz-Intelligenztest, TAS-20 = Toronto
Alexithymia Scale, SPF = Saarbriicker Personlichkeits-Fragebogen, BIS = Barratt Impulsiveness Scale,
MDBF = Mehrdimensionale Befindlichkeitsfragebogen, GS = Gute-Schlechte Stimmung, WM =
Wachheit-Mudigkeit, RU = Ruhe-Unruhe.
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Methods: Desire Reason Dilemma Paradigm

Over the course of three fMRI runs participants completed 124 blocks consisting of 8 trials
each. The whole experiment contained 336 no-target trials presenting always two colors which were
not with reward or target associated, 336 target trials presenting a target color paired with a no-
target color, 160 desire trials presenting a CR with a no-target color and 160 dilemma trials
presenting a CR with a target color. All different trials were presented pseudorandomly and counter-
balanced for trial type transitions and positions within blocks. To equilibrate also the statistical
analysis, only 160 of the 336 no-target trials and only 160 of the 336 target trials were considered in
the calculated model. Every block started with a blank screen (duration: 100ms) followed by the
presentation of two target-colors for the following block (duration: 1800ms). The target colors
changed with every block. Each trial started with a blank screen (duration: 200ms) followed by the
presentation of two colors (duration: 1700ms) from which the participants had to choose one and
ended with a blank screen (duration: 100ms). After eight trials a blank screen was shown (200ms)
followed by a feedback reporting whether all target colors were selected and the amount of the
reward which was gained during the last block (duration: 1600ms). An additional blank screen
(100ms) finished each block. A total feedback was always presented at the end of an fMRI run
reporting the entire amount of target and reward points. All points acquired in the experiment were
transferred into real money (max. 30€ per experiment) and added to the general reimbursement for

participation (100€).

Methods: fMRI Data Acquisition and Processing

The following coordinates were used for small volume correction for regions with an a priori
hypothesis: VTA = 4 -16 -20 with a sphere of 10mm, NAcc + 12 12 -4 with a sphere of 6mm (Diekhof
et al., 2010), avPFC + 36 48 12 with a sphere of 6mm (Trost et al., 2014) and amygdala 18 -6 -14 and -
20 -6 -12 with a sphere of 10mm (Fusar-Poli et al., 2009).

We also calculated the functional connectivity between brain regions using PPl analysis. First,
as we found an attenuating effect of oxytocin on the bilateral NAcc in the desire condition when no
additional social information was given, we explored the functional interaction between the bilateral
NAcc with other brain regions. Since we saw a pattern reminding us on the negative coupling in the
reason contrast without pharmacological intervention (Diekhof and Gruber, 2010) we also conducted
a PPI analysis for placebo treatment in the reason contrast. Afterwards we computed with both PPIs
a conjunction analysis as included in SPM to explore which regions were found to be negatively
coupled with the NAcc under oxytocin and placebo treatment in the different contrasts. Results are
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described in the Sl section. Additionally, we calculated PPIs from the left NAcc in the desire and the
reason contrast to uncover the modulation of connectivity by oxytocin when a fearful face was
presented. For a more detailed description of a PPI analysis see for example methods by (Krdmer and

Gruber, 2015) or read the Amendment section.

Behavioral data results

Further analysis: Further ANOVAS were calculated, but no differences were found for session

order, bonus points or target points between the treatment conditions (p<.05).

fMRI results

Replication of previous findings under placebo treatment:

Table S2: Replication of previous findings under placebo treatment

Region of Bottom-up activation = Bottom-up activation = Downregulation of bottom-up
Interest in desire contrast in reason contrast activation in desire - reason
dilemma
R/L NAcc 1412 0 (2.74) NS 10 10 -6 (3.97)
-18 8 -2 (3.88) NS -10 10 -8 (4.09)
R/LVTA 8 -24 -16 (4.50)° 8 -24 -24 (2.46) 10 -26 -14 (2.91)°
-2 -24 -20 (3.68) NS -8-18 -8 (3.48)°

Reported activations are significant at p<.05, corrected for small volume, with an extend threshold of
k>10. R/L = right/left, NAcc = nucleus accumbens, VTA = ventral tegmental area, NS = not significant.

2 Voxels were significant at p<.05, corrected for false discovery rate (whole-brain correction).

®Voxels were significant at p<.001, uncorrected.

“Voxels were significant at p<.005, uncorrected.
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b)

Figure S1: Replication of previous findings under placebo treatment. a) Significant bottom-up
activation in bilateral NAcc and VTA in the desire contrast. b) No increased activation in bilateral NAcc
and VTA in the reason contrast. c) Significant down-regulation of the activation in bilateral NAcc and
VTA during a desire-reason dilemma. For illustration purposes a threshold of p < .05 uncor. was used.

NAcc = Nucleus accumbens, VTA = Ventral tegmental area
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Table S4: PPI results of oxytocin effects on negative coupling in desire contrast and of placebo

effects on negative coupling in reason contrast as well as conjunction analysis of both PPlIs.

Region

OT Desire

Pl Reason

Conjunction

Seed R NAcc (10 16 -10)

R avPFC

R vmPFC

R frontomedian

L frontomedian

L postcentral gyrus

L middle cingulate gyrus
L MFG

R central operculum

L central operculum

R anterior Insula
L anterior Insula

L posterior Insula
R angular gyrus

L IPL

R superior occipital gyrus / occipital

pole
L middle occipital gyrus
L thalamus

L nucleus caudatus
R VTA
L VTA

Seed L NAcc (-10 10 -8)

L medial / anterior orbital gyrus

L central operculum

L IPL

40 40 8 (2.62)
14 40 -8 (2.72)

4 44,50 (3.00)

-8 2838 (2.93)
-50-30 56 (2.81)
-12 18 28 (3.29)°
-42 48 20 (3.65)°
44018 (2.88)
-42 420 (4.21)°

3810-12 (2.62)°
-38 8 -6 (3.20)

40 -4 -8 (2.26)°
54 -46 40 (3.14)
-30-56 32 (4.27)°
18 -94 28 (3.29)

-28-88 28 (3.37)°
-12 -6 2 (3.96)°
-24-22 10 (3.80)°
-820 6 (3.53)°

16 -18 -18 (2.82)
-6 -16 -20 (4.92)°

-16 42 -10 (4.47)°
-38 024 (2.87)°

-34 -40 34 (3.55)

3836 10 (2.63)°
16 50 -4 (3.12)
12 32 48 (3.02)°
-10 30 34 (2.22)°
-50-32 60 (2.73)
-12 14 24 (3.06)
-38 44 24 (3.31)°
44 -4 20 (3.14)
-42018 (2.80)°

36 10-14 (2.84)
-40 4 -8 (3.07)

44 -4 -4 (3.42)°
52 -50 38 (2.81)
-34-50 -30 (2.24)°
26-92 18 (3.54)°

-32-86 20 (2.79)
-12 -4 4 (2.93)
-24-22 10 (2.24)°
-10 16 14 (3.15)
6 -8 -12 (3.00)
-4.-12 -14 (2.74)

-26 44 -8 (2.58)°
-42 414 (4.84)°

-32-4032(3.23)

383810 (2.31)°
18 50 -4 (2.10)°
12 32 44 (1.93)

-10 30 34 (2.22)°
-50-30 58 (2.67)°
-10 16 26 (2.61)°
-42 44 24 (2.90)?

44 -2 20 (2.53)°

-422 18 (2.79)°

3810-12 (2.62)°
-386-8 (2.38)°
40 -4 -8 (2.26)°

52 -48 38 (2.54)°

-34 -54 36 (1.98)

24 -92 28 (2.66)

-32-86 24 (2.16)b
12 -4 4 (2.93)°
-24-22 10 (2.24)°
-10 18 10 (2.77)
2-18-18 (1.99)
-4 -14 -16 (2.35)°

-24 42 -8 (2.04)
-40 022 (2.02)

-32-4032 (3.01)°

Reported activations are significant at p<.005, uncorrected, with an extend threshold of k > 10 for
PPIs and k > 5 for conjunction analysis. R/L = right/left, avPFC = anteroventral prefrontal cortex,
vmPFC = ventromedial prefrontal cortex, MFG = medial frontal gyrus, IPL = intraparietal lobe, VTA =

ventral tegmental area.

2 Voxels were significant at p<.05, corrected family wise error (whole-brain).
bVoxels were significant at p<.001, uncorrected.
“Voxels were reported at p <.01, uncorrected.
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Chapter 5

Intranasal oxytocin selectively modulates

large-scale brain networks in humans

81



5.1 Abstract

A growing body of evidence indicates that the neuropeptide oxytocin alters the neural
correlates of socio-emotional and salience processing. Yet the effects of oxytocin over the large-scale
networks involved in socio-emotional and salience processing, namely the default mode (DM),
ventral attention (VA) and cingulo-opercular (CO) networks, remain unknown. Therefore, we
conducted a placebo-controlled crossover study with intranasal 241U oxytocin in 38 healthy male
subjects using a resting-state fMRI (rs-fMRI) paradigm to investigate these three network candidates.
To fundamentally understand the underlying mechanisms of the neuropeptide, we compared the
intra-network connectivity for each network candidate and also the inter-network connectivity
across all networks between both treatment groups. Based on the relevance of inter-individual
factors for oxytocin effects, we additionally correlated individual network changes with impulsivity
scores. Our results show that oxytocin mainly alters the connectivity in the VA network, from one
side reducing the coupling to regions that typically form the DM nodes, an introspective and self-
referential network, and from the other side increasing the coupling to the edges of the CO network,
which is involved in salience processing. The results of the inter-network analyses confirmed the
specificity of the oxytocin effects. However, connectivity changes in key-regions of the reward system
for each subject did not significantly correlated with the obtained impulsivity scores. Overall, our
data supports that the modulation of functional connectivity within the VA network is a basic
mechanism by which oxytocin directs attentional resources from internal to external cues, preparing

the brain for contextual-dependent salience processing.
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5.2 Introduction

The impact of the neuropeptide oxytocin on the neural correlates of social functioning is not
fully understood and is of primary interest. Animal and human studies highlighted its critical role in
approach-avoidance behavior (Calcagnoli et al., 2015; Scheele et al., 2012), pair-bonding (Johnson et
al., 2016; Walum et al., 2012b) and mother-pup bonding (EImadih et al., 2014; Shahrokh et al., 2010)
and also in trust (Baumgartner et al., 2008), emotion recognition (Shahrestani et al., 2013), empathy
and theory of mind (Hurlemann et al., 2010; Uzefovsky et al., 2015). One of the current hypotheses
about the underlying neural processes of its function is that oxytocin might affect brain regions which
are related to social cognition (Baribeau and Anagnostou, 2015; Skuse and Gallagher, 2009). It was
found that oxytocin receptors are distributed in brain regions associated with emotion processing,
self-referential processing and motivation, for instance in the amygdala, the prefrontal cortex and in
the striatum, respectively (Insel, 1992; Loup et al., 1991; Stevens et al., 2014), and it is synthetized
after social interactions such as sexual behavior (Waldherr and Neumann, 2007) or intimidation (Kéri
and Kiss, 2011). Increasing interest on how oxytocin modulates networks associated with social
processing has led to functional neuroimaging studies focusing on alterations in connectivity, with
the amygdala as an a priori defined region of interest within resting-state (Kumar et al., 2015; Riem
et al., 2012), but also within task-based studies (Hu et al., 2015; Kirsch, 2005) and in studies with

clinical populations (Dodhia et al., 2014; Watanabe et al., 2015).

If oxytocin modulates the activity and connectivity in regions linked with social and emotional
processing, it would also affect the default-mode network (DM) which is thought to represent or to
largely overlap with the social brain (Mars et al., 2012; Schilbach et al., 2008). The DM nodes have
been shown to be activated when the brain is at rest, mind-wandering or being concerned with one-
self (Buckner et al., 2008; Raichle, 2015). This large-scale network includes the mPFC and ACC, the
precuneus, the angular gyrus and the hippocampus, which are regions involved in several social
cognitions (Li et al., 2014) and known to be modulated by oxytocin in task-based studies (Bethlehem
et al.,, 2013; Zink and Meyer-Lindenberg, 2012). More recently, neuroimaging studies on trauma-
exposed individuals (Frijling et al., 2015) or on anxiety disorder (Gorka et al., 2015; Labuschagne et
al.,, 2010) indicate that oxytocin might alter social salience processing, thus involving the ventral
attentional (VA) and the cingulo-opercular network (CO) (Koch et al., 2014; Shamay-Tsoory and Abu-
Akel, 2016). The VA is thought to be involved in the redirection of attention and is defined by key
nodes such as the temporoparietal junction (TPJ) and the ventrolateral prefrontal cortex (vIPFC). In
contrast, the CO is more known for top-down control and altering cognitive control and is defined by
the anterior insula (Al) and the dorsal ACC (Menon, 2015; Sheffield et al., 2015; Sylvester et al., 2012;

Vossel et al.,, 2012). Previous resting-state studies support this assumption by determining that
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oxytocin modulates the connectivity between central regions of the CO and the VA networks as for

example the Al or the dorsal ACC and the vIPFC (Frijling et al., 2015; Koch et al., 2016).

The systematic investigation that considers the influence of oxytocin on the functional
relationship across large-scale networks seems decisive for the comprehension of its modulatory
effects over the neural correlates. Nonetheless, we are not aware of any resting-state fMRI (rs-fMRI)
studies that explore whether oxytocin modulates the functional connectivity between and within
large-scale networks. A resting-state paradigm was chosen due to an interest in exploring the basic
mechanism by which oxytocin might alter neural systems. Moreover, several studies have already
demonstrated that there exists a strong similarity between brain dynamics when the person is at rest
or involved in a task (Smith et al., 2009). Therefore, we investigated all independent component-
driven large-scale networks impacted by oxytocin in a counterbalanced crossover placebo-controlled
design. Due to the strong influence of oxytocin on social behavior and its underlying neural
connectivity, but also because of the latest effects seen on salience processing, we hypothesized that
the DM, the CO and the VA networks would be majorly affected. Additionally, since oxytocin is
thought to act differently on neural correlates and behavior depending on social contextual and
inter-individual factors (Bartz et al., 2011; OIff et al., 2013), we further investigated, on an
exploratory basis, whether individual functional connectivity modulations were associated with non-

social personality and impulsivity scores.

5.3 Methods and Material

5.3.1 Participants

Forty healthy male participants from a university population were included in this double-
blind, placebo-controlled, crossover study. Two participants were excluded because of voluntary
drop-out and technical issues during scanning. Participants were right handed, between 18 and 35
years old, had normal or corrected-to-normal vision and German as a first language. They were
medication free and were not suffering from psychiatric, neurological or any other diseases. In
addition, they were screened for MRI contraindications and for alcohol and drug use. Participants
gave written informed consent and were paid for participation. All procedures were approved by the

Ethics Committee of the University Medical Center Gottingen.
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5.3.2 Task and procedure

All participants underwent rs-fMRI scan under oxytocin and then placebo treatment, which
occurred on two consecutive days. The day prior to the scanning session participants filled out a
battery of self-rating questionnaires, including the Temperament and Character Inventory (TCl) and
Barratt Impulsiveness Scale (BIS) (Supplementary Table 1). Approximately 75 min before the rs-fMRI
scan, participants self-administered intranasal 24IU oxytocin (Syntocinon-Spray, Novartis, Basel,
Switzerland) or placebo, according to a counterbalanced randomization order prepared by the
Hospital Pharmacy of the Heidelberg University (InPhaSol). The placebo spray was produced to look
identical and with the same content as the oxytocin spray, except for the absence of the
neuropeptide. Studies investigating the oxytocin plasma concentration in saliva after intranasal
administration demonstrated that the level returned to baseline not before 90min up to 4h post
administration (Gossen et al., 2012; Weisman et al., 2012). Also, an early study exploring
neuropeptides in cerebro spinal fluid (CSF) demonstrated that the vasopressin level, a related
neuropeptide, did not reach baseline concentration within 80min after intranasal administration in
humans (Born et al., 2002). Another recently rs-fMRI study showed an altered pattern in regional
blood flow in humans within a 25-78min time measurement (Paloyelis et al., 2016). Based on these
studies we can assume that oxytocin continues to act in the brain during the resting-state paradigm.
During the rs-fMRI, participants were instructed to keep their eyes open and to focus on a fixation
cross in the middle of the screen, to avoid attending to specific thoughts or to mind-wandering.
Although not yet published, the fMRI study also comprised three runs of a decision-making

experiment, which took place before the resting-state paradigm.

5.3.3 Image acquisition and preprocessing

MRI scans were conducted using a 3T scanner (Magnetom TRIO, Siemens Healthcare,
Erlangen, Germany). Thirty-six axial slices (voxel size, 3x3x3mm?3; gap = 20%) were acquired in
ascending direction using a T2*-sensitive echo planar imaging (EPI) sequence (interscan interval, 1.9
s; echo time, 30ms; flip angle, 70°). A total of 188 volumes were obtained in the course of 6 min. In
addition, a high-resolution (1x1x1mm?3) structural image was acquired by a three-dimensional, T1-
weighted, gradient-echo (MPRAGE) sequence. Preprocessing of the fMRI data was performed with
SPM8 (Wellcome Trust Centre for Neuroimaging, University College London, UK;
http://www.fil.ion.ucl.ac.uk/spm) and included slice-timing, realignment and unwarping, co-
registration and normalization into Montreal Neurological Institute (MNI) standard stereotactic
space. To exclude whether differential functional connectivity of the treatment groups might be

caused by unequal head motion, we applied the approach developed by Van Dijk and colleagues (Van
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Dijk et al., 2012) and compared the individual root-mean-square of frame-by-frame displacements
between treatment groups. Next, nuisance factors were removed to produce a clearer image by
regressing out the 6 movement parameters, white matter and cerebrospinal fluid signals and their

first temporal derivatives.

5.3.4 Independent component analysis and comparison of networks

The resulting images were given into temporal concatenation of group independent
component analysis (gICA) in FSL MELODIC (Chen et al., 2008; Smith et al., 2009) to identify large-
scale network components across treatment groups. The gICA resulted in 10 components from which
5 components were identified as DM, CO, VA, visual network (VS) and fronto-parietal network (FP),
with the remaining components defined as artifacts. Large-scale networks are characterized by slow
fluctuations (Deco and Corbetta, 2011), therefore, components were defined as artifacts when spikes
of the powerband spectrum extended more than 0.1 Hz. Additionally, our output of 5 reliable
resting-state networks remains in the typical range for standard resolution of 3 to 4mm in human
neuroimaging studies that use a 1.5 to 3 tesla scanner (Deco and Corbetta, 2011). Individual back
transformation was performed for each component with Butterworth band-filtered (0.01-0.1 Hz) first
Eigenvariate time-courses and followed by GLM and Fisher’s r-to-z transformation. The treatment
group comparison of neural correlates in our a priori network candidates was performed in a one-
way ANOVA at a statistical threshold of p<.001, cluster corrected (k>13) for multiple comparisons,
based on the Monte Carlo simulation using the AlphaSim implementation in REST (Song et al., 2011).
Cluster-wise analyses were run on within-network connectivity to explore which areas were more
strongly or less strongly connected with a specific network. Large-scale networks for each treatment
group, as well as the differences between them were visualized with MRIlcron. Furthermore, scores
of the personality and impulsivity questionnaires were included as covariates of interest in the group
comparison to evaluate potential influences of individual characteristics over the functional
connectivity changes. A separate model was run for each subscale or total. The existence of a
modulation was determined by changes in functional connectivity within the network candidates at a
more flexible exploratory threshold of p<.005. In this case, we extracted the parameter estimates
with a sphere of 6mm of the main analysis (to avoid circularity) and correlated it with the specific
scale (Pearson’s r correlation, 2-tailed). We applied all 4 subscales, the total of the TCl, all 3 subscales
and the total of the BIS for a sum total of 9 scores. Therefore, the p-value was set to p < 0.5/9 =
0.006 to correct for multiple testing. Lastly, Pearson’s correlation coefficients were calculated to
identify the differences across the large-scale networks within and between the two treatment

groups and correlation matrices were produced by averaging correlations for each pair of network
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over all subjects. The correlation maps were visualized with MATLAB 2012a (The MathWorks, Inc.,
Natick, MA, USA). To estimate treatment group differences in the matrices, correlation coefficients
were r-to-z transformed and entered into a two-sample t-test with a p-value Bonferroni corrected for
multiple testing (5 networks: p < 0.5/5 = 0.01). This inter-network analysis was done to support the
results of the intra-network analysis and to account for the issue with the large degree of false
positive results with SPM analysis, as demonstrated in a recent fMRI method paper (Eklund et al.,

2016).

5.4 Results

The neural networks of 38 participants (mean age 24.95+3.39y) were analyzed in this study.
The analysis of the mean displacement to evaluate whether head motion might contribute to the
following results in functional connectivity showed no significant differences across treatment groups
(placebo: M=1.29 SD=0.95; OT: M=1.34 SD=0.93; T=0.24, p=0.810). The gICA vyielded 5 large-scale
networks, namely the VS, the VA, the DM, the FP, and the CO networks, defined according to the
spatiotemporal configuration presented in multiple studies (Deco and Corbetta, 2011; Finn et al.,
2015; Sylvester et al., 2012; Vaidya and Gordon, 2013; Zhang et al., 2015). All networks were well
represented in both treatment groups as shown in Figure 1 and in more detail in Supplementary

Figure 1 and 2.

A) Pl Networks

Figure 1: Functional connectivity across networks within Pl A) and OT B) treatment groups.

Networks were identified after gICA: VS (blue), DM (red), VA (green), FP (yellow) and CO (pink).
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glICA = group independent component analysis, Pl = placebo, OT = oxytocin, VS = visual network, DM
= default mode network, VA = ventral attentional network, FP = fronto-parietal network, CO =

cingulo-opercular network

5.4.1 |Intra-network functional connectivity

At first, we identified differences in intrinsic functional network connectivity between both
treatment groups (Supplementary Table 2). The strongest effect of oxytocin treatment concerned the
functional connectivity within the VA (Figure 2A). Within the VA network, in contrast to placebo
oxytocin significantly reduced the functional connectivity to regions typically belonging to the nodes
of the DM, such as medial frontal, pregenual and subgenual ACC regions along with the precuneus,
posterior inferior parietal lobe and hippocampus. In contrast, oxytocin significantly increased the
functional connectivity to edges of the CO network, such as the superior Al, postcentral and superior
parietal regions, medial septum, and inferior parietal lobe. Additionally, oxytocin decreased the
functional connectivity within the ventral tegmental area (VTA), the central operculum, the inferior
Al and the brain stem. The analysis of the CO network also revealed reduced functional connectivity
in the VTA and cerebellum with the oxytocin versus placebo treatment (Figure 2B). Conversely,
oxytocin strengthened functional connectivity within this network in the nucleus accumbens (NAcc)
and supramarginal gyrus. Lastly, the analysis of the DM network showed that within this network no

direct influence of oxytocin in contrast to placebo was statistically relevant (Figure 2C).
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A) FC within the VA Differential FC of the VA

OT> PI

C) FC within the DM

Figure 2: Influence of OT on functional connectivity within VA, CO and DM. A) FC within VA after Pl
(blue) and OT (yellow) treatment. Analysis of VA revealed that OT reduced FC (green) to nodes of the
DM (brown) and increased FC (red) to edges of CO (brown). B) FC within CO after Pl (blue) and OT
(yellow) treatment. Analysis of CO (brown) revealed that OT increased FC (red) to the right NAcc and
reduced FC (blue) to the VTA. C) FC within DM after PI (blue) and OT (yellow) treatment. There were
no statistical significant differences after treatment in FC within this network. For visualization
purpose thresholded SPM maps of both treatment groups and networks were overlaid on MRlcron
templates (AlphaSim correction at p<.001 with k<13 for treatment group comparisons). Color bars

represent the intensity of t-values.

FC = functional connectivity, Pl = placebo, OT = oxytocin, VA = ventral attentional network, DM =

default mode network, CO = cingulo-opercular network

89



5.4.2 Functional connectivity and impulsivity scores

In order to investigate whether non-social inter-individual factors have an influence on the
effect of oxytocin over the candidate networks, we correlated the TCl and BIS scales with significant
changes in functional connectivity under oxytocin treatment. However, we did not find any statistical
significant correlations for TCI and BIS scales with significant changes in functional connectivity under

oxytocin treatment.

5.4.3 Inter-network functional connectivity

At last, the inter-network functional connectivity in both treatment groups is shown for all
networks with correlation matrices (Figure 3). Oxytocin significantly decreased the functional
connectivity between the VA and the DM network (t=3.57, p<.001). There was also a trend-level
decrease of the functional connectivity between the FP and the DM network, which did not survive
correction for multiple testing (t=1.98, p=.055). Moreover, oxytocin slightly increased the functional
connectivity between the VA and the FP as well as between the FP and the CO networks, but those

findings were not significant (both p>.05).

Placebo Oxytocin OT > PL

FP CO DM VA FP CO VS DM VA _FP
0.05
0.8
0.6
0.4 {1-0.05
0.2 |
-0.1
| i
‘ -0.15
-0.2

Figure 3: Inter-network functional connectivity matrices for Pl and OT treatment groups. Pairwise

o

CO FP VA DM VS

Pearson’s correlations between time courses of networks are displayed for each treatment group.
Change in network connectivity after OT treatment is displayed in an additional correlation matrix.
Only the difference in FC between VA and DM network was significant (p<.01 Bonferroni corrected
for multiple testing). The reduced connectivity between FP and DM networks was at a trend-level

(p=.055). Colors of the matrices represent the intensity of the averaged z-scores.
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Pl = placebo, OT = oxytocin, FC = functional connectivity, VS = visual network, DM = default mode
network, VA = ventral attentional network, FP = fronto-parietal network, CO = cingulo-opercular

network

5.5 Discussion

To the best of our knowledge, we have conducted the first resting-state study to
systematically investigate the influence of exogenous oxytocin over the most representative
networks for social cognition and salience processing, namely the DM, CO, and VA networks. Our
findings show that oxytocin influenced the VA by decreasing the cross-talk to regions typically part of
the DM nodes and strengthened the functional connectivity to the edges of the CO. Additionally;
oxytocin directly impacted the functional connectivity within the CO, but not the functional
connectivity within the DM. Furthermore, we show that inter-individual impulsivity scores were
differentially correlated with oxytocin effects over CO and VA networks. This study sheds new light

on the network mechanisms by which oxytocin might regulate the salience of social cues.

Based on our data, oxytocin seems to selectively modulate the DM and CO networks, with
the functional connectivity of VA as the key player. The VA is called the ‘circuit breaker’ as it
interrupts the top-down directed attention associated with the FP (Vossel et al., 2014), allowing the
switch to reorient attentional resources to salient stimuli present in the external environment with
the CO network (Corbetta et al., 2008; Corbetta and Shulman, 2002) and vice-versa. Building on this
evidence, our results show that the VA under oxytocin has reduced access to break the DM circuit,
but also increased access to potentiate attention reallocation to the CO network with an increased
capacity of external salience processing. Unbalanced cross-talk between these three networks is in
line with the social salience hypothesis of oxytocin, where an increased sensitivity to external
contextual social cues (e.g. competitive vs. cooperative) environment can occur (OIff et al., 2013;
Shamay-Tsoory and Abu-Akel, 2016). Further evidence for this assumption arises from other
neuroimaging studies that display increased attentional effects in favor of relevant emotional or
social stimuli after oxytocin use (Gamer et al., 2010; Tollenaar et al., 2013; Domes et al., 2016). For
example, in a behavioral study the authors could observe that oxytocin increased the attention
towards both positive and negative facial expressions in healthy male test subjects (Tollenaar et al.,,
2013). Whereas another study conducted in chronic depressed patients found that the attention was
selectively redirected to happy faces and decreased towards angry facial expressions by the use of

oxytocin (Domes et al., 2016). Additionally, a neuroimaging study focusing on the effects of oxytocin
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on the neural activity in the amygdala could not only show that oxytocin modulated selectively the
activation of different amygdala subregions depending on the valence of the presented emotional
facial expressions, but also that oxytocin induced gaze shifts towards the eye region of a face
irrespective of the presented emotional expression (Gamer et al., 2010). Another behavioral study
performed in non-human primates found a decrease in allocation of attention towards negative
emotional expressions (Parr et al., 2013). Despite the differences regarding oxytocins modulation of
attention depending on the tested species, the presentation of specific emotion and whether the
human sample was healthy or not, the results reveal that oxytocin might basically modulates
attentional resources. One major hub for these switches and the reallocation of attention within the
VA could be the TPJ, a region containing parts of the superior temporal sulcus, the angular gyrus, and
the inferior parietal lobe, which has also been affected by oxytocin in a task-based study (Hu et al.,
2016). The TPJ is assumed to be involved in perspective taking and is therefore implicated in
switching between networks (Corbetta et al., 2008). However, there is evidence against the exclusive
role of the TPJ reorientation of networks (DiQuattro et al., 2014), and some authors assume that the
switch would rather rely on the insular cortex, which was also activated during tasks requiring
reorientation and switching between networks (Sridharan et al., 2008). Under oxytocin treatment we
found both a modulation of the superior temporal sulcus/angular gyrus and the Al, indicating that
oxytocin might support the functional decoupling between internal processing to external cues,

redirecting the attention, and switch between the large-scale networks.

According to the social salience theory by Shamay-Tsoory and Abu-Akel (Shamay-Tsoory and
Abu-Akel, 2016), oxytocin regulates mainly the salience network. Through this modulation also the
reorientation of attention to external cues might occur. The Al as a part of the VA or CO network,
respectively, is not only implicated in network switching but seems to also have a prominent role in
salience processing (Menon, 2015; Menon and Uddin, 2010). A meta-analysis by Wigton and
colleagues (Wigton et al., 2015) demonstrated that oxytocin consistently enhanced the activation in
the Al. Even though the authors interpreted this finding as a sign for increased emotion processing, a
modulation of the salience network or of attention by oxytocin is just as well feasible. Moreover, we
found alterations of connectivity within the CO network to other major hubs associated with salience
and motivational behavior, such as the VTA and the vStr, including the NAcc (Menon, 2015). These
structures are fundamentally involved in the dopaminergic reward system (Haber and Knutson,
2010), reinforcing in this context the idea of an interaction between salience processing and reward
(Shamay-Tsoory and Abu-Akel, 2016). The effects of oxytocin on neural activity in VTA and NAcc has
been shown in human studies using monetary and social reward learning tasks (Damiano et al., 2014;
Groppe et al.,, 2013; Hu et al., 2015), and in non-human studies by an interaction between the

neuropeptide and its receptor with the dopaminergic reward system (Romero-Fernandez et al., 2013;
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Shahrokh et al., 2010; Young et al., 2014). Therefore, the significant attenuation of the coupling with
the VTA and the increased connectivity to the NAcc within the CO shown in our results might also

reflect a regulation mechanism of the reward and salience processing system by oxytocin.

Lastly, we could not show that non-social inter-individual factors (Bartz et al., 2011; OIff et
al., 2013), such as impulsivity traits were associated with differential modulation of network
connectivity after oxytocin treatment. Perhaps such associations are rather observed in task-based
studies wherein neural regions are recruited and which are known to be correlated with impulsivity
traits. The limitations of using an rs-fMRI approach must be considered. First, we cannot predict
whether the modulation of networks in this study imply a subsequent modification of behavior. Also,
as we did not include a task-based paradigm for comparison, we cannot draw direct conclusions
regarding the regional activations driven by social and salience processing. Moreover, connectivity
results cannot be generally translated to the activation findings in relevant regions (e.g. Al or VTA)
seen in other studies. Therefore, we also cannot interpret the difference in connectivity to the NAcc

and the VTA within the CO.

Although the mechanisms of how oxytocin influences behavior and its underlying neural
activity in healthy subjects is still not clear, the neuropeptide has already been used in various
experimental and clinical trials in autism (Watanabe et al., 2015), schizophrenia (Shin et al., 2015)
and PTSD (Koch et al., 2016). Considering the development of exploring new possible biomarkers for
psychiatric disorders using large-scale networks in patients (Goya-Maldonado et al., 2015; Sheffield
et al., 2015; Sylvester et al., 2012), future rs-fMRI studies should focus to a greater extent on the
modulation of large-scale networks by this neuropeptide in patient groups. Exploring the effects of
oxytocin on large-scale networks could shed new light on the specific and selective action of the
neuropeptide and might promote optimized pharmacological therapies based on specific
dysfunctional networks. For example, disorders such as PTSD, which show deficits in salience

processing or in reorientation of attention, might benefit from these new results.

All in all, our study contributes by showing the effects of the neuropeptide oxytocin in
modulating the relationship between networks responsible for attentional (VA), emotional (DM) and
salience (CO) processing. These results are in line with the social salience hypothesis, which proposes
a framework of oxytocin increasing sensitivity to context-dependent social cues and therefore
shifting resources towards social affiliations. Therefore, we conclude that oxytocin might prepare the
subject for external information which demands attention and adaptive responses as seen, for
example, in social interactions. As hypothesized, we also show in the VA and CO networks that inter-
individual factors such as attentional and motor impulsivity scores are differentially modulated

within the system by oxytocin.
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5.6 Supplemental Information

Supplementary Table 1: Means and standard deviations of the questionnaires

Questionnaires Mean Standard deviation
TCI
Novelty seeking 21.44 5.95
Harm avoidance 9.71 6.37
Reward dependence 14.56 4.06
Persistence 4.32 1.71
Total 50.03 8.78
BIS
Attention 16.24 2.82
Motor impulsivity 23.26 4.30
Non-planing impulsivity 23.29 4.38
Total 62.79 9.04
MDBF* Pl Mean Standard OT Mean Standard T-Test
deviation deviation
GS -0.88 3.07 0.94 3.61 0.23
WM 3.18 6.12 3.26 7.99 0.62
RU 0.18 3.90 -0.03 4.52 0.32
Total 2.47 9.24 4.18 13.10 0.22

aSubscores for MDBF were calculated by subtraction of scores before and after treatment.

TCl = Temperament and Character Inventory, Pl = placebo, OT = oxytocin, MDBF = Mehrdimensionale

Befindlichkeitsfragebogen, GS = Gute-Schlechte Stimmung (good-bad mood), WM = Wachheit-

Mudigkeit (alertness-tiredness), RU = Ruhe-Unruhe (calm-restlessness).
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Supplementary Figure 1: Functional connectivity across networks within Pl treatment group.

Networks were identified after gICA: VS (blue), DM (red), VA (green), FP (yellow) and CO (pink).
glICA = group independent component analysis, Pl = placebo, VS = visual network, DM = default mode
network, VA = ventral attentional network, FP = fronto-parietal network, CO = cingulo-opercular

network
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Supplementary Figure 2: Functional connectivity across networks within OT treatment group.

Networks were identified after gICA: VS (blue), DM (red), VA (green), FP (yellow) and CO (pink).
gICA = group independent component analysis, OT = oxytocin, VS = visual network, DM = default
mode network, VA = ventral attentional network, FP = fronto-parietal network, CO = cingulo-

opercular network
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Supplementary Table 2: Whole-brain table of effects of oxytocin on functional connectivity within

networks (MNI coordinates/t-values).

Networks OoT>PI OT<PI
[74Y

L MTG B -60-50 4 (4.08)
DM

VA

L SFG - -8 50 26 (3.67)
R MFG 32 6 64 (3.59) -

L mPFC - -8 56 6 (3.90)
L vmPFC - -6 46 -10 (3.39)
R vmPFC - 850-12(3.47)
L ACC - -2406 (3.64)
R ACC - 2 32-2(3.94)

L posterior orbital gyrus
L inferior Al

L superior Al

L central operculum

R posterior ITG

R postcentral gyrus

L SPL

L precuneus

L supramarginal gyrus
L angular gyrus

R angular gyrus
Septum

R Hippocampus

R VTA

L Brain stem

-26 24 18 (4.20)
60 -54 -14 (3.68)
32 -30 42 (4.09)
-28 -48 40 (3.99)

-40-38 38 (4.31)

50 -46 48 (4.03)
0166 (3.96)

-3226-18 (4.28)
-30 14 -20 (3.83)

-34-22 22 (3.75)

-2 -56 26 (3.64)

-44 -66 36 (4.31)
30-8-22(3.51)
8-14 -12 (3.85)

-2 -28-18 (3.59)
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FP

R dorsal PFC - 1040 38 (4.38)
L FEF - -10 14 56 (4.41)
R FEF - 16 22 52 (4.39)
R Al - 26 16 -16 (4.18)
LSTG - -60 -28 2 (3.57)
R STG - 66 -24 -2 (3.55)
L parietal operculum - -28 -28 24 (4.11)
L SPL/angular gyrus - -28 -66 50 (4.48)
co

R supramarginal gyrus 62 -34 28 (3.67) -

R NAcc 1018 -4 (3.96) -

LVTA - -8 -22 -10 (4.23)
R Cerebellum - 10-48 -8 (4.22)

Reported activations are significant with AlphaSim correction at p<.001 with an extended threshold
of k=13. MNI coordinates. Pl = placebo, OT = oxytocin, R/L = right/left, VS = visual network, DM =
default mode network, VA = ventral attentional network, FP = fronto-parietal network, CO = cingulo-
opercular network, MTG = middle temporal gyrus, SFG = superior frontal gyrus, ITG = inferior
temporal gyrus, MFG = medial frontal gyrus, mPFC = medial prefrontal cortex, ymPFC = ventromedial
prefrontal cortex, ACC = anterior cingulate cortex, Al = anterior insula, SPL = superior parietal lobe,
VTA = ventral tegmental area, FEF = frontal eye field, STG = superior temporal gyrus, NAcc = nucleus
accumbens.
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Chapter 6

General Discussion
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6.1 Summary of results

This thesis presents three neuroimaging studies addressing the main question whether
oxytocin also modulates neural activity, connectivity or task performance even when no social
context or stimuli are presented. The results clearly demonstrated effects on neural activation,
functional connectivity and on behavior. First, the contribution of OXTR SNPs in a non-social decision-
making paradigm was evaluated by using an imaging genetics approach. Then the system was probed
by using intranasal administration of oxytocin with both non-social and social stimuli. Lastly a resting-

state fMRI without stating a task was applied to investigate the basic mechanism by oxytocin.

In the imaging genetics study, two of the three candidate OXTR SNPs were associated with a
modulation of neural activity and functional connectivity in key regions of the reward system during
the DRD paradigm. Alterations were seen for the desire context by modulation of the bottom-up
related signal in trials receiving a reward, and for the reason context by modulation of top-down
control in trials rejecting a reward. Participants who were homozygous for the major allele of the
OXTR SNP rs1042778 expressed more bottom-up related activity in the vStr in the desire context
which was positively correlated with attentional impulsivity. Conversely, minor allele carriers showed
a greater suppression of the reward-related activity in the reason context. This was associated with
better cognitive control and therefore to significantly better performance in the rejection of reward
stimuli in reason situations. In accordance with this, GG carriers had a stronger coupling between the
vStr and the VTA in desire situations which was negatively correlated with harm avoidance for the
minor allele carriers. Moreover, A carriers displayed an enhanced connectivity between the vStr and
the avPFC in reason situations. For the OXTR SNP rs237897 an interaction of gender with the activity
in the VTA could be detected. Female participants, homozygous for the major genotype, presented
more activation in the left VTA compared to male participants carrying two major alleles. Altogether,
this results strongly suggest that OXTR polymorphisms are able to modulate reward-related as well

as control-related activity even in a non-social decision-making paradigm.

With the administration of intranasal oxytocin, an opposite modulation of activity and
functional connectivity regarding non-social compared with social context was shown. In the non-
social desire situation oxytocin reduced bottom-up activity within the vStr, probably by enhancing
top-down control due to strengthening the negative coupling between frontal and mesostriatal
regions. In non-social reason situations, the vStr was less suppressed after oxytocin administration,
possible due to decreased top-down control by stronger positive coupling to the avPFC. By inducing
negative emotion by presenting fearful faces in the social condition, the pattern of neural responses
and functional connectivity reversed. While oxytocin increased the activation in the vStr in desire

situations, it reduced the activation in reason situations. This change in activity was paralleled by
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stronger positive coupling in the desire context and less coupling as well as negative coupling in the
reason context. In addition to the reward system also the interactions with the amygdala were
examined. Depending on valence oxytocin decreased amygdala activation for fearful faces and
increased amygdala activation for positive faces in trials containing no reward stimulus. The altered
activity within the reward system by oxytocin might be the reason for an impaired performance
during both desire and reason situations. Surprisingly, after oxytocin treatment participants were less
accurate in selecting target stimuli than in rejecting the reward stimulus and vice versa for the
placebo. This does not indicate disturbed stimulus-association learning as they were conditioned
before treatment but rather than impaired working memory. To sum up, the comparison between
the effects of oxytocin yielded that oxytocin influences corticomesolimbic regions in opposite
direction depending on the condition, non-social or social. Whereas in the non-social condition both
reward-related signals as well as top-down control related connectivity were inhibited by oxytocin,
both bottom-up signals as well as suppression of these signals were increased by oxytocin in the

social condition.

Lastly, in the resting-state fMRI study oxytocin changed the functional connectivity within
and between large-scale networks even without engagement in a task. Surprisingly, oxytocin did not
alter functional connectivity within the DM network. An alteration in the DM was expected as this
network largely consists of regions known to be involved in social cognition and to be modulated by
oxytocin (for instance Kumar et al., 2015). However, oxytocin mainly influenced the VA, including
regions associated with attentional processing, by decreasing the cross-talk to regions typically part
of the DM nodes and strengthened the functional connectivity to the edges of the CO, involving
regions linked to salience processing. Additionally, oxytocin directly impacted the functional
connectivity within the CO. Therefore, one basic mechanism of oxytocin might be to redirect
attention (VA) from self-referential processing (DM) to the external environment, preparing for
reception of salient information (CO). Overall, the impact of oxytocin might rely more broadly in

changing the correlates of attention and salience processing than only in influencing social stimuli.

I”

6.2 Oxytocin — not only a “social” neuropeptide

Although most of the current research concentrated on oxytocin’s role in emotion processing
and social cognition, a few studies considered non-social effects as well. In the next section the
findings of the present thesis will be discussed in the light of several major publications concerned

with non-social effects.
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The study by Damiano et al. (2014) is so far the only neuroimaging study focusing on
modulations of OXTR SNPs on reward-related activation and associated behavior during a non-social
monetary incentive delay task. Although they evaluated the same SNP as | have, they could not find
any modulation by the OXTR SNP rs1042778. This might be due to their smaller sample size or due to
differences between the applied paradigms. However, they found an association of the risk allele of
OXTR SNP rs2268493 with decreases in activity in the NAcc, the ACC, the postcentral gyrus, the insula
and the thalamus, indicating not only a modulation of the core reward-system but also of the

reward-related areas.

Moreover, the intranasal oxytocin administration study by Nawijn et al. (2016), using the
same task, found a modulation in PTSD patients and in trauma-exposed controls. They observed an
increase in both groups of activity in the striatum, in the dACC and in the insula, but no effects on
performance. Whereas the striatum is mainly suggested to be involved in reward-related processes
(Diekhof et al., 2012), the dACC and the insula are known as key structures of the salience system
(Menon, 2015). Interestingly, the observed increase in activity for control subjects is contrary to my
findings. Considering a comparable sample size, the difference refers on the task as already
suggested for the study by Damiano et al. (2014). This would suggest that the experimental context
would be a much more powerful moderator on oxytocin function than previously assumed (Bartz et
al., 2011; OIff et al., 2013). Oxytocin is known to normalize abnormal activity in the salience network
in PTSD patients (Koch et al., 2016, 2014). A reason for the effects of oxytocin on neural activity in
PTSD patients not to differ from the effects in controls, could be that the trauma-exposing events in

the controls already entailed alterations in the neural correlates of salience processing.

Very recently, a modified version of the MID task was used in healthy participants under
oxytocin treatment (Mickey et al., 2016). In contrast to my results, the authors do not find any
impact of accuracy but an overall treatment effect on reaction time with lower times for oxytocin. In
their region of interest analysis on the VTA and the NAcc a prolonged BOLD response for anticipation
of incentive rewards was observed in the VTA but not in the NAcc. In a further whole-brain analysis
they could show decreased activation of clusters belonging to the mPFC during the anticipation of
monetary loss. As they report a main reason for missing detecting of any changes in the NAcc might
rely on the sample size of 18 subjects. This might be too small to discover small to moderate effects
as | found with the larger sample size used in the administration study. The main discrepancy
between their findings and the results of the here described administration study again might be due
to the application of different decision-making paradigms. Besides, since their lack any connectivity

studies they were not able to investigate the modulation between their key regions.
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Furthermore, Striepens et al. (2016) observed modulation of cognitive control by intranasal
oxytocin in a reward-related food intake task. Indeed, the authors found decreased activity in the
putamen, nucleus caudatus and midbrain regions indicating a suppressed reward-related bottom-up
signal. Complementary to this, they reported activity in the ACC, precuneus and frontal regions
possibly reflecting an increase in top-down related cognitive control. This pattern was shown in a
condition which demanded cognitive control and was therefore comparable to the reason situation
in the here described study. Contrarywise, | found an inhibition of top-down connectivity and an
increase of activity in the reward system. Interestingly, the results in Striepens et al. (2016) were
more in line with the results from the neuroimaging genetics study which found suppressed activity
in the ventral striatum as well as enhanced coupling to the avPFC in minor allele carriers for the OXTR
SNP rs1042778. Nevertheless, attention should be paid to two facts. First, the minor allele carriers
were assumed to feature lower oxytocin levels in plasma (as shown in Feldman et al., 2012). Second,
Striepens et al. (2016) studied the effects in women, whereas | studied both genders in the
neuroimaging genetics study and only male participants in the intranasal oxytocin administration
study. As described in the introduction, opposite sex-specific reactivity patterns elicited by oxytocin
were also found in the activation of the striatum and other reward-related areas during a social
reciprocated cooperation paradigm (Feng et al., 2014; Rilling et al., 2014). Therefore, the differences
between the reward-related food intake study and my results seem to be based on moderation by

gender.

In a behavioral study, oxytocin increased cooperation when social information was
presented, but decreased cooperation and lead to a risk-adverse strategy without social information,
in comparison to placebo (Declerck et al., 2010). In accordance to my results a behavioral effect in a
non-social condition is reported. Moreover, similar to the observation of impaired memory effects
after oxytocin administration, the behavioral effects after oxytocin administration in a non-social
context may be categorized as maladaptive (Declerck et al., 2010). Nonetheless, my findings showed
no difference between emotional and non-social conditions regarding behavioral outcome. Besides,
there are some publications on the issue that oxytocin might impair memory in non-social conditions.
For instance, Kim et al. (2016) could demonstrate that knockout of the CD38 gene in mice, which is
involved in the secretion of oxytocin, led to impaired learning and memory in spatial as well in non-
spatial tasks. As already mentioned in the introduction, impaired memory processes were also seen
for social as well as for non-social words in a recall task (Heinrichs et al., 2004) and for social and non-
social visual memory performance (Herzmann et al., 2012) in humans. This is in line with my results. |
found a significant lower performance level in general in reward-based decision-making after
oxytocin administration irrespective of social or non-social condition. Interestingly, the performance

was disturbed for the target trials in particular and not for the desire trials. The target trials
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contained stimuli which were shortly presented in the beginning of every block and the reward
stimuli were operationally conditioned by stimulus-reward-association learning previous to the
experiments. The more pronounced impairment for the memory of target trials leads to the
assumption that merely the working memory in frontal areas was disturbed by oxytocin. The
stimulus-reward-association which is based on the processes in the NAcc and VTA of the

dopaminergic reward system (Jimura et al., 2013) was not significantly reduced.

Overall, all three of the approaches (the resting-state fMRI study will be discussed later)

applied in this thesis could confirm the modulation of non-social effects by oxytocin (Figure 3).

2. Study

Intranasal

administration study
—task-based

1. Study
Neuroimaging
genetics approach

Non-social
effects

3. Study
Intranasal
administration study
— task-free

Figure 3: Investigating non-social effects of oxytocin by the use of three different approaches.
Study 1 and 2 were tasked-based neuroimaging studies exploring the modulation of non-social
effects by oxytocin in behavior and cognition (decision-making paradigm) as well as on a neural level.
Study 1 applied a neuroimaging genetics approach, whereas study 2 used intranasal administration
of oxytocin. Study 3 applied also intransal administration of oxytocin but in a task-free paradigm in
order to investigate the functional connectivity changes of large-scale brain networks by oxytocin.
Despite the use of the differerent approaches all three studies could show non-social effects of

oxytocin either on a neural level or both on a behavioral and a neural level.

104



The findings of the increased reward related activity in the social desire situation after
intranasal oxytocin administration are in accordance with other oxytocin studies showing an
enhanced bottom-up signal in the striatum during reciprocated cooperation (Feng et al., 2014; Rilling
et al., 2012) and trust adaptation (Baumgartner et al., 2008), in the VTA for socially reward-related
stimuli (Gregory et al., 2015) and in a social reward-based decision making task (Groppe et al., 2013)
and in the NAcc and the VTA for pair-bonding (Scheele et al., 2013). Moreover, the results replicated
those of a previous neuroimaging study on the DRD paradigm which also showed an increased
coupling between the amygdala and the vStr in the presence of reward and emotional information
(Kramer and Gruber, 2015). According to a model by Bos et al. (2012), oxytocin might facilitate social
behavior by enhancing cognitive control from prefrontal regions and by its effects on the reward

system, respectively.

Besides, my fMRI data contribute to the discussion whether oxytocin attenuates the neural
activity in the amygdala during emotion processing regardless of the shown valence (Domes et al.,
2007a) or whether it acts with specificity on emotion processing (Gamer et al., 2010; Shin et al.,
2015). As | found a reduction of activity in the amygdala for negative emotions and an increase in the
activity for positive emotions, the results support the assumption of oxytocin’s selectivity. Still no
significant behavioral effect regarding the valence of the stimuli were observed. According to the
GAAO hypothesis (Harari-Dahan and Bernstein, 2014) oxytocin down-regulates the cortico-amygdala
threat circuitry underlying avoidance/withdrawal, and up-regulates the dopaminergic reward
circuitry underlying approach. Therefore, the behavioral outcome in the decision-making task might
be the same for negative and positive valenced stimuli in terms of salience so that both emotional

situations might entail approaching behavior under oxytocin treatment.

The PFC is assumed to exert top-down control and to regulate reward-relating processing,
especially in the vStr (for example Ferenczi et al.,, 2016) and although it is known that oxytocin
modulates dopaminergic responses in the mesocorticolimbic circuit (for review see Love, 2014). The
functional connectivity between the PFC and the vStr as displayed in both task-based studies has not
been investigated yet. Nevertheless, several neuroimaging studies focused on the coupling between
the PFC and the amygdala. For example, in a recently published neuroimaging study on extinction of
fear conditioning, the authors observed that intranasal administered oxytocin increased reactivity in
the PFC and inhibited activation in the amygdala (Eckstein et al., 2015), implying a top-down control
on automatic limbic processing. Moreover, a neuroimaging genetics study applying resting-state fMRI
reported that oxytocin reduced coupling between the PFC and the amygdala (Wang et al., 2013). A

similar inhibitory modulation by oxytocin on coupling between the PFC and the NAcc or the VTA in
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reward-based studies is conceivable, supported by the fact that both regions are known to express

oxytocin receptors (for review see Stevens et al., 2014).

| performed a large-scale resting-state fMRI study with the aim to identify basal changes by
oxytocin independently of a social or non-social context. Contrary to other studies investigating the
influence of oxytocin on functional connectivity as | reviewed in the introduction, | applied an ICA.
The ICA offers the advantage that the regions of interest (networks) are be separated automatically.
Therefore, | could study the effects of oxytocin on several regions without being biased by choosing
the seed regions. Yet the absence of modulation within the DM network was surprising. As |
reviewed in the introduction, several behavioral and also neuroimaging studies suggest that oxytocin
acts mainly on processes in neural structures belonging to social cognition circuits (for review see
Zink and Meyer-Lindenberg, 2012). In a neuroimaging study on decision-making on judgements for
self- and other traits (Zhao et al., 2016) oxytocin increased other traits judgements, which went along
with reduced activation in the mPFC and its functional coupling with the precuneus and the ACC,
indicating an inhibition of activity in the region of the DM network. In addition, several resting-state
studies focusing on functional connectivity between regions underpinned this claim. For instance, in
a resting-state paradigm by Riem et al. (Riem et al., 2013) a decrease in functional connectivity
between the posterior cingulate cortex, which is a central node of the DM network (Li et al., 2014),
and the brainstem was observed following oxytocin treatment. Another resting-state fMRI study
found significantly reduced connectivity between the bilateral amygdala and the right precuneus,
again a key node of the DM network and possessing an important role in social cognition (Kumar et
al., 2015). However, | found that oxytocin administration in the resting-state fMRI paradigm
modulated the VA and the CO networks, implicated in attention and salience processing, and thereby
reduced also the connectivity between the VA and the DM networks. In comparison with the task-
based studies | performed in order to investigate possible effects in a non-social task, this result is
much more intriguing. Not only can a modulation of functional connectivity by oxytocin was
observed without the presence of social stimuli or even a task. Moreover, the results indicate that
the preselection of regions of interest belonging to the DM network in previous studies, might not
have been the best option to study the basic effects of oxytocin. The finding supports the idea that
the changes of functional connectivity within the VA network is a basic mechanism by which oxytocin
redirects attentional resources from internal self-referencing processes (DM network) to external
salient cues (CO network), possibly preparing the brain for contextual-dependent salience

processing.

Altogether, a basal mechanism by which oxytocin might modulate neural responses may be

through the allocation of attentional resources to salience processing networks. The task-based
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administration study gives furher insight into the selective effects of oxytocin depending on the
presence of socio-emotional context (Figure 4). However, as the resting-state study did not account
for task-based effects, it is still an open question, whether non-social and social stimuli would
additionally alter the effects of oxytocin on large-scale networks and lead to different outcomes
during various tasks. Future studies should focus on the gaps of information between the assumed

basic mechanism and the observed neural and behavioral changes during a task.

Task-free: Basic mechanism

Modulation of functional connectivity
in attentional and salience related Task-based: Modulation of socio-
brain networks emotional effects

Enhancement of reward related bottom-up
signal and top-down control

)

Figure 4: Summary and challenges of the neuroimaging studies applying intranasal administration
of oxytocin. The resting-state fMRI study suggested a basal mechanism by which oxytocin might alter
neural processing. The neuroimaging study applying a reward-related task showed contrary effects of
oxytocin in the modulation of neural activity and connectivity depending on the socio-emotional
content. Although, an influence on the functional connectivity within the salience network to regions
of the reward system could be observed in the task-free paradigm, there is still the question on how

this might be altered by additional tasks or emotional input.

To sum up, the neuroimaging studies presented in this thesis extended the current literature
on oxytocin research. One the one hand, they represent a clear support for the claim that oxytocin
does not act selectively on socio-emotional processes but also impacts non-social cognition and
behavior as well as related brain activity. The results are in line with other findings supporting the

broad range of cognitive and neural targets influenced by oxytocin. They give new and intriguing
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insight into the changes in neural activation during non-social and social reward-based decision-
making situations. Moreover, a new association of an OXTR SNP with neural activity and functional
connectivity in a reward-based paradigm is reported which should be replicated and extended in the
future. Furthermore, the findings of the resting-state fMRI study shed new light into the basic

mechanisms of oxytocin — free of social, emotional and task-based influences.

6.3 Which theory could account for the observed effects of oxytocin?

| observed modulation of behavior and brain activity associated with intranasal oxytocin and
with OXTR polymorphisms also in a non-social decision-making task behavior. Therefore, the social
cognition theory is clearly not the one that best explains these findings. In addition to this, the results
of the resting-state fMRI experiment demonstrate that the main changes in functional connectivity
occur in networks associated with attentional and salience processing reaching the DM but not in the

DM network itself, which overlaps to a great extent with the social brain (Li et al., 2014).

Due to the fact that the social salience hypothesis (Shamay-Tsoory and Abu-Akel, 2016)
suggests that the amygdala is the key regulator in the process of salience-regulation and additionally
that oxytocin only modulates social salience and not non-social salience, it is intricate to confirm this
hypothesis on the findings of the neuroimaging genetics study. The experiment was not designed to
optimally investigate amygdala reactivity and connectivity. Also, the task did not include social or
emotional stimuli or contexts. The same is true for the fear/stress approach which is based on a
presumed role of oxytocin for the regulation of the stress and emotion processing circuits (Neumann
and Slattery, 2016). However, some aspects of the current findings may be interpreted within the
theoretical framework of the social salience theory. For instance, the reward stimulus was perceived
as salient due to its association with a reward and therefore, depending on the specific genotype, the
coupling within the dopaminergic reward system was strengthened. Conversely, in the reason
context the functional connectivity to the avPFC was reduced for the major allele carrier which might
have resulted in a weaker top-down control and therefore in a less successful suppression of the
reward related activity. As the salience of the reward stimulus remained unchanged the reward-
related activity might have sustained. Now, in order to attend the salient stimulus, the cognitive
control had to be inhibited by oxytocin. The interaction effect of OXTR SNP rs237897 with gender,
associated with modified activation in the VTA during a reason contrast, might depend on the
responsivity of the dopaminergic system. According to the theory the reactivity to a modulation
associated with oxytocin might be based on factors such as gender (Shamay-Tsoory and Abu-Akel,

2016). Females carrying both major alleles could possess a more responsive dopaminergic system
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which might induce a greater oxytocin-mediated modulation of the reward-related signal in the VTA.
Here, the prefrontal circuit would not be involved. A potential reason could be that the
responsiveness of the dopaminergic system could rely on denser distribution of OXTR specific to the
VTA but not predominant prevalent in the PFC. It is important to mention that these are speculations

and further investigations on the neurophysiological and neurobiological level are necessary.

In correspondence with the GAAO (Harari-Dahan and Bernstein, 2014) which assumes a
modulation of reward-related areas to facilitate approach behavior, oxytocin carriers homozygous
for the major allele of the OXTR SNP rs1042778 exhibited enhanced bottom-up related signal
strength in the reward system, a stronger coupling between the vStr and the VTA in the desire
context, and failed more often to reject the desired reward stimulus in dilemma trials in comparison
with the minor allele carriers. Moreover, the major allele was associated with enhanced oxytocin
plasma levels in a previous study (Feldman et al., 2012), indicating that in the current experiment, a
higher amount of available oxytocin led to an increase in reward-related responses which in turn
facilitated approach behavior in the dilemma situation. However, this approach behavior was not
seen in the desire situation but in the reason situation which was accompanied by a relatively weaker
coupling with the avPFC. This fact in turn leads to the assumption that the less accurate performance
was not generated by a higher bottom-up signal but by a weaker top-down control of the avPFC,
meaning that oxytocin might have modulated both desire as well as cognitive control linked to the
avPFC. According to the GAAO the involvement of limbic-cortico circuits might modulate avoidance
behavior (Harari-Dahan and Bernstein, 2014). In this framework oxytocin in the current experiment
might have modulated both approach and avoidance circuits underlying approach-avoidance
behavior to generate the effects seen on behavior and on the neural level. As the GAAO approach
mainly focused on explaining behavioral effects, | do not discuss purely speculative links to the neural
modulation by the interaction of gender and the OXTR SNP rs237897. Nevertheless, again as the DRD
paradigm builds on the assumption that reward stimuli, learned by preceding reward-stimulus-
associations, are desired by the participants, it is surprising that effects for both SNPs are mostly
observed in the reason context and therefore in an avoidance situation rather than in a situation

facilitating approaching motivation. This question remains to be addressed by further studies.

The effects on neural responses in the non-social decision-making condition under oxytocin
administration is not addressed by any of the described theories of oxytocin function. Indeed, a
stronger top-down control by enhanced negative coupling with the avPFC and the insula as well as
with the amygdala and the VTA is observed in the non-social desire situation which led to suppressed
bottom-up activation. Contrary, in the reason situation there is less positive coupling with the

amygdala and strong positive coupling with the avPFC accompanied with an increase in the bottom-
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up activity in the vStr. Regions related to the PFC are supposed to act in an opposite way on the vStr,
which might explain the contrary functional couplings between the desire and the reason context
(Jimura et al., 2013). However, the social salience theory would expect no modulation of the activity
and functional connectivity in the absence of social stimuli, whereas the GAAO would assume the
reversed neural pattern as the reward related stimulus should activate oxytocin-induced approach
motivation. In contrast the social decision-making condition can be explained by nearly all of the
approaches. On the one hand, according to the fear/stress account oxytocin elicited its anxiolytic
properties by boosting top-down control in trials presenting negative emotional information. This
possibly caused attenuated amygdala reactivity. Otherwise, the bottom-up activation in the VTA and
the vStr amplified due to the presence of a reward and a social stimulus which is in accordance with
the social salience theory as well as with the GAAO. The first one would interpret the boost in reward
related activity as a sign for increased salience by oxytocin, which is supported by the enhanced
functional coupling between the vStr, the amygdala and the VTA and the latter one would suggest
that the increase of bottom-up activity reflected the motivation for approaching the desired
stimulus, which in turn is underpinned by enhanced positive coupling with the IFG and the
precuneus, structures involved in social cognition tasks (Kumar et al., 2015; Voorthuis et al., 2014;
Zhao et al., 2016). However, the oxytocin provoked reversal of the strong limbic-reward coupling and
the decrease in striatal arousal in absence of reward in the reason contrast, which cannot be
explained by the fear/stress approach as the emotional content is still unchanged even though the
reward related activity and the functional connectivity is altered. Because of the missing reward or
salient stimulus respectively, the salience-processing in the reward system is diminished and only the
cortico-limbic pathway is affected by oxytocin, which would lead to a stronger top-down control
according to the social salience hypothesis. In the framework of the GAAO oxytocin acted on the
avoidance pathway. Nevertheless, it is not clear why oxytocin would improve avoidance motivation
by enhancing the top-down control, it is more likely that the negative coupling between

hypothalamus and vStr resulted in the stronger reduced bottom-up signal in the reason context.

The basic mechanism by which oxytocin modulates neural processing and possibly
subsequent behavioral responses and actions seems to be based on alterations in the functional
connectivity within the VA network. Moreover, my results reveal that oxytocin modulated functional
connectivity within and between the VA and CO networks, networks implicated in attentional
processes and in salience processing respectively. This fits very well with the social salience
hypothesis, which assumes that the basic mechanisms of oxytocin depend on dopaminergic-
oxytocinergic interactions in the reward and salience system as well as on attention regulation
mainly in the amygdala, frontal eye field and superior colliculi (Shamay-Tsoorie and Abu-Akel, 2016).

Indeed, there were no significant functional seen in the amygdala or other mentioned regions.
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However, oxytocin influenced the functional coupling of the CO network with the NAcc and the VTA,
which might be the key player in the process of salience attribution (for review see Koch et al., 2014).
Results suggest that the VA network is a basic mechanism by which oxytocin redirects attentional
resources from internal self-referencing processes (DM network) to external salient cues (CO
network), possibly preparing the brain for contextual-dependent salience processing. One major
limitation is the fact, that the resting-state fMRI study not only did not involve social stimuli but also
was performed completely task-free. The suggested oxytocin mechanisms in the social salience
theory appear to presuppose an essential condition, the involvement of social stimulation. Overall,
mounting evidence strongly suggests that oxytocin acts on activity as well as on the functional
connectivity of the structures, therefore, the social salience theory should be revised. However, more
research is needed before obtaining a definitive answer to the basic mechanism of oxytocin in the

brain.

Until now, there is no present theory of oxytocin which could account for all the effects |
observed in the studies reported in the present thesis. Indeed, the general approach-avoidance
theory already attempted to account also for non-social effects, but only mainly considered effects
concerning anxiety as well as stress or pain responses. Therefore, it is absolutely essential to expand

current theories in order to also include non-social effects unrelated to stress or anxiety.

6.4 Relevance of the current thesis

First, the findings in the current thesis expand the knowledge on oxytocin’s mechanisms and
functioning in non-social cognition and reward-related behavior, such as action control, which is still
a great gap in the current literature on oxytocin research. Moreover, the investigation of neural
activation and functional connectivity underlying non-social and social situations in a reward-based
decision-making task gives important insight into the way how oxytocin modulates neural reward
processing depending on the social content. Furthermore, it highlights a basic mechanism on the
neural level which might contribute in a significant way to the ongoing debate on the true effects of

oxytocin.

Above all, | expect that the results will have a great impact on the application of intranasal
oxytocin in clinical research. Due to its described enhancing influences on severely types of social
behavior, the neuropeptide has been considered as a potential treatment for improving social
cognitive deficits in several neuropsychiatric and developmental disorders. Indeed, improvement in

social cognition by oxytocin treatment was seen in autism spectrum disorder (for review see
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Guastella and Hickie, 2016), in schizophrenia (for review see Feifel et al., 2016), in drug addiction
(McGregor and Bowen, 2012), in personality disorder (for review see Perez-Rodriguez et al., 2014) as
well as in generalized social anxiety disorder (Gorka et al., 2015) and expected for PTSD (for review

see Koch et al., 2014).

Additionally, | could demonstrate that exogenously administered oxytocin not only
modulated behavioral and neural responses in a non-social reward-based decision-making
experiment, but also that action-control and possibly parts of the working memory system were
impaired in contrast to placebo treatment. This is in line with previous studies observing amnestic
effects in non-social memory (Heinrichs et al.,, 2004; Herzmann et al., 2012) and also with an
investigation of social working memory processing in highly social-anxious individuals exhibiting
decreased performance after oxytocin treatment (Tabak et al., 2016). Enhanced cognitive control by
oxytocin as well as diminished bottom-up signals were previously interpreted as beneficial in studies
on non-social reward-based food intake (Ott et al., 2013; Striepens et al., 2016). In this thesis,
however, the oxytocin-enhanced action-control in the desire situation and the reduced suppression
of the reward-related signal in the reason situation led to less accurate performance. Additionally,
the top-down suppression of the reward-related signal in the vStr was diminished in the reason
context, though; in this situation, a stronger action control would increase the accuracy. Taken
together, the behavioral consequences of oxytocin’s neurophysiological effects on the reward-
system and on areas responsible for cognitive control might differ depending on the context. More
precisely, a behavioral outcome could be regarded as either adaptive or as dysfunctional in a given
situation irrespective of the underlying processes, since a behavior’'s adaptivity is defined by the
specific context and does not reflect a direct measure of the adaptivity of neuronal correlate. The
disorders described above exhibit abnormal functioning of the reward and salience system even in
non-social situations. For instance, the dopaminergic and salience system is suggested to be hyper-
responsive in schizophrenia (for review see Grace, 2016), responses for social as well as non-social
reward are disturbed in autism (Watson et al., 2015) and the salience system is assumed to work
abnormally in PTSD (Koch et al., 2014, 2016). Based on these observations, it cannot be ruled out
that oxytocin might also modulate reward and salience processing independently of a social context

in patients receiving oxytocin as a potential treatment.

Therefore, major aim of the present thesis is to urge caution regarding the use of oxytocin as
a potential treatment in the clinical research field. It would be of value to take heed of the possible
non-social effects of oxytocin, which could highly and adversely affect the tested clinical population

even outside social interactions and situations.
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6.5 Limitations

There are some methodological limitations concerning the neuroimaging genetics approach.
The analysis of dominant models did not enable me to determine whether there were recessive as
well additive effects of the selected OXTR SNPs on brain activity or behavior. Carriers of heterozygous
genotypes could mask effects of the minor allele by a major allele, which affects the outcome in a
high degree. Generally, the most accurate way to investigate the effects of a single polymorphism
might be the additive model accounting for effects of each possible genotype, homozygous for the
minor allele, and heterozygous as well as homozygous for the major allele. However, | chose the
minor carrier allele model for the following reasons. First, the sample size of participants who were
homozygous for the minor allele was much smaller than the other two groups. Indeed, the full
factorial model used in the analysis is able to account for unequal variances. Thus, within an additive
model the minor allele group would have been undersized, rendering any additional investigations of
gender interactions as well as personality and impulsivity interactions unfeasible. Second, as the
minor alleles are also known as risk alleles for autism (for instance Damiano et al., 2014) or impaired
empathy (Feldman et al., 2012) among other maladaptive effects, | focused on the advantages of
using the standard model, which allows examining risk alleles for a comparison across different
studies (Clarke et al., 2011). Furthermore, attempting a replication analysis was beyond the scope of
this thesis. The replication of findings in general is very important for validating the results, but in
neuroimaging studies dealing with common polymorphisms which display only low prevalence on the
population level it is even more important to test for false-positives. Therefore, a replication study is
still required and will be conducted soon. Moreover, the major allele of the OXTR SNP rs1042778,
linked to elevated oxytocin plasma levels, facilitated bottom-up related activity in the desire situation
and weakened top-down suppression in the reason situation of the non-social DRD paradigm. In
contrast, enhanced oxytocin levels after intranasal administration suppressed reward-related
activation in the desire contrast by stronger top-down control, and strengthened and increased the
observed bottom-up signal in the reason contrast in the modified DRD paradigm with non-social
conditions. There are several conceivable reasons for this. First, a measurement of elevated
endogenous oxytocin in plasma does not prove that also central oxytocin is augmented (for instance,
see review by Guastella et al., 2013). Nevertheless, as we did not measure oxytocin plasma level, we
cannot be sure that the major allele carrier really exhibited elevated oxytocin level. Second, until now
it was only suggested that the SNP rs1042778 might have functional variance since it is placed in the
3’ untranslated region of OXTR, and may lead to an increase in oxytocin synthesis, but it is still not
proven by molecular studies. Third, genetic variation in sensitivity to exogenous oxytocin leading to
an opposite pattern in brain activity has already shown for different haplotype blocks of the OXTR

(Chen et al., 2015). Fourth, the effects in the non-social condition of the modified DRD paradigm
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could rely on a carry-over-effect akin to overcompensation in the non-social condition following the
over-regulation mediated by oxytocin in the presence of emotional stimuli. Fifth, differences in the
experimental design parameters between both versions of the DRD paradigm could also account for
the effects. Lastly, also unknown personality or environmental effects could confound the different
outcomes. Hence, future research should pay more attention to these factors and the comparison

between neuroimaging and imaging genetics studies should be performed very cautiously.

In retrospect, the analysis and interpretability of effects would have benefited from a
simplification of the modified DRD design used in the intranasal oxytocin administration study. First,
the design involved so many different conditions that the statistical power within the conditions was
low due to reduced degrees of freedom. Moreover, due to the involvement of a large number of
events the overall duration of the experiment was increased to a level where tiredness and fatigue as
well as habituation concerning the experimental conditions during the task may have influenced
neural processing. Second, the use of neutral emotional faces was not able to successfully serve as
control stimulus for the emotional condition since they elicited no significant differences in the
contrast with fearful or happy faces. Possibly based on the perceived salience effect or on the
rewarding character of a viewed face, neutral expressions also increased activation in emotion-
processing brain areas such as the reward system and the amygdala (see also Fusar-Poli et al., 2009,
Derntl et al. 2009). Thus, the neutral face condition should have been omitted or replaced by another
different carefully chosen control condition. For the current analyses, neutral faces could not be
included in the GLM contrasts in an informative way. At last, | did not measure oxytocin plasma level

to validate whether the intranasal application of oxytocin was absorbed and functional.

One major limitation of using a resting-state fMRI approach is clearly that this cannot predict
whether the modulation of networks implies a subsequent modification of behavior. Also, as | did not
include an additional task-based paradigm for comparison, | cannot draw direct conclusions
regarding the regional activations driven by social and salience processing. However, the additional
analysis of task-based data is in progress. Moreover, connectivity results from the resting state
analysis cannot be generally translated to the activation findings in relevant regions (e.g. Al or VTA)
seen in other studies. Therefore, it is impossible to interpret the difference in connectivity to the

NAcc and the VTA within the CO beyond cautious speculation.

The neural effects seen in the studies are mostly very small and did not survive whole-brain
correction for multiple testing. Along with this, only moderate differences in behavior were observed
after oxytocin treatment. The here described studies were not designed to test the competing
theories on the functioning of oxytocin. Indeed, | believe that the findings presented in this thesis

may significantly contribute to the debate. Also, no theory could solely explain the effects of oxytocin
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observed among all three studies. Therefore, future experiments on non-social cognition, behavior

and brain activity should be performed to fill the missing gaps and to extend the current hypotheses.

6.6 Conclusion and Outlook

From the research that has been presented in this thesis, it is clear that oxytocin has an effect
on behavior related to a reward-based decision-making paradigm using non-social stimuli. Except for
the behavioral effect in the neuroimaging genetics study, intranasal oxytocin might in particular
impair working memory rather than stimulus-condition learning. Distangling the specific mechanisms
behind the impairments in memory performance could give further insight into the underlying
biology. For instance, decreased reward-stimulus-association learning would indicate abnormal
functioning of the reward system by oxytocin, whereas impairments in working memory would
suggest a main target of oxytocin modulation in other brain regions. In addition, the knowledge
about the timing of the mechanism occurrence, such as recognition, encoding, or recall, could lead to
more attentive use of oxytocin in clinical trials. If the encoding is disturbed by oxytocin, recipients of
oxytocin treatment should not take it within or shortly before a learning phase, for instance. By
paying attention to these factors maladaptive side-effects could be avoided. Clearly, further studies
exploring the effects of oxytocin on cognitive control in situations besides decision-making are
required. Due to the fact that oxytocin may interact with dopamine on the corticolimbic or the
mesolimbic pathways depending on context and personality factors discrepancies between studies

are expected.

Moreover, oxytocin modulated neural activity and functional connectivity within the reward
system during performance of this non-social paradigm. The pattern of modulation by oxytocin is
preferentially inhibitory and depending on the given context, either the bottom-up related reward
system or the top-down related cognitive control is suppressed. Interestingly, the review on the
current literature yielded important differences between the results described here and other non-
social investigations. In addition, the findings on the neural level are contrary to the expectations
concerning the modulation of neural activity in the presence of social stimuli by current hypotheses
of oxytocin pathways. Therefore, further research is required to investigate if the strong inhibition in
the non-social condition is based on the characteristics of the used paradigm or if the dynamics on
the neural level can be applied also to other situations. As | emphasized beforehand, it is still
necessary to link the basal mechanism by which oxytocin changes neural processing in a task-free

environement with the observed effects as seen in task-based studies. From major interest would be
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how non-social and emotional input would influence additionally the modulation of large-scale

networks by oxytocin.

Remarkably, the oxytocin-induced changes in activity and functional connectivity as seen in
the non-social condition were completely reversed by emotion processing. In the presence of
emotional content and depending on the context, either the bottom-up signal or the top-down signal
were enhanced by oxytocin administration. Both increases could be explained in terms of some of
the oxytocin hypotheses (Shamay-Tsoory and Abu-Akel, 2016; Harari-Dahan and Bernstein, 2014).
However, the effects of oxytocin in a group comparison in such a complex design are too small to
cover all involved neural regions on a whole-brain-level. Therefore, | had only insight into the
oxytocin induced change in preselected regions of interest and therefore possibly missed true effects
in regions assumed to be involved in these processes by the social salience hypothesis. In an attempt
to gain more insight into the functional connectivity changes, | extended the functional connectivity
analysis to further regions. A more effective approach for future analysis would be to apply dynamic
causal modelling or multivariate pattern analysis. | expect that the underlying processes in the

changes of neural activity would then become clearer.

| could demonstrate associations of two OXTR SNPs with behavior as well as brain activity
and connectivity. As the effects of solely SNPs are in general very small, other approaches such as
multilocus genetic composite analysis or haplotype analysis of diverse significant SNPs will be
conducted in the future. Moreover, a combined analysis using candidate SNPs and intranasal
application of oxytocin could account for oxytocin sensitivity modified by a particular genotype (Chen

et al., 2015).

Lastly, the basic mechanism of oxytocin could be revealed by the investigation of oxytocin’s
effects on large-scale networks. The proposed mechanism is based on the oxytocin-induced changes
in functional connectivity within the attentional network facilitating a switch between self-referential
and salience processing. Furthermore, task performance could be evaluated in order to explore in
which way the modulation of functional networks by oxytocin would change with environmental
stimulation (for instance, simulating the context of a particular a task) non-invasive brain stimulation
techniques, such as transcranial-magnetic stimulation (TMS), could be applied in the future.
Depending on stimulation targets, one might be able to simulate engagements of regions in tasks in

order to explore the response of oxytocin in the modulation of neural connectivity.

In general, the applied methods in the three studies successfully lead to findings addressing
the main questions of the thesis. The combination of standard methods with new techniques or new
experimental designs will broaden the understanding of the mechanisms behind oxytocin’s effects on
behavior, cognition and brain processes.

116



References

Abu-Akel, A., Palgi, S., Klein, E., Decety, J., Shamay-Tsoory, S., 2015. Oxytocin increases empathy to
pain when adopting the other- but not the self-perspective. Soc. Neurosci. 10, 7-15.

Akther, S., Korshnova, N., Zhong, J., Liang, M., Cherepanov, S.M., Lopatina, O., Komleva, Y.K.,
Salmina, A.B., Nishimura, T., Fakhrul, A.A., others, 2013. CD38 in the nucleus accumbens and
oxytocin are related to paternal behavior in mice. Mol Brain 6, 1756—66.

Apicella, C.L., Cesarini, D., Johannesson, M., Dawes, C.T., Lichtenstein, P., Wallace, B., Beauchamp, J.,
Westberg, L., 2010. No Association between Oxytocin Receptor (OXTR) Gene Polymorphisms
and Experimentally Elicited Social Preferences. PLoS ONE 5, e11153.

Atzil, S., Hendler, T., Zagoory-Sharon, O., Winetraub, Y., Feldman, R., 2012. Synchrony and specificity
in the maternal and the paternal brain: relations to oxytocin and vasopressin. J. Am. Acad.
Child Adolesc. Psychiatry 51, 798-811.

Bakermans-Kranenburg, M.J., van lJzendoorn, M.H., 2014. A sociability gene? Meta-analysis of
oxytocin receptor genotype effects in humans: Psychiatr. Genet. 24, 45-51.

Baracz, S.J., Cornish, J.L., 2013. Oxytocin modulates dopamine-mediated reward in the rat
subthalamic nucleus. Horm. Behav. 63, 370-375.

Baribeau, D.A., Anagnostou, E., 2015. Oxytocin and vasopressin: linking pituitary neuropeptides and
their receptors to social neurocircuits. Front. Neurosci. 9.

Bartz, J.A., Zaki, J., Bolger, N., Hollander, E., Ludwig, N.N., Kolevzon, A., Ochsner, K.N., 2010. Oxytocin
Selectively Improves Empathic Accuracy. Psychol. Sci. 21, 1426-1428.

Bartz, J.A., Zaki, J., Bolger, N., Ochsner, K.N., 2011. Social effects of oxytocin in humans: context and
person matter. Trends Cogn. Sci.

Baskerville, T.A., Douglas, A.J., 2010. Dopamine and Oxytocin Interactions Underlying Behaviors:
Potential Contributions to Behavioral Disorders: Dopamine and Oxytocin Interactions
Underlying Behaviors. CNS Neurosci. Ther. 16, e92—e123.

Baumgartner, T., Heinrichs, M., Vonlanthen, A., Fischbacher, U., Fehr, E., 2008. Oxytocin Shapes the
Neural Circuitry of Trust and Trust Adaptation in Humans. Neuron 58, 639-650.

Behan, B., Stone, A., Garavan, H., 2015. Right prefrontal and ventral striatum interactions underlying
impulsive choice and impulsive responding: Assessing Frontostriatal-Related Impulsivity.
Hum. Brain Mapp. 36, 187-198.

117



Beitchman, J.H., Zai, C.C., Muir, K., Berall, L., Nowrouzi, B., Choi, E., Kennedy, J.L., 2012. Childhood
aggression, callous-unemotional traits and oxytocin genes. Eur. Child Adolesc. Psychiatry 21,
125-132.

Berridge, K.C., 2007. The debate over dopamine’s role in reward: the case for incentive salience.
Psychopharmacology (Berl.) 191, 391-431.

Berridge, K.C., Robinson, T.E., Aldridge, J.W., 2009. Dissecting components of reward: “liking”,
“wanting”, and learning. Curr. Opin. Pharmacol. 9, 65-73.

Bertsch, K., Gamer, M., Schmidt, B., Schmidinger, I., Walther, S., Kastel, T., Schnell, K., Blichel, C.,
Domes, G., Herpertz, S.C., 2013. Oxytocin and reduction of social threat hypersensitivity in
women with borderline personality disorder. Am. J. Psychiatry 170, 1169-1177.

Bethlehem, R.A.l., van Honk, J., Auyeung, B., Baron-Cohen, S., 2013a. Oxytocin, brain physiology, and
functional connectivity: A review of intranasal oxytocin fMRI studies.
Psychoneuroendocrinology 38, 962-974.

Betzel, R.F., Byrge, L., He, Y., Goiii, J., Zuo, X.-N., Sporns, O., 2014. Changes in structural and
functional connectivity among resting-state networks across the human lifespan.
Neurolmage 102, 345-357.

Boccia, M.L,, Petrusz, P., Suzuki, K., Marson, L., Pedersen, C.A., 2013. Immunohistochemical
localization of oxytocin receptors in human brain. Neuroscience 253, 155-164.

Born, J., Lange, T., Kern, W., McGregor, G.P., Bickel, U., Fehm, H.L., 2002. Sniffing neuropeptides: a
transnasal approach to the human brain. Nat. Neurosci. 5, 514-516.

Bos, P.A., Panksepp, J., Bluthé, R.-M., Honk, J. van, 2012. Acute effects of steroid hormones and
neuropeptides on human social-emotional behavior: A review of single administration
studies. Front. Neuroendocrinol. 33, 17-35.

Bosch, 0.J., Neumann, I.D., 2012. Both oxytocin and vasopressin are mediators of maternal care and
aggression in rodents: From central release to sites of action. Horm. Behav. 61, 293-303.

Breiter, H.C., Rosen, B.R., 1999. Functional magnetic resonance imaging of brain reward circuitry in
the human. Ann. N. Y. Acad. Sci. 877, 523-547.

Brett, M., Anton, J.-L., Valabregue, R., & Poline, J. B., 2002. Region of interest analysis using an SPM
toolbox [abstract] Presented at the 8th International Conference on Functional Mapping of
the Human Brain. Available on CD-ROM in Neurolmage, Vol 16, No 2.

118



Bruins, J., Hijman, R., Van Ree, J.M., 1992. Effect of a single dose of des-glycinamide-[Arg8]
vasopressin or oxytocin on cognitive processes in young healthy subjects. Peptides 13, 461—
468.

Buckner, R.L., Andrews-Hanna, J.R., Schacter, D.L., 2008. The Brain’s Default Network: Anatomy,
Function, and Relevance to Disease. Ann. N. Y. Acad. Sci. 1124, 1-38.

Bunzeck, N., Duzel, E., 2006. Absolute coding of stimulus novelty in the human substantia nigra/VTA.
Neuron 51:369-379.

Calcagnoli, F., Kreutzmann, J.C., de Boer, S.F., Althaus, M., Koolhaas, J.M., 2015. Acute and repeated
intranasal oxytocin administration exerts anti-aggressive and pro-affiliative effects in male
rats. Psychoneuroendocrinology 51, 112—-121.

Calhoun, V.D., Adali, T., 2012. Multisubject Independent Component Analysis of fMRI: A Decade of
Intrinsic Networks, Default Mode, and Neurodiagnostic Discovery. IEEE Rev. Biomed. Eng. 5,
60-73.

Chang, S.W.C., Gariépy, J.-F., Platt, M.L., 2012. Neuronal reference frames for social decisions in
primate frontal cortex. Nat. Neurosci. 16, 243-250.

Chen, F.S., Kumsta, R., Dvorak, F., Domes, G., Yim, O.S., Ebstein, R.P., Heinrichs, M., 2015. Genetic
modulation of oxytocin sensitivity: a pharmacogenetic approach. Transl. Psychiatry 5, e664.

Chen, S., Ross, T.J., Zhan, W., Myers, C.S., Chuang, K.-S., Heishman, S.J., Stein, E.A,, Yang, Y., 2008.
Group independent component analysis reveals consistent resting-state networks across
multiple sessions. Brain Res. 1239, 141-151.

Churchland, P.S., Winkielman, P., 2012. Modulating social behavior with oxytocin: How does it work?
What does it mean? Horm. Behav. 61, 392-399.

Clark, J.J., Hollon, N.G., Phillips, P.E., 2012. Pavlovian valuation systems in learning and decision
making. Curr. Opin. Neurobiol. 22, 1054-1061.

Clarke, G.M., Anderson, C.A., Pettersson, F.H., Cardon, L.R., Morris, A.P., Zondervan, K.T., 2011. Basic
statistical analysis in genetic case-control studies. Nat. Protoc. 6, 121-133.

Clark-Elford, R., Nathan, P.J., Auyeung, B., Voon, V., Sule, A., Miiller, U., Dudas, R., Sahakian, B.J.,
Phan, K.L., Baron-Cohen, S., 2014. The effects of oxytocin on social reward learning in
humans. Int. J. Neuropsychopharmacol. 17, 199-209.

Corbetta, M., Patel, G., Shulman, G.L., 2008. The Reorienting System of the Human Brain: From
Environment to Theory of Mind. Neuron 58, 306—-324.

119



Corbetta, M., Shulman, G.L., 2002. CONTROL OF GOAL-DIRECTED AND STIMULUS-DRIVEN ATTENTION
IN THE BRAIN. Nat. Rev. Neurosci. 3, 215-229.

Damiano, C.R., Aloi, J., Dunlap, K., Burrus, C.J., Mosner, M.G., Kozink, R.V., Mclaurin, R.E., O’'Dhaniel,
A, Carter, R.M., Huettel, S.A., others, 2014. Association between the oxytocin receptor
(OXTR) gene and mesolimbic responses to rewards. Mol. Autism 5, 1.

D’Cunha, T.M,, King, S.J., Fleming, A.S., Lévy, F., 2011. Oxytocin receptors in the nucleus accumbens
shell are involved in the consolidation of maternal memory in postpartum rats. Horm. Behav.
59, 14-21.

De Dreu, C.K.W., 2012. Oxytocin modulates cooperation within and competition between groups: An
integrative review and research agenda. Horm. Behav. 61, 419-428.

De Oliveira, D.C., Zuardi, A.W., Graeff, F.G., Queiroz, R.H., Crippa, J.A., 2012. Anxiolytic-like effect of
oxytocin in the simulated public speaking test. J. Psychopharmacol. (Oxf.) 26, 497-504.

Declerck, C.H., Boone, C., Kiyonari, T., 2010. Oxytocin and cooperation under conditions of
uncertainty: The modulating role of incentives and social information. Horm. Behav. 57, 368—
374.

Deco, G., Corbetta, M., 2011. The Dynamical Balance of the Brain at Rest. The Neuroscientist 17,
107-123.

Delgado, M.R., 2007. Reward-Related Responses in the Human Striatum. Ann. N. Y. Acad. Sci. 1104,
70-88.

Dembrow, N., Johnston, D., 2014. Subcircuit-specific neuromodulation in the prefrontal cortex. Front.
Neural Circuits 8.

Derntl, B., Habel, U., Windischberger, C., Robinson, S., Kryspin-Exner, ., Gur, R.C., et al 2009. General
and specific responsiveness of the amygdala during explicit emotion recognition in females
and males. BMC Neurosci 2009; 10:91.

Derntl, B., Pintzinger, N., Kryspin-Exner, I., Schapf, V., 2014. The impact of sex hormone
concentrations on decision-making in females and males. Front. Neurosci. 8.

Di Simplicio, M., Massey-Chase, R., Cowen, P., Harmer, C., 2009. Oxytocin enhances processing of
positive versus negative emotional information in healthy male volunteers. J.
Psychopharmacol. (Oxf.) 23, 241-248.

Diekhof, E.K., Falkai, P., Gruber, O., 2008. Functional neuroimaging of reward processing and
decision-making: A review of aberrant motivational and affective processing in addiction and
mood disorders. Brain Res. Rev. 59, 164—-184.

120



Diekhof, E.K., Gruber, O., 2010. When Desire Collides with Reason: Functional Interactions between
Anteroventral Prefrontal Cortex and Nucleus Accumbens Underlie the Human Ability to
Resist Impulsive Desires. J. Neurosci. 30, 1488—-1493.

Diekhof, E.K., Kaps, L., Falkai, P., Gruber, O., 2012a. The role of the human ventral striatum and the
medial orbitofrontal cortex in the representation of reward magnitude — An activation
likelihood estimation meta-analysis of neuroimaging studies of passive reward expectancy
and outcome processing. Neuropsychologia 50, 1252—-1266.

Diekhof, E.K., Keil, M., Obst, K.U., Henseler, |., Dechent, P., Falkai, P., Gruber, O., 2012. A functional
neuroimaging study assessing gender differences in the neural mechanisms underlying the
ability to resist impulsive desires. Brain Res. 1473, 63-77.

Diekhof, E.K., Nerenberg, L., Falkai, P., Dechent, P., Baudewig, J., Gruber, O., 2012b. Impulsive
personality and the ability to resist immediate reward: An fMRI study examining
interindividual differences in the neural mechanisms underlying self-control. Hum. Brain
Mapp. 33, 2768-2784.

DiQuattro, N.E., Sawaki, R., Geng, J.J., 2014. Effective Connectivity During Feature-Based Attentional
Capture: Evidence Against the Attentional Reorienting Hypothesis of TPJ. Cereb. Cortex 24,
3131-3141.

Ditzen, B., Schaer, M., Gabriel, B., Bodenmann, G., Ehlert, U., Heinrichs, M., 2009. Intranasal Oxytocin
Increases Positive Communication and Reduces Cortisol Levels During Couple Conflict. Biol.
Psychiatry 65, 728—-731.

Dodhia, S., Hosanagar, A., Fitzgerald, D.A., Labuschagne, I., Wood, A.G., Nathan, P.J., Phan, K.L., 2014.
Modulation of resting-state amygdala-frontal functional connectivity by oxytocin in
generalized social anxiety disorder. Neuropsychopharmacology 39, 2061—-2069.

Domes, G., Heinrichs, M., Glascher, J., Biichel, C., Braus, D.F., Herpertz, S.C., 2007a. Oxytocin
Attenuates Amygdala Responses to Emotional Faces Regardless of Valence. Biol. Psychiatry
62, 1187-1190.

Domes, G., Heinrichs, M., Michel, A., Berger, C., Herpertz, S.C., 2007b. Oxytocin Improves “Mind-
Reading” in Humans. Biol. Psychiatry 61, 731-733.

Domes, G., Lischke, A., Berger, C., Grossmann, A., Hauenstein, K., Heinrichs, M., Herpertz, S.C., 2010.
Effects of intranasal oxytocin on emotional face processing in women.
Psychoneuroendocrinology 35, 83-93.

Dumais, K.M., Bredewold, R., Mayer, T.E., Veenema, A.H., 2013. Sex differences in oxytocin receptor
binding in forebrain regions: Correlations with social interest in brain region- and sex- specific
ways. Horm. Behav. 64, 693-701.

121



Dumais, K.M., Veenema, A.H., 2016. Vasopressin and oxytocin receptor systems in the brain: Sex
differences and sex-specific regulation of social behavior. Front. Neuroendocrinol. 40, 1-23.

Ebstein, R.P., Israel, S., Lerer, E., Uzefovsky, F., Shalev, I., Gritsenko, I., Riebold, M., Salomon, S.,
Yirmiya, N., 2009. Arginine Vasopressin and Oxytocin Modulate Human Social Behavior. Ann.
N. Y. Acad. Sci. 1167, 87-102.

Eckstein, M., Becker, B., Scheele, D., Scholz, C., Preckel, K., Schlaepfer, T.E., Grinevich, V., Kendrick,
K.M., Maier, W., Hurlemann, R., 2015. Oxytocin Facilitates the Extinction of Conditioned Fear
in Humans. Biol. Psychiatry 78, 194-202.

Eklund, A., Nichols, T.E., Knutsson, H., 2016. Cluster failure: Why fMRI inferences for spatial extent
have inflated false-positive rates. Proc. Natl. Acad. Sci. 113, 7900-7905.

Ellenbogen, M.A,, Linnen, A.-M., Grumet, R., Cardoso, C., Joober, R., 2012. The acute effects of
intranasal oxytocin on automatic and effortful attentional shifting to emotional faces:
Oxytocin and attentional shifting. Psychophysiology 49, 128—-137.

Elmadih, A., Wai Wan, M., Numan, M., Elliott, R., Downey, D., Abel, K.M., 2014. Does oxytocin
modulate variation in maternal caregiving in healthy new mothers? Brain Res. 1580, 143—
150.

Fan, Y., Herrera-Melendez, A.L., Pestke, K., Feeser, M., Aust, S., Otte, C., Pruessner, J.C., Boker, H.,
Bajbouj, M., Grimm, S., 2014. Early life stress modulates amygdala-prefrontal functional
connectivity: Implications for oxytocin effects: Early Life Stress and Amygdala Functional
Connectivity. Hum. Brain Mapp. 35, 5328-5339.

Febo, M., 2005. Functional Magnetic Resonance Imaging Shows Oxytocin Activates Brain Regions
Associated with Mother-Pup Bonding during Suckling. J. Neurosci. 25, 11637-11644.

Feifel, D., Macdonald, K., Nguyen, A., Cobb, P., Warlan, H., Galangue, B., Minassian, A., Becker, O.,
Cooper, J., Perry, W., Lefebvre, M., Gonzales, J., Hadley, A., 2010. Adjunctive Intranasal
Oxytocin Reduces Symptoms in Schizophrenia Patients. Biol. Psychiatry 68, 678—680.

Feifel, D., Shilling, P.D., MacDonald, K., 2016. A Review of Oxytocin’s Effects on the Positive, Negative,
and Cognitive Domains of Schizophrenia. Biol. Psychiatry 79, 222—-233.

Feldman, R., Gordon, ., Influs, M., Gutbir, T., Ebstein, R.P., 2013. Parental oxytocin and early
caregiving jointly shape children’s oxytocin response and social reciprocity.
Neuropsychopharmacology 38, 1154-1162.

Feldman, R., Monakhov, M., Pratt, M., Ebstein, R.P., 2016. Oxytocin Pathway Genes: Evolutionary
Ancient System Impacting on Human Affiliation, Sociality, and Psychopathology. Biol.
Psychiatry 79, 174-184.

122



Feldman, R., Zagoory-Sharon, O., Weisman, O., Schneiderman, I., Gordon, |., Maoz, R., Shalev, 1.,
Ebstein, R.P., 2012. Sensitive Parenting Is Associated with Plasma Oxytocin and
Polymorphisms in the OXTR and CD38 Genes. Biol. Psychiatry 72, 175-181.

Feng, C., Hackett, P.D., DeMarco, A.C., Chen, X., Stair, S., Haroon, E., Ditzen, B., Pagnoni, G., Rilling,
J.K., 2014. Oxytocin and vasopressin effects on the neural response to social cooperation are
modulated by sex in humans. Brain Imaging Behav.

Feng, C., Lori, A., Waldman, I.D., Binder, E.B., Haroon, E., Rilling, J.K., 2015. A common oxytocin
receptor gene ( OXTR ) polymorphism modulates intranasal oxytocin effects on the neural
response to social cooperation in humans: OXTR polymorphism and oxytocin effects. Genes
Brain Behav. 14, 516-525.

Ferenczi, E.A., Zalocusky, K.A., Liston, C., Grosenick, L., Warden, M.R., Amatya, D., Katovich, K.,
Mehta, H., Patenaude, B., Ramakrishnan, C., Kalanithi, P., Etkin, A., Knutson, B., Glover, G.H.,
Deisseroth, K., 2016. Prefrontal cortical regulation of brainwide circuit dynamics and reward-
related behavior. Science 351, aac9698-aac9698.

Finn, E.S., Shen, X., Scheinost, D., Rosenberg, M.D., Huang, J., Chun, M.M., Papademetris, X.,
Constable, R.T., 2015. Functional connectome fingerprinting: identifying individuals using
patterns of brain connectivity. Nat. Neurosci. 18, 1664-1671.

Fischer-Shofty, M., Shamay-Tsoory, S.G., Harari, H., Levkovitz, Y., 2010. The effect of intranasal
administration of oxytocin on fear recognition. Neuropsychologia 48, 179-184.

Flagel, S.B., Clark, J.J., Robinson, T.E., Mayo, L., Czuj, A., Willuhn, I., Akers, C.A., Clinton, S.M., Phillips,
P.E.M., Akil, H., 2011. A selective role for dopamine in stimulus—reward learning. Nature 469,
53-57.

Freeman, S.M., Samineni, S., Allen, P.C., Stockinger, D., Bales, K.L., Hwa, G.G.C., Roberts, J.A., 2016.
Plasma and CSF oxytocin levels after intranasal and intravenous oxytocin in awake macaques.
Psychoneuroendocrinology 66, 185—-194.

Frijling, J.L., van Zuiden, M., Koch, S.B.J., Nawijn, L., Veltman, D.J., OIff, M., 2015. Intranasal Oxytocin
Affects Amygdala Functional Connectivity after Trauma Script-Driven Imagery in Distressed
Recently Trauma-Exposed Individuals. Neuropsychopharmacology.

Friston, K.J., Frith, C.D., Fletcher, P., Liddle, P.F., Frackowiak, R.S.J., 1996. Functional topography:
multidimensional scaling and functional connectivity in the brain. Cereb. Cortex 6, 156—164.

Friston, K.J., Buechel, C., Fink, G.R., Morris, J., Rolls, E., Dolan, R.J., 1997. Psychophysiological and
modulatory interactions in neuroimaging.Neuroimage 6, 218-229.

Furman, D.J., Chen, M.C., Gotlib, I.H., 2011. Variant in oxytocin receptor gene is associated with
amygdala volume. Psychoneuroendocrinology 36, 891-897.

123



Fusar-Poli, P., Placentino, A., Carletti, F., Allen, P., Landi, P., Abbamonte, M., Barale, F., Perez, J.,
McGuire, P., Politi, P.L., 2009. Laterality effect on emotional faces processing: ALE meta-
analysis of evidence. Neurosci. Lett. 452, 262—-267.

Fusar-Poli, P., Placentino, A., Carletti, F., Landi, P., Allen, P., Surguladze, S., Benedetti, F., Abbamonte,
M., Gasparotti, R., Barale, F., others, 2009. Functional atlas of emotional faces processing: a
voxel-based meta-analysis of 105 functional magnetic resonance imaging studies. J.
Psychiatry Neurosci. JPN 34, 418.

Gabor, C.S., Phan, A., Clipperton-Allen, A.E., Kavaliers, M., Choleris, E., 2012. Interplay of oxytocin,
vasopressin, and sex hormones in the regulation of social recognition. Behav. Neurosci. 126,
97-109.

Gamer, M., Zurowski, B., Buchel, C., 2010. Different amygdala subregions mediate valence-related
and attentional effects of oxytocin in humans. Proc. Natl. Acad. Sci. 107, 9400-9405.

Gimpl, G., Fahrenholz, F., 2001. The oxytocin receptor system: structure, function, and regulation.
Physiol. Rev. 81, 629—683.

Gimpl, G., Reitz, J., Brauer, S., Trossen, C., 2008. Oxytocin receptors: ligand binding, signalling and
cholesterol dependence, in: Progress in Brain Research. Elsevier, pp. 193—-204.

Gorka, S.M., Fitzgerald, D.A., Labuschagne, I., Hosanagar, A., Wood, A.G., Nathan, P.J., Phan, K.L.,
2015. Oxytocin modulation of amygdala functional connectivity to fearful faces in generalized
social anxiety disorder. Neuropsychopharmacology 40, 278-286.

Gossen, A., Hahn, A., Westphal, L., Prinz, S., Schultz, R.T., Griinder, G., Spreckelmeyer, K.N., 2012.
Oxytocin plasma concentrations after single intranasal oxytocin administration — A study in
healthy men. Neuropeptides 46, 211-215.

Goya-Maldonado, R., Weber, K., Trost, S., Diekhof, E., Keil, M., Dechent, P., Gruber, O., 2015.
Dissociating pathomechanisms of depression with fMRI: bottom-up or top-down
dysfunctions of the reward system. Eur. Arch. Psychiatry Clin. Neurosci. 265, 57-66.

Grace, A.A,, 2016. Dysregulation of the dopamine system in the pathophysiology of schizophrenia
and depression. Nat. Rev. Neurosci.

Gregory, R., Cheng, H., Rupp, H.A,, Sengelaub, D.R., Heiman, J.R., 2015. Oxytocin increases VTA
activation to infant and sexual stimuli in nulliparous and postpartum women. Horm. Behav.
69, 82-88.

Grimm, S., Pestke, K., Feeser, M., Aust, S., Weigand, A., Wang, J., Wingenfeld, K., Pruessner, J.C., La
Marca, R., Boker, H., others, 2014. Early life stress modulates oxytocin effects on limbic
system during acute psychosocial stress. Soc. Cogn. Affect. Neurosci. 9, 1828-1835.

124



Groppe, S.E., Gossen, A., Rademacher, L., Hahn, A., Westphal, L., Griinder, G., Spreckelmeyer, K.N.,
2013a. Oxytocin Influences Processing of Socially Relevant Cues in the Ventral Tegmental
Area of the Human Brain. Biol. Psychiatry 74, 172-179.

Guastella, A.J., Hickie, I.B., 2016. Oxytocin Treatment, Circuitry, and Autism: A Critical Review of the
Literature Placing Oxytocin Into the Autism Context. Biol. Psychiatry 79, 234-242.

Guastella, A.J., Hickie, I.B., McGuinness, M.M., Otis, M., Woods, E.A., Disinger, H.M., Chan, H.-K.,
Chen, T.F., Banati, R.B., 2013. Recommendations for the standardisation of oxytocin nasal
administration and guidelines for its reporting in human research.
Psychoneuroendocrinology 38, 612—625.

Guastella, A.J., Mitchell, P.B., Dadds, M.R., 2008. Oxytocin Increases Gaze to the Eye Region of
Human Faces. Biol. Psychiatry 63, 3-5.

Haber, S.N., Knutson, B., 2010. The reward circuit: linking primate anatomy and human imaging.
Neuropsychopharmacology 35, 4-26.

Haram, M., Tesli, M., Bettella, F., Djurovic, S., Andreassen, O.A., Melle, |., 2015. Association between
Genetic Variation in the Oxytocin Receptor Gene and Emotional Withdrawal, but not
between Oxytocin Pathway Genes and Diagnosis in Psychotic Disorders. Front. Hum.
Neurosci. 9.

Harari-Dahan, O., Bernstein, A., 2014. A general approach-avoidance hypothesis of Oxytocin:
Accounting for social and non-social effects of oxytocin. Neurosci. Biobehav. Rev. 47, 506—
519.

Heinrichs, M., Baumgartner, T., Kirschbaum, C., Ehlert, U., 2003. Social support and oxytocin interact
to suppress cortisol and subjective responses to psychosocial stress. Biol. Psychiatry 54,
1389-1398.

Heinrichs, M., Domes, G., 2008. Neuropeptides and social behaviour: effects of oxytocin and
vasopressin in humans, in: Progress in Brain Research. Elsevier, pp. 337-350.

Heinrichs, M., Meinlschmidt, G., Wippich, W., Ehlert, U., Hellhammer, D.H., 2004. Selective amnesic
effects of oxytocin on human memory. Physiol. Behav. 83, 31-38.

Herzmann, G., Young, B., Bird, C.W., Curran, T., 2012. Oxytocin can impair memory for social and
non-social visual objects: A within-subject investigation of oxytocin’s effects on human
memory. Brain Res. 1451, 65-73.

Hu, J., Qi, S., Becker, B., Luo, L., Gao, S., Gong, Q., Hurlemann, R., Kendrick, K.M., 2015. Oxytocin
selectively facilitates learning with social feedback and increases activity and functional
connectivity in emotional memory and reward processing regions: Oxytocin Facilitates Social
Feedback Learning. Hum. Brain Mapp. 36, 2132-2146.

125



Hu, Y., Scheele, D., Becker, B., Voos, G., David, B., Hurlemann, R., Weber, B., 2016. The Effect of
Oxytocin on Third-Party Altruistic Decisions in Unfair Situations: An fMRI Study. Sci. Rep. 6,
20236.

Huber, D., 2005. Vasopressin and Oxytocin Excite Distinct Neuronal Populations in the Central
Amygdala. Science 308, 245-248.

Huettel, S.A., Song, A.W., McCarthy, G., 2009. Functional magnetic resonance imaging, 2" edition.
Sinauer Associates, Inc., Sunderland, MA, USA.

Hurlemann, R., Patin, A., Onur, O.A., Cohen, M.X., Baumgartner, T., Metzler, S., Dziobek, I., Gallinat,
J., Wagner, M., Maier, W., Kendrick, K.M., 2010. Oxytocin Enhances Amygdala-Dependent,
Socially Reinforced Learning and Emotional Empathy in Humans. J. Neurosci. 30, 4999-5007.

Inoue, H., Yamasue, H., Tochigi, M., Abe, O., Liu, X., Kawamura, Y., Takei, K., Suga, M., Yamada, H.,
Rogers, M.A., Aoki, S., Sasaki, T., Kasai, K., 2010. Association Between the Oxytocin Receptor
Gene and Amygdalar Volume in Healthy Adults. Biol. Psychiatry 68, 1066—1072.

Insel, T.R., 2010. The Challenge of Translation in Social Neuroscience: A Review of Oxytocin,
Vasopressin, and Affiliative Behavior. Neuron 65, 768—779.

Insel, T.R., 1992. Oxytocin—a neuropeptide for affiliation: evidence from behavioral, receptor
autoradiographic, and comparative studies. Psychoneuroendocrinology 17, 3—35.

Israel, S., 2016. Toward a Mechanistic Understanding of How Variation in the Oxytocin Receptor
Gene Shapes Individual Differences in Brain and Social Behavior. Biol. Psychiatry 80, e7—e9.

Israel, S., Lerer, E., Shalev, I., Uzefovsky, F., Riebold, M., Laiba, E., Bachner-Melman, R., Maril, A.,
Bornstein, G., Knafo, A., Ebstein, R.P., 2009. The Oxytocin Receptor (OXTR) Contributes to
Prosocial Fund Allocations in the Dictator Game and the Social Value Orientations Task. PLoS
ONE 4, e5535.

Jimura, K., Chushak, M.S., Braver, T.S., 2013. Impulsivity and Self-Control during Intertemporal
Decision Making Linked to the Neural Dynamics of Reward Value Representation. J. Neurosci.
33, 344-357.

Johnson, Z.V., Walum, H., Jamal, Y.A,, Xiao, Y., Keebaugh, A.C,, Inoue, K., Young, L.J., 2016. Central
oxytocin receptors mediate mating-induced partner preferences and enhance correlated
activation across forebrain nuclei in male prairie voles. Horm. Behav. 79, 8-17.

Kagerbauer, S.M., Martin, J., Schuster, T., Blobner, M., Kochs, E.F., Landgraf, R., 2013. Plasma
Oxytocin and Vasopressin do not Predict Neuropeptide Concentrations in Human
Cerebrospinal Fluid. J. Neuroendocrinol. 25, 668—-673.

126



Kanat, M., Heinrichs, M., Mader, 1., Van Elst, L.T., Domes, G., 2015a. Oxytocin modulates amygdala
reactivity to masked fearful eyes. Neuropsychopharmacology 40, 2632—-2638.

Kanat, M., Heinrichs, M., Schwarzwald, R., Domes, G., 2015b. Oxytocin attenuates neural reactivity to
masked threat cues from the eyes. Neuropsychopharmacology 40, 287-295.

Keebaugh, A.C., Barrett, C.E., Laprairie, J.L., Jenkins, J.J., Young, L.J., 2015. RNAi knockdown of
oxytocin receptor in the nucleus accumbens inhibits social attachment and parental care in
monogamous female prairie voles. Soc. Neurosci. 10, 561-570.

Kemp, A.H., Guastella, A.J., 2010. Oxytocin: prosocial behavior, social salience, or approach-related
behavior? Biol. Psychiatry 67, e33—e34.

Kéri, S., Kiss, 1., 2011. Oxytocin response in a trust game and habituation of arousal. Physiol. Behav.
102, 221-224.

Kim, S., Kim, T., Lee, H.-R., Jang, E.-H., Ryu, H.-H., Kang, M., Rah, S.-Y., Yoo, J., Lee, B., Kim, J.-I., Lim,
C.S., Kim, S.J., Kim, U.-H., Lee, Y.-S., Kaang, B.-K., 2016. Impaired learning and memory in
CD38 null mutant mice. Mol. Brain 9.

Kim, S., Lee, D., 2011. Prefrontal Cortex and Impulsive Decision Making. Biol. Psychiatry 69, 1140—
1146. doi:10.1016/j.biopsych.2010.07.005

Kirsch, P., 2005. Oxytocin Modulates Neural Circuitry for Social Cognition and Fear in Humans. J.
Neurosci. 25, 11489-11493.

Knobloch, H.S., Charlet, A., Hoffmann, L.C., Eliava, M., Khrulev, S., Cetin, A.H., Osten, P., Schwarz,
M.K., Seeburg, P.H., Stoop, R., Grinevich, V., 2012. Evoked Axonal Oxytocin Release in the
Central Amygdala Attenuates Fear Response. Neuron 73, 553-566.

Knoch, D., Fehr, E., 2007. Resisting the Power of Temptations: The Right Prefrontal Cortex and Self-
Control. Ann. N. Y. Acad. Sci. 1104, 123-134.

Knutson, B., Westdorp, A., Kaiser, E., Hommer, D., 2000. FMRI visualization of brain activity during a
monetary incentive delay task. Neuroimage 12:20-7.

Koch, S.B.J., van Zuiden, M., Nawijn, L., Frijling, J.L., Veltman, D.J., Olff, M., 2016. Intranasal Oxytocin
Normalizes Amygdala Functional Connectivity in Posttraumatic Stress Disorder.
Neuropsychopharmacology.

Koch, S.B.J., van Zuiden, M., Nawijn, L., Frijling, J.L., Veltman, D.J., OIff, M., 2014. Intranasal oxytocin
as strategy for medication-enhanced psychotherapy of PTSD: Salience processing and fear
inhibition processes. Psychoneuroendocrinology 40, 242-256.

127



Kosfeld, M., Heinrichs, M., Zak, P.J., Fischbacher, U., Fehr, E., 2005. Oxytocin increases trust in
humans. Nature 435, 673—-676.

Kramer, B., Gruber, O., 2015. Dynamic Amygdala Influences on the Fronto-Striatal Brain Mechanisms
Involved in Self-Control of Impulsive Desires. Neuropsychobiology 72, 37-45.

Kumar, J., Vollm, B., Palaniyappan, L., 2015a. Oxytocin Affects the Connectivity of the Precuneus and
the Amygdala: A Randomized, Double-Blinded, Placebo-Controlled Neuroimaging Trial. Int. J.
Neuropsychopharmacol. 18, pyu051-pyu051.

Kumsta, R., Heinrichs, M., 2013. Oxytocin, stress and social behavior: neurogenetics of the human
oxytocin system. Curr. Opin. Neurobiol. 23, 11-16.

Kumsta, R., Hummel, E., Chen, F.S., Heinrichs, M., 2013. Epigenetic regulation of the oxytocin
receptor gene: implications for behavioral neuroscience. Front. Neurosci. 7.

Labuschagne, I., Phan, K.L., Wood, A., Angstadt, M., Chua, P., Heinrichs, M., Stout, J.C., Nathan, P.J.,
2010a. Oxytocin attenuates amygdala reactivity to fear in generalized social anxiety disorder.
Neuropsychopharmacology 35, 2403-2413.

Li, W., Mai, X, Liu, C., 2014. The default mode network and social understanding of others: what do
brain connectivity studies tell us. Front. Hum. Neurosci. 8.

Lin, I.-F., Kashino, M., Ohta, H., Yamada, T., Tani, M., Watanabe, H., Kanai, C., Ohno, T., Takayama, Y.,
Iwanami, A., Kato, N., 2014. The effect of intranasal oxytocin versus placebo treatment on
the autonomic responses to human sounds in autism: a single-blind, randomized, placebo-
controlled, crossover design study. Mol. Autism 5, 20.

Lischke, A., Berger, C., Prehn, K., Heinrichs, M., Herpertz, S.C., Domes, G., 2012a. Intranasal oxytocin
enhances emotion recognition from dynamic facial expressions and leaves eye-gaze
unaffected. Psychoneuroendocrinology 37, 475-481.

Lischke, A., Gamer, M., Berger, C., Grossmann, A., Hauenstein, K., Heinrichs, M., Herpertz, S.C.,
Domes, G., 2012b. Oxytocin increases amygdala reactivity to threatening scenes in females.
Psychoneuroendocrinology 37, 1431-1438.

Liu, X., Hairston, J., Schrier, M., Fan, J., 2011. Common and distinct networks underlying reward
valence and processing stages: A meta-analysis of functional neuroimaging studies. Neurosci.
Biobehav. Rev. 35, 1219-1236.

Liu, X., Kawamura, Y., Shimada, T., Otowa, T., Koishi, S., Sugiyama, T., Nishida, H., Hashimoto, O.,
Nakagami, R., Tochigi, M., others, 2010. Association of the oxytocin receptor (OXTR) gene
polymorphisms with autism spectrum disorder (ASD) in the Japanese population. J. Hum.
Genet. 55, 137-141.

128



Liu, Y., Sheng, F., Woodcock, K.A., Han, S., 2013. Oxytocin effects on neural correlates of self-
referential processing. Biol. Psychol. 94, 380-387.

Lopatina, O., Inzhutova, A., Salmina, A.B., Higashida, H., 2013. The Roles of Oxytocin and CD38 in
Social or Parental Behaviors. Front. Neurosci. 6.

Loth, E., Poline, J.-B., Thyreau, B., Jia, T., Tao, C., Lourdusamy, A., Stacey, D., Cattrell, A., Desrivieres,
S., Ruggeri, B., Fritsch, V., Banaschewski, T., Barker, G.J., Bokde, A.L.W., Biichel, C., Carvalho,
F.M., Conrod, P.J., Fauth-Buehler, M., Flor, H., Gallinat, J., Garavan, H., Heinz, A., Bruehl, R.,
Lawrence, C., Mann, K., Martinot, J.-L., Nees, F., Paus, T., Pausova, Z., Poustka, L., Rietschel,
M., Smolka, M., Struve, M., Feng, J., Schumann, G., 2014a. Oxytocin Receptor Genotype
Modulates Ventral Striatal Activity to Social Cues and Response to Stressful Life Events. Biol.
Psychiatry 76, 367—376. doi:10.1016/j.biopsych.2013.07.043

Loup, F., Tribollet, E., Dubois-Dauphin, M., Dreifuss, J.J., 1991. Localization of high-affinity binding
sites for oxytocin and vasopressin in the human brain. An autoradiographic study. Brain Res.
555, 220-232.

Loup, F., Tribollet, E., Dubois-Dauphin, M., Pizzolato, G., Dreifuss, J.J., 1989. Localization of oxytocin
binding sites in the human brainstem and upper spinal cord: an autoradiographic study. Brain
Research, 500, 223-230.

Love, T.M., 2014. Oxytocin, motivation and the role of dopamine. Pharmacol. Biochem. Behav. 119,
49-60.

Love, T.M., Enoch, M.-A., Hodgkinson, C.A., Peciiia, M., Mickey, B., Koeppe, R.A., Stohler, C.S.,
Goldman, D., Zubieta, J.-K., 2012. Oxytocin Gene Polymorphisms Influence Human
Dopaminergic Function in a Sex-Dependent Manner. Biol. Psychiatry 72, 198-206.

Lucht, M.J., Barnow, S., Sonnenfeld, C., Rosenberger, A., Grabe, H.J., Schroeder, W., Vblzke, H.,
Freyberger, H.J., Herrmann, F.H., Kroemer, H., Rosskopf, D., 2009. Associations between the
oxytocin receptor gene (OXTR) and affect, loneliness and intelligence in normal subjects.
Prog. Neuropsychopharmacol. Biol. Psychiatry 33, 860—-866.

Ma, Y., Shamay-Tsoory, S., Han, S., Zink, C.F., 2016. Oxytocin and Social Adaptation: Insights from
Neuroimaging Studies of Healthy and Clinical Populations. Trends Cogn. Sci. 20, 133-145.

MacDonald, E., Dadds, M.R., Brennan, J.L., Williams, K., Levy, F., Cauchi, A.J., 2011. A review of safety,
side-effects and subjective reactions to intranasal oxytocin in human research.
Psychoneuroendocrinology 36, 1114-1126.

MacDonald, K., Feifel, D., 2014. Oxytocin’s role in anxiety: A critical appraisal. Brain Res. 1580, 22-56.

MacDonald, K.S., 2013. Sex, Receptors, and Attachment: A Review of Individual Factors Influencing
Response to Oxytocin. Front. Neurosci. 6.

129



Mars, R.B., Neubert, F.-X., Noonan, M.P., Sallet, J., Toni, I., Rushworth, M.F.S., 2012. On the
relationship between the “default mode network” and the “social brain.” Front. Hum.
Neurosci. 6.

Marusak, H.A., Furman, D.J., Kuruvadi, N., Shattuck, D.W., Joshi, S.H., Joshi, A.A., Etkin, A., Thomason,
M.E., 2015. Amygdala responses to salient social cues vary with oxytocin receptor genotype
in youth. Neuropsychologia 79, 1-9.

Mickey, B.J., Heffernan, J., Heisel, C., Pecina, M., Hsu, D.T., Zubieta, J.K., Love, T.M., 2016. Oxytocin
modulates hemodynamic responses to monetary incentives in humans. Psychopharmacology
(Berl). 2016 Sep 10. Epub ahead of print.

McCall, C., Singer, T., 2012. The animal and human neuroendocrinology of social cognition,
motivation and behavior. Nat. Neurosci. 15, 681-688.

McClure, S.M., York, M.K., Montague, P.R., 2004. The Neural Substrates of Reward Processing in
Humans: The Modern Role of fMRI. The Neuroscientist 10, 260—268.

McGregor, I.S., Bowen, M.T., 2012. Breaking the loop: Oxytocin as a potential treatment for drug
addiction. Horm. Behav. 61, 331-339.

Meinlschmidt, G., Heim, C., 2007. Sensitivity to Intranasal Oxytocin in Adult Men with Early Parental
Separation. Biol. Psychiatry 61, 1109-1111.

Melchers, M., Montag, C., Markett, S., Reuter, M., 2013. Relationship between oxytocin receptor
genotype and recognition of facial emotion. Behav. Neurosci. 127, 780-787.

Melis, M.R., Argiolas, A., 2011. Central control of penile erection: A re-visitation of the role of
oxytocin and its interaction with dopamine and glutamic acid in male rats. Neurosci.
Biobehav. Rev. 35, 939-955.

Menon, V., 2015. Salience Network, in: Brain Mapping. Elsevier, pp. 597-611.

Menon, V., Uddin, L.Q., 2010. Saliency, switching, attention and control: a network model of insula
function. Brain Struct. Funct. 214, 655-667.

Meyer-Lindenberg, A., Domes, G., Kirsch, P., Heinrichs, M., 2011. Oxytocin and vasopressin in the
human brain: social neuropeptides for translational medicine. Nat. Rev. Neurosci. 12, 524—
538.

Michalska, K.J., Decety, J., Liu, C., Chen, Q., Martz, M.E., Jacob, S., Hipwell, A.E., Lee, S.S., Chronis-
Tuscano, A., Waldman, 1.D., Lahey, B.B., 2014. Genetic imaging of the association of oxytocin

130



receptor gene (OXTR) polymorphisms with positive maternal parenting. Front. Behav.
Neurosci. 8.

Mikolajczak, M., Gross, J.J., Lane, A., Corneille, O., de Timary, P., Luminet, O., 2010. Oxytocin Makes
People Trusting, Not Gullible. Psychol. Sci. 21, 1072-1074.

Mitre, M., Marlin, B.J., Schiavo, J.K., Morina, E., Norden, S.E., Hackett, T.A., Aoki, C.J., Chao, M.V,
Froemke, R.C., 2016. A Distributed Network for Social Cognition Enriched for Oxytocin
Receptors. J. Neurosci. 36, 2517-2535.

Montag, C., Sauer, C., Reuter, M., Kirsch, P., 2013. An interaction between oxytocin and a genetic
variation of the oxytocin receptor modulates amygdala activity toward direct gaze: evidence
from a pharmacological imaging genetics study. Eur. Arch. Psychiatry Clin. Neurosci. 263,
169-175.

Mullis, K., Kay, K., Williams, D.L., 2013. Oxytocin action in the ventral tegmental area affects sucrose
intake. Brain Res. 1513, 85-91.

Nakajima, M., Gorlich, A., Heintz, N., 2014. Oxytocin Modulates Female Sociosexual Behavior through
a Specific Class of Prefrontal Cortical Interneurons. Cell 159, 295-305.

Nawijn, L., van Zuiden, M., Koch, S.B.J., Frijling, J.L., Veltman, D.J., OIff, M., 2016. Intranasal oxytocin
enhances neural processing of monetary reward and loss in post-traumatic stress disorder
and traumatized controls. Psychoneuroendocrinology 66, 228—-237.

Ne’eman, R., Perach-Barzilay, N., Fischer-Shofty, M., Atias, A., Shamay-Tsoory, S.G., 2016. Intranasal
administration of oxytocin increases human aggressive behavior. Horm. Behav. 80, 125-131.

Neumann, I.D., Maloumby, R., Beiderbeck, D.I., Lukas, M., Landgraf, R., 2013. Increased brain and
plasma oxytocin after nasal and peripheral administration in rats and mice.
Psychoneuroendocrinology 38, 1985-1993.

Neumann, I.D., Slattery, D.A., 2016. Oxytocin in General Anxiety and Social Fear: A Translational
Approach. Biol. Psychiatry 79, 213-221.

Ninan, I., 2011. Oxytocin suppresses basal glutamatergic transmission but facilitates activity-
dependent synaptic potentiation in the medial prefrontal cortex: Oxytocin facilitates synaptic
potentiation in the prefrontal cortex. J. Neurochem. 119, 324-331.

Norman, G.J., Hawkley, L.C., Cole, S.W., Berntson, G.G., Cacioppo, J.T., 2012. Social neuroscience: The
social brain, oxytocin, and health. Soc. Neurosci. 7, 18—29.

131



Nyuyki, K.D., Waldherr, M., Baeuml, S., Neumann, |.D., 2011. Yes, | Am Ready Now: Differential
Effects of Paced versus Unpaced Mating on Anxiety and Central Oxytocin Release in Female
Rats. PLoS ONE 6, e23599.

O’Doherty, J., 2004. Dissociable Roles of Ventral and Dorsal Striatum in Instrumental Conditioning.
Science 304, 452-454,

Olazébal, D.E., Young, L.J., 2006. Oxytocin receptors in the nucleus accumbens facilitate
“spontaneous” maternal behavior in adult female prairie voles. Neuroscience 141, 559-568.

OIff, M., Frijling, J.L., Kubzansky, L.D., Bradley, B., Ellenbogen, M.A., Cardoso, C., Bartz, J.A., Yee, J.R,,
van Zuiden, M., 2013. The role of oxytocin in social bonding, stress regulation and mental
health: An update on the moderating effects of context and interindividual differences.
Psychoneuroendocrinology 38, 1883—1894.

Ott, V., Finlayson, G., Lehnert, H., Heitmann, B., Heinrichs, M., Born, J., Hallschmid, M., 2013.
Oxytocin Reduces Reward-Driven Food Intake in Humans. Diabetes 62, 3418—-3425.

Paloyelis, Y., Doyle, O.M., Zelaya, F.O., Maltezos, S., Williams, S.C., Fotopoulou, A., Howard, M.A,,
2016. A Spatiotemporal Profile of In Vivo Cerebral Blood Flow Changes Following Intranasal
Oxytocin in Humans. Biol. Psychiatry 79, 693—705.

Pedersen, C.A., Gibson, C.M., Rau, S.W., Salimi, K., Smedley, K.L., Casey, R.L., Leserman, J., Jarskog,
L.F., Penn, D.L., 2011. Intranasal oxytocin reduces psychotic symptoms and improves Theory
of Mind and social perception in schizophrenia. Schizophr. Res. 132, 50-53.

Perez-Rodriguez, M.M., Derish, N.E., New, A.S., 2014. The Use of Oxytocin in Personality Disorders:
Rationale and Current Status. Curr. Treat. Options Psychiatry 1, 345—-357.

Perry, A., Mankuta, D., Shamay-Tsoory, S.G., 2015. OT promotes closer interpersonal distance among
highly empathic individuals. Soc. Cogn. Affect. Neurosci. 10, 3-9.

Poldrack, R.A., Mumford, J.A., Nichols, T.E., 2011. Handbook of functional MRI data analysis.
Cambridge University Press, New York, USA.

Preckel, K., Scheele, D., Kendrick, K.M., Maier, W., Hurlemann, R., 2014. Oxytocin facilitates social
approach behavior in women. Front. Behav. Neurosci. 8.

Puglia, M.H,, Lillard, T.S., Morris, J.P., Connelly, J.J., 2015. Epigenetic modification of the oxytocin
receptor gene influences the perception of anger and fear in the human brain. Proc. Natl.
Acad. Sci. 112, 3308—-3313.

132



Quintana, D.S., Alvares, G.A., Hickie, |.B., Guastella, A.J., 2015. Do delivery routes of intranasally
administered oxytocin account for observed effects on social cognition and behavior? A two-
level model. Neurosci. Biobehav. Rev. 49, 182—-192.

Radke, S., Roelofs, K., de Bruijn, E.R.A., 2013. Acting on Anger: Social Anxiety Modulates Approach-
Avoidance Tendencies After Oxytocin Administration. Psychol. Sci. 24, 1573-1578.

Raichle, M.E., 2015. The Brain’s Default Mode Network. Annu. Rev. Neurosci. 38, 433—-447.

Richard, J.M., Berridge, K.C., 2013. Prefrontal Cortex Modulates Desire and Dread Generated by
Nucleus Accumbens Glutamate Disruption. Biol. Psychiatry 73, 360-370.

Riem, M.M., van lJzendoorn, M.H., Tops, M., Boksem, M.A., Rombouts, S.A., Bakermans-Kranenburg,
M.J., 2012. No laughing matter: intranasal oxytocin administration changes functional brain
connectivity during exposure to infant laughter. Neuropsychopharmacology 37, 1257-1266.

Riem, M.M.E., Bakermans-Kranenburg, M.J., Pieper, S., Tops, M., Boksem, M.A.S., Vermeiren,
R.R.J.M., van lJzendoorn, M.H., Rombouts, S.A.R.B., 2011. Oxytocin Modulates Amygdala,
Insula, and Inferior Frontal Gyrus Responses to Infant Crying: A Randomized Controlled Trial.
Biol. Psychiatry 70, 291-297.

Riem, M.M.E., Bakermans-Kranenburg, M.J., Voorthuis, A., van lJzendoorn, M.H., 2014. Oxytocin
effects on mind-reading are moderated by experiences of maternal love withdrawal: An fMRI
study. Prog. Neuropsychopharmacol. Biol. Psychiatry 51, 105-112.

Riem, M.M.E., van lJzendoorn, M.H., Tops, M., Boksem, M.A.S., Rombouts, S.A.R.B., Bakermans-
Kranenburg, M.J., 2013. Oxytocin effects on complex brain networks are moderated by
experiences of maternal love withdrawal. Eur. Neuropsychopharmacol. 23, 1288—-1295.

Riem, M.M.E., Voorthuis, A., Bakermans-Kranenburg, M.J., van ljzendoorn, M.H., 2014b. Pity or
peanuts? Oxytocin induces different neural responses to the same infant crying labeled as
sick or bored. Dev. Sci. 17, 248-256.

Rilling, J.K., DeMarco, A.C., Hackett, P.D., Chen, X., Gautam, P., Stair, S., Haroon, E., Thompson, R.,
Ditzen, B., Patel, R., Pagnoni, G., 2014. Sex differences in the neural and behavioral response
to intranasal oxytocin and vasopressin during human social interaction.
Psychoneuroendocrinology 39, 237-248.

Rilling, J.K., DeMarco, A.C., Hackett, P.D., Thompson, R., Ditzen, B., Patel, R., Pagnoni, G., 2012.
Effects of intranasal oxytocin and vasopressin on cooperative behavior and associated brain
activity in men. Psychoneuroendocrinology 37, 447-461.

Rimmele, U., Hediger, K., Heinrichs, M., Klaver, P., 2009. Oxytocin Makes a Face in Memory Familiar.
J. Neurosci. 29, 38-42.

133



Rorden, C., Karnath, H.O., Bonilha, L., 2007. Improving lesion-symptom mapping. J Cogn Neurosci; 19:
1081-8.

Rodrigues, S.M., Saslow, L.R., Garcia, N., John, O.P., Keltner, D., 2009. Oxytocin receptor genetic
variation relates to empathy and stress reactivity in humans. Proc. Natl. Acad. Sci. 106,
21437-21441.

Romero-Fernandez, W., Borroto-Escuela, D.O., Agnati, L.F., Fuxe, K., 2013a. Evidence for the
existence of dopamine d2-oxytocin receptor heteromers in the ventral and dorsal striatum
with facilitatory receptor—receptor interactions. Mol. Psychiatry 18, 849-850.

Ross, H.E., Freeman, S.M., Spiegel, L.L., Ren, X., Terwilliger, E.F., Young, L.J., 2009. Variation in
Oxytocin Receptor Density in the Nucleus Accumbens Has Differential Effects on Affiliative
Behaviors in Monogamous and Polygamous Voles. J. Neurosci. 29, 1312-1318.

Ross, H.E., Young, L.J., 2009b. Oxytocin and the neural mechanisms regulating social cognition and
affiliative behavior. Front. Neuroendocrinol. 30, 534-547.

Ruan, C., Zhang, Z., 2015. Laboratory domestication changed the expression patterns of oxytocin and
vasopressin in brains of rats and mice. Anat. Sci. Int.

Rupp, H.A,, James, T.W., Ketterson, E.D., Sengelaub, D.R., Ditzen, B., Heiman, J.R., 2013. Lower sexual
interest in postpartum women: Relationship to amygdala activation and intranasal oxytocin.
Horm. Behav. 63, 114-121.

Sabatinelli, D., Fortune, E.E., Li, Q., Siddiqui, A., Krafft, C., Oliver, W.T., Beck, S., Jeffries, J., 2011.
Emotional perception: Meta-analyses of face and natural scene processing. Neurolmage 54,
2524-2533.

Saito, Y., Suga, M., Tochigi, M., Abe, O., Yahata, N., Kawakubo, Y., Liu, X., Kawamura, Y., Sasaki, T.,
Kasai, K., Yamasue, H., 2014. Neural correlate of autistic-like traits and a common allele in
the oxytocin receptor gene. Soc. Cogn. Affect. Neurosci. 9, 1443-1450.

Sauer, C., Montag, C., Reuter, M., Kirsch, P., 2013. Imaging oxytocin x dopamine interactions: an
epistasis effect of CD38 and COMT gene variants influences the impact of oxytocin on
amygdala activation to social stimuli. Front. Neurosci. 7. doi:10.3389/fnins.2013.00045

Sauer, C., Montag, C., Wérner, C., Kirsch, P., Reuter, M., 2012. Effects of a common variant in the
CD38 gene on social processing in an oxytocin challenge study: possible links to autism.
Neuropsychopharmacology 37, 1474-1482.

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

134



Scheele, D., Striepens, N., Gunturkun, O., Deutschlander, S., Maier, W., Kendrick, K.M., Hurlemann,
R., 2012. Oxytocin Modulates Social Distance between Males and Females. J. Neurosci. 32,
16074-16079.

Scheele, D., Wille, A., Kendrick, K.M., Stoffel-Wagner, B., Becker, B., Gunturkun, O., Maier, W.,
Hurlemann, R., 2013a. Oxytocin enhances brain reward system responses in men viewing the
face of their female partner. Proc. Natl. Acad. Sci. 110, 20308-20313.

Schilbach, L., Eickhoff, S.B., Rotarska-Jagiela, A., Fink, G.R., Vogeley, K., 2008. Minds at rest? Social
cognition as the default mode of cognizing and its putative relationship to the “default
system” of the brain. Conscious. Cogn. 17, 457-467.

Schneiderman, I., Kanat-Maymon, Y., Ebstein, R.P., Feldman, R., 2014. Cumulative risk on the
oxytocin receptor gene (OXTR) underpins empathic communication difficulties at the first
stages of romantic love. Soc. Cogn. Affect. Neurosci. 9, 1524—-1529.

Schulze, L., Lischke, A., Greif, J., Herpertz, S.C., Heinrichs, M., Domes, G., 2011. Oxytocin increases
recognition of masked emotional faces. Psychoneuroendocrinology 36, 1378-1382.

Shahrestani, S., Kemp, A.H., Guastella, A.J., 2013. The impact of a single administration of intranasal
oxytocin on the recognition of basic emotions in humans: a meta-analysis.
Neuropsychopharmacology 38, 1929-1936.

Shahrokh, D.K., Zhang, T.-Y., Diorio, J., Gratton, A., Meaney, M.J., 2010. Oxytocin-Dopamine
Interactions Mediate Variations in Maternal Behavior in the Rat. Endocrinology 151, 2276—
2286.

Shamay-Tsoory, S.G., 2010. Oxytocin, Social Salience, and Social Approach. Biol. Psychiatry 67, e35.
doi:10.1016/j.biopsych.2009.11.020

Shamay-Tsoory, S.G., Abu-Akel, A., 2016. The Social Salience Hypothesis of Oxytocin. Biol. Psychiatry
79, 194-202.

Shamay-Tsoory, S.G., Fischer, M., Dvash, J., Harari, H., Perach-Bloom, N., Levkovitz, Y., 2009.
Intranasal Administration of Oxytocin Increases Envy and Schadenfreude (Gloating). Biol.
Psychiatry 66, 864—870.

Sheffield, J.M., Repovs, G., Harms, M.P., Carter, C.S., Gold, J.M., MacDonald Ill, A.W., Daniel Ragland,
J., Silverstein, S.M., Godwin, D., Barch, D.M., 2015. Fronto-parietal and cingulo-opercular
network integrity and cognition in health and schizophrenia. Neuropsychologia 73, 82—93.

Shin, N.Y., Park, H.Y., Jung, W.H., Park, J.W., Yun, J.-Y., Jang, J.H., Kim, S.N., Han, H.J., Kim, S.-Y., Kang,
D.-H., others, 2015. Effects of oxytocin on neural response to facial expressions in patients
with schizophrenia. Neuropsychopharmacology 40, 1919-1927.

135



Simon, J.J., Skunde, M., Wu, M., Schnell, K., Herpertz, S.C., Bendszus, M., et al., 2015. Neural
dissociation of food- and money-related reward processing using an abstract incentive delay
task. Soc Cogn Affect Neurosci, 10: 1113-1120.

Singer, T., Snozzi, R., Bird, G., Petrovic, P., Silani, G., Heinrichs, M., Dolan, R.J., 2008. Effects of
oxytocin and prosocial behavior on brain responses to direct and vicariously experienced
pain. Emotion 8, 781-791.

Skuse, D.H., Gallagher, L., 2009. Dopaminergic-neuropeptide interactions in the social brain. Trends
Cogn. Sci. 13, 27-35.

Skuse, D.H., Lori, A., Cubells, J.F., Lee, I., Conneely, K.N., Puura, K., Lehtimaki, T., Binder, E.B., Young,
L.J., 2014. Common polymorphism in the oxytocin receptor gene ( OXTR ) is associated with
human social recognition skills. Proc. Natl. Acad. Sci. 111, 1987-1992.

Smeltzer, M.D., Curtis, J.T., Aragona, B.J., Wang, Z., 2006. Dopamine, oxytocin, and vasopressin
receptor binding in the medial prefrontal cortex of monogamous and promiscuous voles.
Neurosci. Lett. 394, 146-151.

Smith, A.S., Tabbaa, M., Lei, K., Eastham, P., Butler, M.J,, Linton, L., Altshuler, R,, Liu, Y., Wang, Z.,
2016. Local oxytocin tempers anxiety by activating GABAA receptors in the hypothalamic
paraventricular nucleus. Psychoneuroendocrinology 63, 50-58.

Smith, S.M., Fox, P.T., Miller, K.L., Glahn, D.C., Fox, P.M., Mackay, C.E., Filippini, N., Watkins, K.E.,
Toro, R, Laird, A.R., others, 2009. Correspondence of the brain’s functional architecture
during activation and rest. Proc. Natl. Acad. Sci. 106, 13040-13045.

Song, X.-W., Dong, Z.-Y., Long, X.-Y., Li, S.-F., Zuo, X.-N., Zhu, C.-Z., He, Y., Yan, C.-G., Zang, Y.-F., 2011.
REST: A Toolkit for Resting-State Functional Magnetic Resonance Imaging Data Processing.
PLoS ONE 6, e25031.

Sridharan, D., Levitin, D.J., Menon, V., 2008. A critical role for the right fronto-insular cortex in
switching between central-executive and default-mode networks. Proc. Natl. Acad. Sci. 105,
12569-12574.

Sripada, C.S., Phan, K.L., Labuschagne, I., Welsh, R., Nathan, P.J., Wood, A.G., 2013. Oxytocin
enhances resting-state connectivity between amygdala and medial frontal cortex. Int. J.
Neuropsychopharmacol. 16, 255-260.

Stankova, T., Eichhammer, P., Langguth, B., Sand, P.G., 2012. Sexually dimorphic effects of oxytocin
receptor gene (OXTR) variants on Harm Avoidance. Biol Sex Differ 3, 17.

Stevens, F.L., Wiesman, O., Feldman, R., Hurley, R.A., Taber, K.H., 2014. Oxytocin and behavior:
evidence for effects in the brain. J. Neuropsychiatry Clin. Neurosci.

136



Strathearn, L., 2011. Maternal Neglect: Oxytocin, Dopamine and the Neurobiology of Attachment:
Maternal Neglect: Oxytocin, Dopamine and Attachment. J. Neuroendocrinol. 23, 1054-1065.

Strathearn, L., Fonagy, P., Amico, J., Montague, P.R., 2009. Adult attachment predicts maternal brain
and oxytocin response to infant cues. Neuropsychopharmacology 34, 2655—-2666.

Striepens, N., Matusch, A., Kendrick, K.M., Mihov, Y., EImenhorst, D., Becker, B., Lang, M., Coenen,
H.H., Maier, W., Hurlemann, R., Bauer, A., 2014. Oxytocin enhances attractiveness of
unfamiliar female faces independent of the dopamine reward system.
Psychoneuroendocrinology 39, 74-87.

Striepens, N., Scheele, D., Kendrick, K.M., Becker, B., Schafer, L., Schwalba, K., Reul, J., Maier, W.,
Hurlemann, R., 2012. Oxytocin facilitates protective responses to aversive social stimuli in
males. Proc. Natl. Acad. Sci. 109, 18144-18149.

Striepens, N., Schroter, F., Stoffel-Wagner, B., Maier, W., Hurlemann, R., Scheele, D., 2016. Oxytocin
enhances cognitive control of food craving in women: Oxytocin and Food Craving. Hum. Brain
Mapp.

Sylvester, C.M., Corbetta, M., Raichle, M.E., Rodebaugh, T.L., Schlaggar, B.L., Sheline, Y.l., Zorumski,
C.F.,, Lenze, E.J.,, 2012. Functional network dysfunction in anxiety and anxiety disorders.
Trends Neurosci. 35, 527-535.

Tabak, B.A., 2013. Oxytocin and social salience: a call for gene-environment interaction research.
Front. Neurosci. 7.

Tabak, B.A., Meyer, M.L., Dutcher, J.M., Castle, E., Irwin, M.R., Lieberman, M.D., Eisenberger, N.I.,
2016. Oxytocin, but not vasopressin, impairs social cognitive ability among individuals with
higher levels of social anxiety: a randomized controlled trial. Soc. Cogn. Affect. Neurosci.
nsw041.

Tachibana, M., Kagitani-Shimono, K., Mohri, I, Yamamoto, T., Sanefuji, W., Nakamura, A., Oishi, M.,
Kimura, T., Onaka, T., Ozono, K., Taniike, M., 2013. Long-Term Administration of Intranasal
Oxytocin Is a Safe and Promising Therapy for Early Adolescent Boys with Autism Spectrum
Disorders. J. Child Adolesc. Psychopharmacol. 23, 123-127.

Tansey, K.E., Brookes, K.J., Hill, M.J., Cochrane, L.E., Gill, M., Skuse, D., Correia, C., Vicente, A., Kent,
L., Gallagher, L., Anney, R.J.L., 2010. Oxytocin receptor (OXTR) does not play a major role in
the aetiology of autism: Genetic and molecular studies. Neurosci. Lett. 474, 163—-167.

Taylor, S.E., Saphire-Bernstein, S., Seeman, T.E., 2010. Are Plasma Oxytocin in Women and Plasma
Vasopressin in Men Biomarkers of Distressed Pair-Bond Relationships? Psychol. Sci. 21, 3-7.

137



Theodoridou, A., Penton-Voak, I.S., Rowe, A.C., 2013a. A Direct Examination of the Effect of
Intranasal Administration of Oxytocin on Approach-Avoidance Motor Responses to
Emotional Stimuli. PLoS ONE 8, e58113.

Theodoridou, A., Rowe, A.C., Mohr, C., 2013b. Men perform comparably to women in a perspective
taking task after administration of intranasal oxytocin but not after placebo. Front. Hum.
Neurosci. 7.

Tollenaar, M.S., Chatzimanoli, M., van der Wee, N.J.A., Putman, P., 2013. Enhanced orienting of
attention in response to emotional gaze cues after oxytocin administration in healthy young
men. Psychoneuroendocrinology 38, 1797-1802.

Tost, H., Kolachana, B., Hakimi, S., Lemaitre, H., Verchinski, B.A., Mattay, V.S., Weinberger, D.R.,
Meyer-Lindenberg, A., 2010. A common allele in the oxytocin receptor gene (OXTR) impacts
prosocial temperament and human hypothalamic-limbic structure and function. Proc. Natl.
Acad. Sci. 107, 13936-13941.

Tost, H., Kolachana, B., Verchinski, B.A., Bilek, E., Goldman, A.L., Mattay, V.S., Weinberger, D.R.,
Meyer-Lindenberg, A., 2011. Neurogenetic effects of OXTR rs2254298 in the extended limbic
system of healthy Caucasian adults. Biol. Psychiatry 70, e37—e39.

Trost, S., Diekhof, E.K., Mohr, H., Vieker, H., Kramer, B., Wolf, C., Keil, M., Dechent, P., Binder, E.B.,
Gruber, 0., 2016. Investigating the Impact of a Genome-Wide Supported Bipolar Risk Variant
of MAD1L1 on the Human Reward System. Neuropsychopharmacology.

Trost, S., Diekhof, E.K., Zvonik, K., Lewandowski, M., Usher, J., Keil, M., Zilles, D., Falkai, P., Dechent,
P., Gruber, O., 2014. Disturbed anterior prefrontal control of the mesolimbic reward system
and increased impulsivity in bipolar disorder. Neuropsychopharmacology 39, 1914-1923.

Unkelbach, C., Guastella, A.J., Forgas, J.P., 2008. Oxytocin Selectively Facilitates Recognition of
Positive Sex and Relationship Words. Psychol. Sci. 19, 1092—-1094.

Uzefovsky, F., Shalev, 1., Israel, S., Edelman, S., Raz, Y., Mankuta, D., Knafo-Noam, A., Ebstein, R.P.,
2015. Oxytocin receptor and vasopressin receptor 1a genes are respectively associated with
emotional and cognitive empathy. Horm. Behav. 67, 60—65.

Vaidya, C.J., Gordon, E.M., 2013. Phenotypic Variability in Resting-State Functional Connectivity:
Current Status. Brain Connect. 3, 99-120.

Van Dijk, K.R.A., Sabuncu, M.R., Buckner, R.L., 2012. The influence of head motion on intrinsic
functional connectivity MRI. Neurolmage 59, 431-438.

Voorthuis, A., Riem, M.M.E., Van lJzendoorn, M.H., Bakermans-Kranenburg, M.J., 2014. Reading the
mind in the infant eyes: Paradoxical effects of oxytocin on neural activity and emotion
recognition in watching pictures of infant faces. Brain Res. 1580, 151-159.

138



Vossel, S., Geng, J.J., Fink, G.R., 2014. Dorsal and ventral attention systems distinct neural circuits but
collaborative roles. The Neuroscientist 20, 150-159.

Vossel, S., Weidner, R., Driver, J., Friston, K.J., Fink, G.R., 2012. Deconstructing the Architecture of

Dorsal and Ventral Attention Systems with Dynamic Causal Modeling. J. Neurosci. 32, 10637-
10648.

Wade, M., Hoffmann, T.J., Wigg, K., Jenkins, J.M., 2014. Association between the oxytocin receptor
(OXTR) gene and children’s social cognition at 18 months. Genes Brain Behav. 13, 603—610.

Waldherr, M., Neumann, 1.D., 2007. Centrally released oxytocin mediates mating-induced anxiolysis
in male rats. Proc. Natl. Acad. Sci. 104, 16681-16684.

Waller, R., Corral-Frias, N.S., Vannucci, B., Bogdan, R., Knodt, A.R., Hariri, A.R., Hyde, L.W., 2016. An

oxytocin receptor polymorphism predicts amygdala reactivity and antisocial behavior in men.
Soc. Cogn. Affect. Neurosci. nsw042.

Walum, H., Lichtenstein, P., Neiderhiser, J.M., Reiss, D., Ganiban, J.M., Spotts, E.L., Pedersen, N.L.,

Anckarséter, H., Larsson, H., Westberg, L., 2012a. Variation in the Oxytocin Receptor Gene Is
Associated with Pair-Bonding and Social Behavior. Biol. Psychiatry 71, 419-426.

Wang, J., Qin, W,, Liu, B., Wang, D., Zhang, Y., Jiang, T., Yu, C., 2013. Variant in OXTR gene and
functional connectivity of the hypothalamus in normal subjects. Neurolmage 81, 199-204.

Watanabe, T., Kuroda, M., Kuwabara, H., Aoki, Y., Iwashiro, N., Tatsunobu, N., Takao, H., Nippashi, Y.,
Kawakubo, Y., Kunimatsu, A., Kasai, K., Yamasue, H., 2015. Clinical and neural effects of six-
week administration of oxytocin on core symptoms of autism. Brain 138, 3400-3412.

Watson, K.K., Miller, S., Hannah, E., Kovac, M., Damiano, C.R., Sabatino-DiCrisco, A., Turner-Brown, L.,

Sasson, N.J., Platt, M.L., Dichter, G.S., 2015. Increased reward value of non-social stimuli in
children and adolescents with autism. Front. Psychol. 6.

Weigand, A., Feeser, M., Gartner, M., Brandt, E., Fan, Y., Fuge, P., Boker, H., Bajbouj, M., Grimm, S.,

2013. Effects of intranasal oxytocin prior to encoding and retrieval on recognition memory.
Psychopharmacology (Berl.) 227, 321-329.

Weisman, 0., Zagoory-Sharon, O., Feldman, R., 2014. Oxytocin administration, salivary testosterone,
and father—infant social behavior. Prog. Neuropsychopharmacol. Biol. Psychiatry 49, 47-52.

Weisman, 0., Zagoory-Sharon, O., Feldman, R., 2012. Intranasal oxytocin administration is reflected
in human saliva. Psychoneuroendocrinology 37, 1582—-1586.

Wigton, R., Radua, J., Allen, P., Averbeck, B., Meyer-Lindenberg, A., McGuire, P., Shergill, S., Fusar-
Poli, P., 2015. Neurophysiological effects of acute oxytocin administration: systematic review
and meta-analysis of placebo-controlled imaging studies. J. Psychiatry Neurosci. 40, E1-E22.

139



Winslow, J.T., Insel, T.R., 2002. The social deficits of the oxytocin knockout mouse. Neuropeptides 36,
221-229.

Wittfoth-Schardt, D., Grinding, J., Wittfoth, M., Lanfermann, H., Heinrichs, M., Domes, G., Buchheim,
A., Giindel, H., Waller, C., 2012a. Oxytocin modulates neural reactivity to children’s faces as a
function of social salience. Neuropsychopharmacology 37, 1799-1807.

Wolf, C., Mohr, H., Diekhof, E.K., Vieker, H., Goya-Maldonado, R., Trost, S., Kramer, B., Keil, M.,
Binder, E.B., Gruber, O., 2015. CREB1 Genotype Modulates Adaptive Reward-Based Decisions
in Humans. Cereb. Cortex.

Young, K.A., Gobrogge, K.L., Liu, Y., Wang, Z., 2011. The neurobiology of pair bonding: Insights from a
socially monogamous rodent. Front. Neuroendocrinol. 32, 53—69.

Young, K.A., Liu, Y., Gobrogge, K.L., Wang, H., Wang, Z., 2014. Oxytocin Reverses Amphetamine-
Induced Deficits in Social Bonding: Evidence for an Interaction with Nucleus Accumbens
Dopamine. J. Neurosci. 34, 8499-8506.

Young, L.J., Lim, M.M., Gingrich, B., Insel, T.R., 2001. Cellular Mechanisms of Social Attachment.
Horm. Behav. 40, 133-138. doi:10.1006/hbeh.2001.1691

Zak, P., Kurzban, R., Matzner, W., 2005. Oxytocin is associated with human trustworthiness. Horm.
Behav. 48, 522-527.

Zak, P.J., Stanton, A.A., Ahmadi, S., 2007. Oxytocin Increases Generosity in Humans. PLoS ONE 2,
e1128.

Zhang, D, Liang, B., Wu, X., Wang, Z., Xu, P., Chang, S., Liu, B., Liu, M., Huang, R., 2015. Directionality
of large-scale resting-state brain networks during eyes open and eyes closed conditions.
Front. Hum. Neurosci. 9.

Zhao, W,, Yao, S., Li, Q., Geng, Y., Ma, X,, Luo, L., Xu, L., Kendrick, K.M., 2016. Oxytocin blurs the self-
other distinction during trait judgments and reduces medial prefrontal cortex responses:
Oxytocin Blurs Self-Other Distinction. Hum. Brain Mapp. 37, 2512-2527.

Zink, C.F., Meyer-Lindenberg, A., 2012b. Human neuroimaging of oxytocin and vasopressin in social
cognition. Horm. Behav. 61, 400—409. doi:10.1016/j.yhbeh.2012.01.016

140



List of abbreviations

ACC anterior cingulate cortex

Al anterior insula

ANOVA analysis of variance

avPFC anteroventral prefrontal cortex

BIS Barrett Impulsivity Scale

BOLD blood oxygenation level dependent
CD38 cluster of differentiation 38

Cco Cingulo-opercular network

COMT catechol Omethyl transferase

CR conditioned reward stimulus

CSF cerebrospinal fluid

dIPFC dorsolateral prefrontal cortex

DM default mode network

DRD Desire-Reason-Dilemma

fMRI functional magnetic resonance imaging
FP fronto-parieto network

GAAO general approach-avoidance hypothesis of oxytocin
GABA gamma-aminobutyric acid

gICA group independent component analysis
GLM general linear model

Hz Hertz

MID monetary incentive delay

141



min

mPFC

NAcc

oT

OXT

OXTR

PCC

PFC

PPI

PTSD

PVN

rCBF

RNA

SNP

SON

SPM

TCl

TMS

TPJ

VA

vIPFC

vmPFC

vStr

VTA

minutes

medial prefrontal cortex

nucleus accumbens

oxytocin

oxytocin gene

oxytocin receptor gene

posterior cingulate cortex

prefrontal cortex

psycho-physical interaction

post-traumatic stress disorder

paraventricular nucleus

resting cerebral blood flow

ribonucleic acid

single nucleotide polymorphism

supraoptic nucleus

Statistical Parametric Mapping

Temparament Character Inventory

transcranial magnetic stimulation

temporo-parietal junction

ventral attentional network

ventrolateral prefrontal cortex

ventromedial prefrontal cortex

ventral Striatum

ventral tegmental area

142



Appendix

Publications on oxytocin

Search on pubmed (www.ncbi.nlm.nih.gov/pubmed) was done on the 26.04.2016. First, all

publications including the term “oxytocin” from the 26.04.1996 until the 26.04.2016 were listed.
Then all of them were listed in Syears steps. Subcategories were formed by including additional

terms.

Neuroscience: neuroimaging OR fMRI OR MRI OR BOLD OR neural OR neuronal OR neuron OR

neurones OR neurons OR brain OR neuro

Clinical: clinical OR pathology OR clinic OR pathological OR psychiatric OR schizophrenic OR
schizophrenia OR bipolar OR depression OR depressive OR affective OR disorder OR PTSD OR autism

OR autistic
Social: social OR affective OR emotion OR emotional

The mixed categories were formed by searches combining (AND) the specific terms of each
subcategory. All searches for a subcategory or a mixed category were done by excluding (NOT) the
terms which should not be included in the lists. The subcategory others was formed by excluding all
other terms except of the word oxytocin. The subcategory others contained mainly studies on labor
and birth, but also molecular experiments and studies on cells which did not indicate a
neuroscientific approach or research question. By applying ample of terms on psychiatric disorders

we tried to minimize the possibility of including paper referring to neural issues in their experiments.

In a more detailed search, also the subcategory cognition was formed with the terms (cognition OR

working memory OR executive control OR decision-making).
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