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Zusammenfassung

Zusammenfassung

Vasopressin (AVP) ist ein Peptidhormon, welches eine zentrale Rolle fiir die Regulation
des Sozialverhaltens des Menschen und weiterer Saugetierarten spielt. Wahrend in
Studien mit Tiermodellen (z.B. Wihimause und Goldhamster) ein Einfluss von AVP auf
verschiedene Aspekte des Sozialverhaltens gezeigt wurde, ist das Wissen Uber die
Wirkung von AVP auf das Sozialverhalten beim Menschen und dessen neuronale
Grundlagen bisher begrenzt. In der vorliegenden Dissertation wird der Einfluss von AVP
auf das Verhalten und die korrespondierenden neuronalen Prozesse in drei
verschiedenen sozialen Interaktionssituationen mittels der funktionellen

Magnetresonanztomographie (fMRT) und intranasaler Applikation von AVP untersucht.

Die erste Studie untersucht, wie intranasal appliziertes AVP die neuronalen Korrelate von
automatisch induzierter emotionaler Empathie, sowie automatisch induzierten
Mentalisierungsprozessen moduliert. Basierend auf der Annahme, dass alleine das
Beobachten eines emotionalen Zustandes einer anderen Person dieselben
Reprasentationen in der beobachteten Person aktiviert, wurde fir diese Studie ein
Paradigma gewahlt, bei dem Probanden Bilder prasentiert wurden, die verschiedene
soziale Situationen beinhalteten, sowie Situationen, in der nur eine einzelne Person
abgebildet war. Des Weiteren waren die dargebotenen Bilder von negativer oder von
neutraler Valenz. Die Variation von emotionalem und sozialem Inhalt der Bilder diente
dabei der differenzierten Untersuchung des Einflusses von AVP auf die neuronalen
Korrelate von automatisch induzierter emotionaler Empathie, als auch automatisch
induzierten Mentalisierungsprozessen. In diesem Experiment zeigte sich eine
vasopressininduziert erhdhte Aktivitat der rechten Amygdala wahrend der Betrachtung
von negativen Bildern, auf denen eine gefahrliche, soziale Interaktion prasentiert wurde.
Zusatzlich konnte eine erhohte funktionelle Konnektivitat zwischen der rechten Amygdala
und dem medialen prafrontalen Kortex wahrend der Betrachtung dieser Bilder beobachtet
werden. Die Arbeiten von Zink et al. (2010) berucksichtigend, fuhrt dies zu der Annahme,
dass inhibitorische Einflusse des medialen prafrontalen Kortex auf die Amygdala durch
intranasales AVP gehemmt werden, was zu einer erhéhten neuronalen Aktivitat in der
Amygdala fihrt. Aus evolutiondrer Sichtweise konnte diese vasopressininduzierte
Erhéhung der Amygdalaaktivitiat einen Uberlebensvorteil darstellen, da wir auf fur uns

gefahrliche Stimuli schneller reagieren kdnnen.
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In einem zweiten fMRT-Experiment wurde der Einfluss von AVP auf das
Kooperationsverhalten beim Menschen untersucht. In einem spieltheoretischen
Paradigma, das der Hirschjagd von Jean Jacques Rousseau nachempfunden war, war es
die Aufgabe der Probanden zwischen einer kooperativen Strategie A und einer nicht-
kooperativen Strategie B zu wahlen. Dabei zeigte sich eine selektive Wirkung von AVP
auf das Kooperationsverhalten beim Menschen: AVP erhoéhte die Wahl der kooperativen
Strategie A in Abhangigkeit vom monetarem Anreiz zu kooperieren. In solchen Spielen, in
denen die Wahl der kooperativen Strategie sehr attraktiv war, erhohte AVP das
Kooperationsverhalten. Dagegen konnte in Spielen mit geringem Anreiz zur Kooperation
kein Einfluss von AVP festgestellt werden. Auf neuronaler Ebene zeigte sich in
Abhangigkeit der Wahl der kooperativen Strategie eine vasopressininduzierte
Verminderung der neuronalen Aktivitdt im linken dorsolateralen prafrontalen Kortex
(dIPFC), sowie eine durch AVP induzierte Erhhung der neuronalen Aktivitat wahrend der
Wahl der nicht-kooperativen Strategie. Zusatzlich konnte unter AVP Einfluss eine erhdhte
funktionelle Konnektivitat des linken dIPFC und einer Hirnregion des Belohnungssystems,
dem Pallidum, wahrend der Wahl der kooperativen Strategie gezeigt werden. Aufgrund
der vielfachen Evidenz, dass der dIPFC bei der Risikowahrnehmung des Menschen eine
wichtige Rolle spielt, lakt sich schlieRen, dass AVP  moglicherweise
Kooperationsverhalten durch eine Verminderung der Wahrnehmung fiir soziales Risiko
erhoht.

Die dritte fMRT-Studie diente der Untersuchung des modulierenden Einflusses von AVP
auf die behavioralen und neurophysiologischen Korrelate von reaktiv-aggressivem
Verhalten. Dazu wurde eine modifizierte Version des Aggressionsparadigmas nach Taylor
genutzt, bei dem der Proband gegen einen vermeintlichen Gegenspieler in einem
Reaktionszeitwettstreit antrat. Dieser vermeintliche Gegenspieler war ein Konféderierter
der Versuchsleiterin, wodurch der gesamte Ablauf des Experiments von der
Versuchsleiterin  kontrolliert wurde. In der verwendeten Version des Taylor
Aggressionsparadigma l6sten sich aktive und passive Abschnitte ab. In aktiven
Abschnitten konnte der Proband bei Gewinn der Reaktionszeitaufgabe den Gegenspieler
mit einem lauten Ton bestrafen, jedoch bei Verlieren der Reaktionszeitaufgabe nicht vom
Gegner bestraft werden. In passiven Abschnitten hingegen wurde der Proband bei
Verlieren der Reaktionszeitaufgabe mit einem lauten Ton bestraft und konnte den
Gegenspieler aber nicht bei Gewinn der Reaktionszeitaufgabe bestrafen. Die Lautstarke
des Strafreizes wurde zu Beginn eines jeden Versuchs vom Proband festgesetzt. In
diesem fMRT-Experiment zeigte sich wahrend der Wahl des Bestrafungslevels in

passiven Abschnitten eine vasopressininduzierte Erhohung der neuronalen Aktivitat im
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superioren temporalen Sulcus (STS). Dabei erreichte die BOLD Antwort des rechten STS
unter AVP Einfluss in passiven Abschnitten dasselbe Niveau, wie in aktiven Abschnitten
beider Medikationsgruppen. Dieses Ergebnis wurde dahingehend interpretiert, dass die
Probanden in passiven Abschnitten unter dem Einfluss von AVP ihre Wahl des
Bestrafungslevels starker reflektieren, sowie deren Konsequenzen auf die Wahl des
Bestrafungslevels besser antizipieren, moéglicherweise um das Risiko einer hohen
Bestrafung im Falle des Verlierens der Reaktionszeitaufgabe zu vermindern. Des
Weiteren deutet dieses Ergebnis darauf hin, dass AVP mdglicherweise die Salienz von

weniger bedeutungsvollen sozialen Interaktionen erhoht.
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Abstract

The neuropeptide vasopressin (AVP) has a key role in the regulation of social behavior in
humans and in a wide range of other mammalian species. In various investigations using
voles or golden hamsters, for example, the influence of AVP on diverse forms of social
behavior has been documented. However, up to now the knowledge about AVP’s role in
human social behavior is still limited. The present thesis attempts to provide insight into
AVP’s role in human social behavior by investigating three distinct social interactions
using functional magnetic resonance imaging (fMRI) combined with intranasally
administered AVP.

The first fMRI experiment addresses the modulatory impact of AVP on the neural
correlates of automatically elicited emotional empathy and mentalizing processes. Based
on the assumption that observing the emotional state of another person activates the
same representations in the observer, a paradigm was used, in which pictures were
presented showing either a social interaction or a situation with only a single person. In
addition, these pictures were either of negative or neutral content. The variation of
emotional and social content enabled a differentiated examination of emotional empathy
as well as mentalizing processes and further allowed to analyze how the corresponding
neural substrates are modulated by intranasal AVP.

The main finding of this study was that AVP modulates the neural activity in the right
amygdala during the observation of pictures that illustrated a socially threatening scene.
In addition, the functional connections between the right amygdala and the medial
prefrontal cortex were strengthened when subjects watched the socially threatening
scenes. Together with the findings from the study by Zink et al. (2010), the present study
suggests that AVP attenuates inhibitory inputs of the medial prefrontal cortex, which are
usually present to regulate the amygdala fear response. The AVP induced inhibition of the
negative feedback loop from the medial prefrontal cortex to the amygdala might result in
more sustained activity in the amygdala, which could be important for our survival by
increasing the sensitivity for a faster reaction to socially threatening stimuli.

In a second fMRI study the impact of AVP on human cooperative behavior was
investigated by using a two player’s stag hunt game, which is based on a parable of Jean
Jacques Rousseau. A task design with distinct cooperation incentives allowed to
disentangle AVP’s influence on behavior during high and low cooperation incentive levels.
Participants were asked to choose between a cooperative strategy A and a non-

cooperative strategy B.
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The findings at the behavioral level indicate that AVP is acting selectively as it only
increased cooperative behavior when the incentive to cooperate was high, but showed no
impact in games with low incentive levels. At the neural level, AVP reduced the BOLD
signal in the left dorsolateral prefrontal cortex (dIPFC) during the choice of the cooperative
strategy and increased the BOLD signal during non-cooperative choices. Furthermore,
AVP strengthened the functional connectivity of the left dIPFC and the left pallidum. As a
recent meta-analysis by Mohr et al. (2010) highlighted the dIPFC as crucial brain site
during risky decision-making, the present findings suggest that AVP promotes human

cooperative behavior by decreasing the perception of social risk.

The third fMRI study asked for the moderating impact of AVP on reactive aggressive
behavior in humans. In a modified version of the Taylor aggression paradigm (TAP) that
comprised “active” and “passive” blocks, the participant played a reaction time task
against another player who in fact was a confederate of the experimenter. In “active”
blocks participants could punish the “opponent” with a loud polystyrene scratching noise in
case of winning the trial, whereas the participant did not receive such a punishment when
losing the trial. In “passive” trials participants were punished when loosing the reaction
time task, but the “opponent” could not be punished by the participant when he won the
reaction time task. The volume level of the punishment level was adjusted at the
beginning of each ftrial, independently of whether it was an “active” or a “passive” trial, and
served as an index of reactive aggression.

At the neural level the main AVP effect was found in the superior temporal cortex, namely
in the right superior temporal sulcus. A modulation was found in “passive” trials during the
selection of the punishment level for the opponent which reached a level comparable to
that in “active” ftrials for both groups. These findings may indicate that under AVP
influence the participants reflect more on their choice of punishment level selection by
more strongly anticipating its possible consequences on the opponents’ punishment level
selection, possibly to avoid the risk of receiving a high punishment in case of losing the
reaction time task in “passive” trials. Results from the aggression task might also be taken

as evidence that AVP might increase the salience of less meaningful social situations.
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Chapter 1

Introduction

1.1 Outline of the thesis

Besides its well-known peripheral effect to increase water absorption in the collecting
ducts of the kidney nephron, the neuropeptide vasopressin (AVP) has also been shown to
act on the central nervous system in diverse mammalian species. Here, AVP is a key
mediator of complex social behaviors such as pair bond formation (Bielsky and Young,
2004; Goodson and Bass, 2001; Lim and Young, 2006), social recognition (Zink et al.,
2011), and aggressive behavior (Bos et al., 2012; Caldwell et al., 2008; Goodson and
Bass, 2001). In the majority of AVP studies, animal models like voles or Syrian hamsters
were used to explore AVP’s mediating impact on distinct forms of social behavior, while
little effort has been made to study AVP’s impact on social behavior in humans. Human
work so far has been mostly directed to AVP’s sister hormone oxytocin, which also has
effects on social behavior that are partially orthogonal to those of AVP (Meyer-Lindenberg
et al., 2011).

The present thesis focuses on AVP and its modulation of social behavior in humans.
Three fMRI studies that involve centrally administered AVP are presented. In study 1
(chapter 2) the influence of AVP on automatic aspects of emotional empathy and
mentalizing processes will be illustrated in detail. The second experiment (chapter 3)
demonstrates the mediating role of AVP in human cooperative behavior, whereas the third
study (chapter 4) focuses on how AVP modulates behavioral and neurophysiological
underpinnings of reactive aggressive behavior in humans. An integrated general
discussion of the findings of the three studies with suggestions for future studies

comprises chapter 5.

This introduction will first provide a detailed overview on the structure and functions of the
neuropeptide AVP with a special focus on its role in the regulation of social behavior. This
is followed by a summary of theoretical approaches and empirical evidence related to
empathy, mentalizing, cooperative behavior and human aggressive behavior. Finally, a

brief introduction to the functional magnetic resonance imaging method will be given.
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1.2 Vasopressin
1.2.1 Structure and physiology

The neuropeptide AVP is synthesized in the nucleus supraopticus and the nucleus
paraventricularis of the hypothalamus whose magnocellular neurons project to the
posterior pituitary where AVP is stored and released into the bloodstream to exert its
peripheral effects. It consists of 9 amino acids with the following sequence: Cys — Tyr —
Phe — GIn — Asn — Cys — Pro — Arg — Gly — NH, with cysteine residues forming a sulfur
bridge. The most well-known function of AVP is to regulate the retention of water in the
kidneys. During dehydration AVP is released from the posterior pituitary into the
bloodstream and acts on the AVP2 receptors of the kidneys to conserve more water,
mediated by increasing the water permeability of the distal tubules. Aside from its role as
antidiuretic hormone, AVP has a crucial function in the regulation of blood pressure, which
is promoted by enhancing the peripheral vascular resistance.

There is ample evidence that AVP is also acting centrally (Meyer-Lindenberg et al., 2011).
Axons of AVP neurons of the nucleus supraopticus and the nucleus paraventricularis
project directly to the amygdala, the hippocampus, lateral septum, the nucleus accumbens
and some brain stem regions (ventral tegmental area and the solitary tract nuclei down to
the spinal cord; Bos et al.,, 2012). AVP1a receptors (AVPR1a) in mammals have been
localized in the hippocampus, amygdala, hypothalamus, bed nucleus of the stria
terminalis, brainstem, lateral septum and in the prefrontal and cingulate cortex of monkeys
(Loup et al., 1991; Young et al., 1999), whereas AVP2 receptors, that are important for the

water regulation, were found to have a higher density in the kidneys.

How AVP impacts neurobehavioral functions in humans can be effectively studied by
intranasal administration of this neuropeptide. Earlier studies could demonstrate a clear
advantage of transnasal administration over an intravenous treatment, because the latter
method allowed only a small quantity of injected AVP to cross the blood brain barrier
(Banks et al., 1987; Ermisch et al., 1985; Mens et al., 1983; Zlokovic et al., 1990). By
contrast, Born et al. (2002) showed that intranasal administration of AVP resulted in a high
level of AVP in the cerebrospinal fluid (CSF) within 10 min, with a further increase for up
to 80 min after administration.

How AVP enters the human brain after intranasal administration is still a matter of debate:
Via an intraneuronal pathway AVP might be transported in the axons of olfactory neurons

to the human brain. However, proteolysis of AVP might occur and transport via this
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pathway may take hours for the peptide to reach the human brain (lllum, 2000; Thorne et
al., 1995). Thus, an extraneuronal pathway might rather account for a fast transport to the
CSF and brain. Using this pathway, AVP molecules may pass via diffusion the intercellular
clefts in the olfactory epithelium to the subarachnoid space (lllum, 2000; Thorne et al.,
1995).

1.2.2 Vasopressin and social behavior
1.2.2.1 The role of Vasopressin in social bonding and affiliative behavior

AVP appears to regulate social bonding behavior in different mammalian species (Bielsky
and Young, 2004; Goodson and Bass, 2001; Lim and Young, 2006). Voles represent
optimal models to study the role of AVP in social pair bonding due to differences in social
behavior and social organization in closely related species (Aragona and Wang, 2004;
Carter et al., 1995; Insel, 2010; Lim et al., 2005; McGraw and Young, 2010). Prairie voles
and pine voles are monogamous species while montane and meadow voles usually have
multiple sexual partners (Insel, 2010). The partner preference test is an established
method to study pair bonding behavior in voles by initially mating a male and female who
get isolated from each other afterwards. The male is then placed into the middle of a three
chamber apparatus and the partner female and a novel female are seated in the other
chambers. The partner preference is usually assessed by the amount of time that the
male spends close to the chambers of the partner female and the novel female (Caldwell
et al., 2008; Carter and Getz, 1993; Carter et al., 1995; Williams et al., 1994). It has been
suggested that a partner preference is present in the case that the male spends twice as
much time with the partner female than with the novel female (Insel, 2010). Young et al.
(1999) revealed a higher partner preference in social prairie voles after a central infusion
of AVP, whereas this effect could not be seen for non-social montane voles. In addition, a
central infusion of AVPR1a antagonists inhibited these behaviors in social prairie vole
males, but no impact was observed when administering these antagonists to non-social
montane voles (Insel et al., 1993; Insel, 2010; Young et al., 1999). Similar results have
been seen in mice that were genetically engineered to express additional AVP receptors
and who also increased the amount of social interactions between males (Young et al.,
1999).

In humans, genetic studies clearly implicate a specific influence of AVP on social bonding

and affiliative behavior. Variations in the AVPR1a locus are thought to be responsible for
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differences in personality traits associated with social interactions and the onset of
reproduction (Donaldson et al., 2008; Israel et al., 2008; Prichard et al., 2007). For
example, AVPR1a genetic variability accounted for differences in human pair bonding in a
study that tested 552 Swedish twin pairs, all of them living in a relationship with a partner.
Males who were homozygous for a specific allele of AVPR1a more often suffered from

marital problems or threat of divorce (Donaldson et al., 2008; Walum et al., 2008).

The effect of the AVP system on human social bonding behavior has up to now solely
been shown by means of behavioral genetics studies. How AVP impacts the neural
circuits underlying human social bonding behavior has not been established yet. The only
attempt in this direction comes from Zink et al. (2011) who investigated a process that is
essential for the formation of social bonds: social recognition — the ability to recognize
other people. By using fMRI and an intranasal application of 40 International Units (IU) of
AVP, Zink et al. (2011) revealed activity in the left temporo-parietal junction (TPJ) related
to social recognition. The authors thus argued that AVP modulates the processing of

unfamiliar faces such that these are more easily transferred to a familiar categorization.

1.2.2.2 Vasopressin as a modulatory factor in aggressive behavior

A growing body of evidence points to a key role of AVP in social forms of aggressive
behavior primarily in male-male aggression (Caldwell et al., 2008; Goodson and Bass,
2001). Investigations on male rodents and Syrian hamsters revealed increased
aggressive interactions after injections of AVP in the anterior hypothalamus (AH) and the
lateral septum (Bos et al.,, 2012; Caldwell and Albers 2004b; Ferris et al., 1997). This
effect was further pronounced when AVPR1a antagonists were microinjected into the AH
of Syrian hamsters eliciting an inhibition of aggressive behavior against intruders (Ferris
and Potegal, 1988). A complementary effect was reported by Veenema et al. (2010) who
observed an increase in aggressive behavior when AVP acted on the lateral septum, but
a decrease in aggressive behavior when AVP acted on the bed nucleus of the stria
terminalis. This might indicate a crucial role of AVP in up- but also in down-regulating
aggressive behavior (Bos et al., 2012).

Besides its mediating function in intermale aggression, AVP also showed to mediate
aggression in females. It had an impact on maternal aggression to protect the offspring
against intruders. For example, in rats that were treated with AVP receptor antagonists in

the amygdala, maternal aggression was down-regulated (Bosch and Neumann, 2010),
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while the opposite effect appeared in low anxious rats that received microinjections of
synthetic AVP in the central nucleus of the amygdala.

As with social bonding, most of the knowledge on AVP effects on aggression is based on
animal studies, while there is little evidence in humans yet. Coccaro et al. (1998)
determined the relation between the AVP concentration in the cerebrospinal fluid and life
histories of aggressive behavior in personality-disordered persons. They found a positive
relationship that was stronger for males than for females. Based on findings from animal
studies pinpointing to a modulatory role of AVP in aggression-related species specific
signals such as flank marking in hamsters (Ferris et al., 1984; Ferris et al., 1985) and
scent-marking in squirrel monkeys (Winslow and Insel, 1991), Thompson et al. (2004)
predicted that AVP would similarly influence the processing of social stimuli necessary for
human social communication. Moreover, they expected that AVP would equally affect
agonistic communication signals in response to these stimuli. Contrary to expectations,
AVP did not influence the attention toward happy or angry facial expressions in healthy
young men. The same applies for arousal measures related to latter experimental
conditions. By using electromyographic (EMG) measures, Thompson et al. (2004) could
demonstrate in young men, however, that under AVP-influence EMG-responses induced
by neutral facial expressions, had the same amplitude as EMG-responses evoked by
angry facial expressions under placebo. Such a finding implies that AVP impacts
aggressive behavior in human males such that harmless social stimuli are interpreted as
threatening (Thompson et al., 2004). In a second study, Thompson et al. (2006) found
that AVP increased an agonistic EMG-pattern with regard to faces of unfamiliar men in
male subjects. It also promoted a reduction of the perception of the friendliness of those
faces. Interestingly, in women AVP stimulated affiliative EMG patterns during the
presentation of faces of unfamiliar women and increased the perception of the friendliness
of those faces.

In conclusion, human and animal studies suggest an influence of AVP on aggressive
behavior, but it remains to be investigated how possible target structures, involved in

human aggressive behavior, are modulated by AVP.

1.3 The concept of empathy

The ability to decipher and predict the emotional state of others is essential for every day
social interactions. The philosopher David Hume once argued that the processes, by
which one person can infer the internal state of another and adjust their response

accordingly, are the basis for social perception and interactions in human life (Hume,
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1740/1896). The capacity to share the feelings of another person is called empathy.
Different empathy concepts have been developed with remarkable disagreement
regarding its definition (De Vignemont and Singer, 2006; Eslinger, 1998; Gordon, 1995;
Hoffman, 2000; Meltzoff and Moore, 1983; Preston and de Waal, 2002; Wispé, 1986;
Zahn-Waxler et al., 1992). A widely accepted definition of empathy comes from De
Vignemont and Singer (2006), who stated that we empathize with others when we have:
“(1) an affective state, (2) which is isomorphic to another person’s affective state, (3)
which was elicited by observing or imagining another person’s affective state, and (4)
when we know that the other person’s affective state is the source of our own affective
state”. Other researchers have referred to empathy as being simply an adoption of the
posture or expression of the other person, signified as “motor mimicry” or “imitation”
(Dimberg et al., 2000; Hoffman, 2000). An investigation by Meltzoff and Moore (1983)
revealed that preverbal children already actively mimic and imitate other children and
there is ample evidence that the imitation of others, like footshaking or touching one’s hair,
is a highly automatic and unconscious process (Decety and Ickes, 2009). Blair (2005)
suggested that empathy comprises an affective and a cognitive component. The affective
component refers to the ability to share the feelings of others, while its cognitive
counterpart maintains the cognitive representation of the mental states of others without
feeling them in one’s own body. The cognitive component is also termed mentalizing or
“Theory of Mind” (ToM). Different models have been suggested that tried to integrate the
different components of empathy (Decety and Ickes, 2009). Preston and de Waal (2002)
in their perception-action model claimed that we automatically match another person’s
neural state during perception due to an automatic activation of our own representations
of that observed state, situation and person. These latter representations in turn activate
respective responses, which can be either emotional, cognitive, behavioral or a
combination of all of these. The processes are viewed as being automatic, unconscious
and uneffortful, but can be controlled and inhibited (Glimcher et al., 2009).

1.3.1 The neural basis of Theory of Mind

Neuroimaging studies have advanced the understanding of ToM processes by revealing
the neural substrates that underlie human’s ability to infer the beliefs and intentions of
other people. In experimental settings ToM processes are usually induced by telling
participants stories or exposing them to cartoons and by instructing participants to reason
about the beliefs and intentions of the protagonists of the stories. Neuroimaging and

lesion studies identified a neural circuit that comprises the medial prefrontal cortex
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(mPFC), the superior temporal sulcus (STS), the temporo-parietal junction (TPJ) and the
temporal poles (TP; Baron-Cohen et al., 1994, 1999; Brunet et al., 2000; Calder et al.,
2002; Castelli et al., 2000; Fletcher et al., 1995; Gallagher et al., 2000; Gobbini et al.,
2007; Goel et al., 1995; Kramer et al., 2010; Marjoram et al., 2006; McCabe et al., 2001;
Mitchell et al., 2005; Rilling et al., 2004; Saxe and Kanwisher et al., 2003; Vogeley et al.,
2001; Volim et al., 2006). In a meta-analysis on ToM processing, mPFC activity was
identified in thirty-five of fourty fMRI studies that investigated neural correlates of ToM
processing (Carrington and Bailey, 2009). Additionally, lesion studies have underpinned
the unique role of the mPFC in ToM processing during first- and second order false belief
tasks (Rowe et al.,, 2001). More specifically, Saxe and Wexler (2005) argued that
subcomponents of ToM are associated with distinct brain regions, such that the mPFC is
involved in the understanding of desires, goals and feelings of others, whereas the TPJ
region is implicated in the ability to infer more abstract contents of mental states, such as
beliefs. In a recent fMRI study by Kramer et al. (2010), the neural basis of automatic
mentalizing and emotional empathy processing was assessed and revealed ToM-related
neural activity in classical mentalizing brain regions: the mPFC and in the STS region.
Several neuroimaging studies have converged in a role of the STS region during ToM
processing. Vollm et al. (2006) for instance detected increased activity in the superior
temporal gyrus when participants were presented with comic strips in a “Theory of Mind”

condition.

Understanding the neural mechanism of the ability to represent others’ beliefs, intentions
and desires has also become a research target in the field of neuroeconomics. Human
decision-making assumes the capacity to construct a “Theory of Mind” of the other in
order to optimally predict the action of one’s vis-a-vis. To study the relation between these
mechanisms and human decision-making, data on the ultimatum game or the prisoner’s
dilemma provide a good empirical framework. Rilling et al. (2004) implemented these two
economic paradigms to determine whether neural correlates of ToM processing are active
during the reasoning about intentions of others and could identify increased neural activity
in the posterior STS that was associated with partner decisions in the ultimatum game and
also in the prisoner’s dilemma. However, up to now, little is still known about how exactly

ToM processes interact with economic decision-making.

17



Introduction

1.3.2 A neural circuit of emotional empathy

Emotional empathy has mostly been studied with relation to observation of pain (Bufalari
et al., 2007; Gu et al., 2010; Jackson et al., 2005, 2006; Lamm et al., 2007; Singer et al.,
2004). For example, in the study by Singer et al. (2004) empathy for pain was elicited in
couples with the observing female partner lying in the fMRI-scanner. A painful stimulation
of the right hand was applied to either the female partner herself or to her male partner. A
mirror allowed the female partner to see the execution of the painful stimulation on her
own hand and on the hand of her partner. A neural network comprising the bilateral
anterior insula (Al), the rostral anterior cingulate cortex (ACC), the brainstem and the
cerebellum was activated during the reception of the painful stimulation on her own hand,
but also during the observation of the painful stimulus execution on the partner’s hand.
This finding implies that the pain circuit is active during the self-experience of pain, but
also when observing the own partner suffering from pain. These results specifically
underpin the suggestion made by Preston and de Waal (2002), who claimed an automatic
activation of neural representations in response to an observed emotional state of another
person. Similar activity in the so-called pain matrix has also been reported using painful
facial expressions (Lamm et al., 2007), a painful pinprick stimulus to the fingertips
(Morrison et al., 2004) or films with painful situations (Jackson et al., 2005, 2006). The Al
and the ACC are the most commonly replicated brain regions linked to empathy for pain
(De Vignemont and Singer, 2006; Jackson et al., 2005; Lamm et al., 2007; Morrison et al.,
2004; Singer et al., 2006). Both regions have also been highlighted regarding the
representation of internal body states (Craig, 2002; Critchley et al., 2001, 2004; Damasio,
1994). Based on this knowledge, Singer et al. (2004) advanced an interoceptive model of
emotions by extending it into the empathy domain. They claimed that bodily states that
are represented in these latter brain regions provide two distinct functions. Firstly, they
allow the generation of subjective representations of feelings and also the prediction of
autonomic responses related to anticipated emotional stimuli. Additionally, they enable an

empathic simulation of the internal state of other’s.

Besides the Al and the ACC, neuroimaging studies have also identified the amygdala
(Meyer-Lindenberg et al., 2009; Voélim et al., 2006) and the inferior frontal gyrus (Kramer
et al., 2010; Schulte-Ruther et al., 2007) as key brain sites for emotional empathy
processes. Moreover, Kramer et al. (2010) associated the left STS to automatically

elicited emotional empathy processes.

18



Introduction

As already outlined in the previous chapter with regard to ToM processing, affective
empathy processing may also interfere with action selection in economic decision-making.
Evidence for this assumption comes from Singer et al. (2006). In a trust game Singer et al.
(2006) have introduced a fair and an unfair partner to the participant and incorporated
these players in a further pain experiment similar to that from Singer et al. (2004). This
time the participant could observe the painful stimulation on the hand of the fair or the
unfair player. In line with previous results, increased activity emerged in empathy-related
brain regions (Al and ACC) when observing the fair player receiving a painful stimulation.
Interestingly, this pain-related activity was absent in male participants when observing the
unfair player suffering from pain, whereas female participants still showed neural activity
in the aforementioned pain-related brain regions. Male participants showed increased
neural activity in the nucleus accumbens instead, a key brain site in reward processing
(Hamann et al., 2004; Knutson et al., 2001; Preuschoff et al., 2006; Sabatinelli et al.,
2007). Moreover, the activity in the nucleus accumbens correlated positively with male
participants’ desire for revenge. These findings point to an interaction between fairness

and emotional empathy responses.

1.4 Human cooperative behavior

It is often more advantageous to cooperate with others, than to take matters only into
one’s own hands. For instance, success may be more easily achieved through collectively
working in a group. In social neuroscience and neuroeconomic research, laboratory
experimental games such as the stag hunt game, the coordination game or the prisoner’s
dilemma game have been used to characterize cooperative behavior in humans (Declerck
et al.,, 2010; Liebrand et al., 1986; Rilling et al., 2012; Skyrms, 2004; Wiltermuth and
Heath, 2009; Yoshida et al., 2010).

In the stag hunt game, which is based on a parable of Jean Jacques Rousseau, each
player has to make her or his own decision by taking the anticipated decision of the other
player into account and has to make a choice between a payoff-dominant strategy and a
risk-dominant strategy. The terms “payoff-dominant” and “risk-dominant” are related to the
distinct Nash-equilibria incorporated in the stag hunt game: a “payoff-dominant” Nash
equilibrium (see figure 1.1 at the top left of the payoff-matrix) and a “risk-dominant” Nash
equilibrium (see figure 1.1 at the bottom right of the payoff-matrix). A Nash equilibrium is a
solution concept where no player would be better off when changing the strategy (Nash,
1950).
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As illustrated in figure 1.1, to go for the “payoff-dominant” strategy A as row player would
only make sense, if one expected the column player to also cooperate by choosing the
payoff-dominant strategy A as well. In this case both players would receive the highest
payoff. On the other hand, if the column player would decide to go for the risk-dominant
strategy B, then the row player would receive no payoff in the present example (see figure
1.1 at the top right of the payoff-matrix). If the row player is willing to go for the risk-
dominant strategy B, because he expects the column player to defect mutual cooperation,
the row player would earn 3 Euros in the case that the column player would have gone for
the payoff-dominant strategy A or 5 Euros if the column player would have preferred the

risk-dominant strategy B.

column player

A B
A €7/€7 €0/€3
row player
B €3/€0 €5/€5

Figure 1.1 Payoff matrix of a stag hunt game

As the stag hunt game, the prisoner’s dilemma game (PD) has been used to study human
cooperative behavior. The PD entails a dilemma between a strategy, which is benefical for
both players, and a more self-interested strategy (see figure 1.2). If both players go for the
self-interested strategy, a worse payoff would be the result for both players (see figure 1.2
at the bottom right of the payoff-matrix). Indeed, while mutual cooperation is the most

efficient choice for both players in the PD, one can always achieve an even higher payoff,
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when choosing the self-interested strategy which only pays off, however, when the other

player decides against the self-interested strategy.

column player

A B
A €7/€7 €2/€10
row player
B €10/€2 €3/€3

Figure 1.2 Payoff matrix of a Prisoner’s dilemma game

A crucial component which might facilitate the formation of cooperative behavior is the
ability to cognitively represent the mental states of the other, which is also termed “Theory
of Mind” or mentalizing (see chapter 1.3 for more details). If one can anticipate the
behavior of the other person better, by understanding his or her mental states such as
desires, intentions and beliefs, cooperative behavior with the other person might occur. In
addition, executive functions, such as the ability to decide for an action during a novel
situation, as well as the monitoring of an ongoing action, may also contribute to the

formation of human cooperative behavior.

1.4.1 The neural foundation of human cooperative behavior

In recent years, neuroimaging studies have revealed the neural network underlying
human cooperative behavior by measuring brain activity during strategic decision-making
in economic games (Decety et al., 2004; Rilling et al., 2002, 2004, 2012; Yoshida et al.,

2010) or mentalizing and emotional empathy tasks (Calder et al., 2002; Gallagher et al.,

21



Introduction

2000; Gobbini et al., 2007; Grattan et al., 1994; Grattan and Eslinger, 1989; Heberlein et
al., 2004; Kramer et al., 2010; Narumoto et al., 2001; Rowe et al., 2001; Vogeley et al.,
2001; Vollm et al.,, 2006). Moreover, neuroendocrine research, mostly employing the
social neuropeptide oxytocin (OT), examined the effects of hormones on behavior and
brain activity during human cooperation (Declerck et al., 2010; Rilling et al., 2012).
Neuroimaging studies as well as lesion studies shed light onto the neural circuit of
processes that crucially shape human cooperative behavior: In such experimental settings
employing economic games, the participants were introduced to another player, who was
(in most of the studies) a confederate of the experimenter, and the participant was made
believe that the interactive character of the game would be achieved via a computer

network.

An fMRI study by Rilling et al. (2002) incorporated the prisoner's dilemma game and
observed that activity changes in ventromedial prefrontal cortex and anterior cingulate
cortex were associated with the degree of cooperation. The ventromedial prefrontal cortex
was also engaged in a further study by Rilling et al. (2012), but this time the increased
activity pattern was based on subjects’ reciprocated cooperation with a human partner
when compared to a computer partner. Decety et al. (2004) reported activations in the
orbitofrontal cortex (OFC) when comparing cooperative vs. competitive trials. From the
known role of the OFC in reward processing (Gottfried et al., 2003; O’'Doherty et al., 2001;
Rolls, 2000), Decety et al. deduced that cooperation might be a socially rewarding

process, reflected by an increase in the recruitment of the OFC.

Yoshida et al. (2010) investigated how belief inference during cooperative interactions is
neurobiologically represented and provided first evidence for a role of the rostral mPFC in
the encoding of the uncertainty of inference about the strategic choice of the other player.
Yoshida et al. (2010) could thus extend the role of the rostral mPFC to the ToM
subcomponent “belief inference”. Additionally, they reported the dorsolateral prefrontal
cortex to be crucial for the encoding of the depth of recursion in relation to the strategic
choice.

With regard to social neuropeptides, intranasal OT increased cooperation in a
coordination game, but its action was critically dependent on prior social contact and
extrinsic cooperative incentives (Declerck et al., 2010). In addition, Declerck et al. (2010)
suggested that OT may increase the willingness to cooperate by reducing fear (Kirsch et
al., 2005) and enhancing reward (Depue and Morrone-Strupinsky, 2005), but only if the

context is such that one would benefit from social approach. In dangerous and uncertain
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situations an opposite effect might occur: OT would rather increase avoidance behavior

such as risk aversion. This should result in defection rather than in cooperation.

In a further investigation using the prisoner’s dilemma game to examine the effects of OT
and AVP on human cooperative behavior, Rilling et al. (2012) revealed an OT dependent
increase of cooperative behavior (relative to AVP) for those rounds that were preceded by
unreciprocated cooperation. On the neural level, OT enhanced neural activity in the
nucleus caudatus during reciprocated cooperation, which was linked to increased reward
and trust from reciprocated cooperation. Moreover, OT also modulated neural activity in
the left amygdala in response to reciprocated cooperation. Intranasal AVP also enhanced
cooperative behavior in this study, but its effect was strongly dependent on a cooperative

gesture by the other player.

In addition to OT and AVP, the neurotransmitter serotonin has recently been thought to
modulate cooperative behavior in humans (Wood et al.,, 2006). Based on previous
findings that have linked mutual cooperation to reward-related brain structures (Rilling et
al., 2002, 2004) and the known role of serotonin in various aspects of reward processing
(Aronson et al.,, 1995; Redgrave and Horrell, 1976; Sasaki-Adams and Kelley, 2001),
Wood et al. (2006) predicted that a reduction of serotonin (realized by dietary tryptophan
depletion) would decrease cooperative interactions while promoting defection in the
prisoner's dilemma. Indeed, a reduction of serotonin level significantly decreased

cooperative behavior, albeit only for the first but not the second day of the study.

1.5 Human aggressive behavior

The experience of being provoked motivates impulses for revenge. This so-called reactive
aggression is in contrast to the rather cold-blooded and goal-directed instrumental
aggression.

Substantial research has stressed critical factors that promote aggressive behavior and
points to an interaction of genetic and environmental influences (Ghodsian-Carpey and
Baker, 1987; Miles and Carey, 1997). Distinct domain-specific theories of aggression have
been developed in the past (Anderson and Bushman, 2002; Bandura and Barab, 1973;
Berkowitz, 1993; Mischel, 1973; Tedeschi and Felson, 1994; van Honk et al., 2010). One
approach that has dominated psychological research for several decades was the

frustration-aggression hypothesis (Dollard et al., 1939). According to this theoretical
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approach, frustration always predicts aggressive behavior in an individual. Thus,
whenever frustration occurs, it will lead to aggressive behavior in this individual, and also
the occurence of aggression is always mediated by frustration. The cognitive
neoassociation theory by Berkowitz (1993) later provided an update of the frustration-
aggression hypothesis by stating that aggressive behavior is not only elicited by
frustration, but is also caused by the presence of further unpleasant situational cues, like
provocation or the experience of uncomfortable temperatures, leading to unpleasant
emotions and feelings such as anxiety, anger or pain which might trigger “fight” or “flight”
tendencies.

Recently, the general aggression model (GAM; Anderson and Bushman, 2002) posits that
aggressive behavior is promoted by situational and personal factors, which enhance
aggressive affect, aggressive cognition and arousal. Situational factors are for instance
frustration, provocation, pain or the use of drugs, while personal factors could be traits,
gender, beliefs and attitudes. Affective and cognitive processes mediate appraisal and
decision processes that finally cause impulsive or thoughtful actions (Anderson and
Bushman, 2002; Kramer et al., 2007).

Aggressive behavior can be quantified in various ways, using aggression questionnaires,
behavioral ratings and neurophysiological approaches like fMRI or
electroencephalography (EEG; Grafman et al., 1996; Kramer et al., 2007, 2008, 2011;
Lotze et al.,, 2007; Mathiak and Weber, 2006; Wiswede et al., 2011). To capture the
reactive character of aggression, many investigations introduced an opponent to the
participant under study, which is in fact a confederate of the experimenter. Established
paradigms that have frequently been used to elicit and measure aggressive behavior in
the laboratory are the Taylor aggression paradigm (TAP; Taylor, 1967), the Buss
aggression machine (Buss, 1966), the Point subtraction aggression paradigm (Cherek,
1981) and the Hot sauce aggression paradigm (Lieberman et al., 1999).

In the TAP, for which convergent and discriminant validity has been demonstrated
(Anderson et al., 1999; Bernstein et al. 1987; Giancola and Zeichner, 1995b), reactive
aggressive behavior is elicited by provoking the participant in the course of a competitive
reaction time task. In winning trials participants can punish the “opponent” for instance
with a loud noise or an electric shock, while they get punished by the “opponent” when
losing the trial. Due to a separation of the distinct phases of the aggressive interaction into
a decision phase (selection of punishment level for the opponent player) and an outcome
phase (punishment is applied or received), the paradigm allows the separate
consideration of the distinct emotional and cognitive processes that contribute to human

aggressive behavior.
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1.5.1 Neural structures and neurotransmitter systems underlying

aggressive behavior

Research in humans (Blair and Cipolotti, 2000; Damasio et al., 1994; Dougherty et al.,
1999; Harlow, 1848; Pietrini et al., 2000) and animals (Emery et al., 2001; Gregg and
Siegel, 2001; Machado and Bachevalier, 2006; Panksepp, 1998) identified a number of
brain areas important for aggression including the medial amygdala, the hypothalamus,
the periaqueductal grey, the bed nucleus of the stria terminalis and the OFC. Brain
imaging and brain-lesion studies specifically linked increased aggressive behavior to
lesions/decreased activity in the frontal cortex (Anderson et al., 1999; Coccaro et al.,
1997; Nelson and Trainor, 2007). For example, neural activation of the frontal cortex was
significantly lower compared to the average baseline in those individuals scoring high on
measures of reactive aggression (Soloff et al., 2003; Volkow et al., 1995). In healthy
individuals, neural sites important for aggression, specifically the amygdala and the
hypothalamus, receive sufficient inhibitory inputs from frontal areas. A diminished
functioning of this regulation pathway may result in reduced cognitive control of
aggressive behavior (Brower and Price, 2001). Individuals high in reactive aggression, for
instance, demonstrated reduced activity in the OFC and exaggerated activity in the
amygdala during the exposure to emotional faces, while these findings could not be seen
for healthy controls (Coccaro et al., 2007). In particular the OFC has been linked to
reactive aggressive behavior in an extensive line of functional and structural imaging
studies involving patients with neurological alterations and healthy individuals (Anderson
et al., 1999; Blair, 2004; Brower and Price, 2001; Davidson et al., 2000; Grafman et al.,
1996; Raine and Yang, 2006). Besides the OFC, the mPFC has been shown to be
engaged in reactive aggressive behavior (Lotze et al., 2007). Lotze et al. (2007) found
specifically the dorsal part of the mPFC to be activated during participants’ selection of the
punishment level for the “opponent” and could further demonstrate a positive correlation
with the intensity of the selected punishment. The ventral part of the mPFC in turn was
activated during the exposure of videos illustrating the opponent suffering, which suggests
that this part of the mPFC is more involved in emotional processes like compassion and
empathy (Kramer et al., 2007; Lotze et al., 2007). Kramer et al. (2007) used a version of
the TAP separating the aggressive interaction into a decision phase and an outcome
phase, which allowed to study the neural events related to these phases. Moreover, the
introduction of two players - an unfair (highly provocative) and a fair (low provocative)
opponent - allowed the authors to disentangle neural correlates associated with general

social interaction processes from those which are related to reactive aggressive behavior.
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With regard to the decision phase, enhanced emotional involvement and cognitive
demands after provocation were linked to a higher recruitment of brain regions previously
found to be involved in negative emotions like anger or disgust: the bilateral Al and the
rostral part of the ACC (Damasio et al., 2000; Dougherty et al., 1999; Phillips et al., 1997).
Regarding neural activity directly linked to aggression, Kramer et al. (2007) revealed
neural activations in the dorsal striatum, a brain region consistently associated with
reward processing (Balleine et al., 2007; O’'Doherty et al., 2004) and found a neural
correlate of conflict monitoring and cognitive control, namely the ACC, to be engaged in
aggression (Botvinick et al., 1999; Carter and Van Veen, 2007; Cohen et al., 2000;
Milham et al., 2001; Nelson et al., 2003; Van Veen et al., 2001). For the outcome phase,
the ventral striatum was linked to win vs. loss trials and it was argued that it might be
rewarding for the participants to be able to avoid the opponents’ punishment. Win trials
against the unfair player compared to win trials against the fair player were associated
with increased activity in the left amygdala, the right anterior insula and rostral and dorsal
parts of the ACC. Specifically for the amygdala a growing body of evidence has emerged
regarding its role in aggressive behavior stemming from studies with healthy individuals,
but also neurological patients, such as psychopaths (Blair, 1995, 2001; Blair et al., 1997;
Wiswede et al., 2011). Kramer et al. (2008) recently suggested that the role of the
amygdala in aggressive behavior needs to be considered from two distinct perspectives.
On the one hand, exaggerated amygdala activity, due to dysregulations of this brain
structure, may have relevance for reactive aggressive behavior, while on the other hand a
reduction of amygdala functioning may result in impaired ability of moral socializing as

seen in psychopaths (Blair, 2004).

The social neuropeptides AVP and OT may play a significant (but complementary) role in
aggressive behavior. Substantial work points to a promoting role of AVP in aggressive
interactions (see chapter 1.2.2.2 for a detailed overview to the role of AVP in aggressive
behavior) while OT seems to down-regulate aggressive behavior (DeVries et al., 1997;
Harmon et al., 2002; Lee et al., 2009; Ragnauth et al., 2004, 2005; Takayanagi et al.,
2005; Winslow et al., 2000). Lee et al. (2009) recently provided the first human data on
the role of OT in aggressive behavior by determining the relationship between
cerebrospinal fluid levels of OT and life histories of general aggression and aggression
against other persons and revealed a negative correlation. Findings from recent studies
point to a facilatory role of OT in affiliative behavior, by increasing trust (Kosfeld et al.,
2005) and suppressing stress reactivity (Heinrichs et al., 2003), and thus may also

account for OT’s aggression-reducing role.
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A further key role in the modulation of aggressive behavior is played by the
neurotransmitter serotonin (Asberg et al., 1976; de Boer et al., 1999; Higely et al., 1996;
Mehiman et al., 1994; Saudou et al.,, 1994; Yanowitch et al., 2011). A reduction of
serotonergic activity in neural substrates of the emotional circuit, namely the prefrontal
cortex and the ACC, is related to impulsive aggressiveness (New et al., 2002; Parsey et
al., 2002; Seo et al., 2008; Siever et al., 1999). Although the majority of studies point to a
prominent role of serotonin in aggressive behavior, controverse effects have been
reported as well (Coccaro et al., 1997; Kramer et al., 2011; Manuck et al., 2006; Moss et
al., 1990). For example, Kramer et al. (2011), using the TAP and an acute tryptophan
depletion to assess the role of serotonin in reactive aggressive behavior, found that
serotonin reduced reactive aggression in low trait-aggressive participants and showed no
effect in high trait-aggressive participants. These findings in line with earlier results
(Coccaro et al.,, 1997; Manuck et al., 2006; Moss et al., 1990) question the suggested

inverse relationship between serotonin levels and aggressive behavior.

1.6 Functional magnetic resonance imaging

Functional magnetic resonance imaging (fMRI) is a noninvasive neuroimaging method,
which allows hemodynamic changes to be visualized by using a natural contrast medium
— the hemoglobin. Given that in consequence to enhanced neural activity the
concentration of desoxyglobin in venous blood vessels decreases, a dephasing of the
spins depending on the blood oxygenation level occurs. This contrast mechanism is called
blood oxygenation level dependant (BOLD) effect (Ogawa et al., 1990). In more detail, the
BOLD effect reflects a complex interaction of blood flow, blood volume and the
oxygenation of the hemoglobin (Detre and Floyd, 2001). Since the augmentation of neural
activity causes a local vasodilatation (elongation of blood vessels), an increase in blood
flow is initiated that in turn leads, on the one hand, to an increase of the oxygenized
hemoglobin over the metabolic need and, on the other hand, to a diminution of the
desoxyhemoglobin. The resulting decrease of desoxyhemoglobin in the blood vessels
provokes a change in the magnet field resulting in an increase in BOLD signal in T2*-
weighted imaging sequences (Bandettini and Wong, 1997). The BOLD signal can be
described with the hemodynamic response function (HRF), which is subdivided into three
different components. The first is the “initial dip”, a reduction of the signal based upon an
increase of the desoxyhemoglobin caused by an increase of oxygen consumption of

active neurons. This is followed by an “overshoot” — a strong increase of the BOLD signal,
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imposed by an increase of the oxyhemoglobin over the metabolic need. This overshoot is
finally followed by a slow decline of the BOLD signal up to its initial value, which is
reached after approximately 24 s (Heeger and Ress, 2002). Moreover, Friston et al.
(1998) observed a minor undershooting of the HRF before reaching the base level. It has
been proven that the activations identified with fMRI are directly related to neural activity
and reflect the synaptic information flow that arises before neurons increase their fire rate
(Logothetis et al., 2001, 2002, 2003).

The major advantage of fMRI is the high spatial resolution that can be reached dependent
on the used magnetic field strength (Jancke, 2005). However, in contrast to the EEG that
allows a high temporal precision, a limitation of fMRI is the relatively poor temporal

resolution due to the latency of the neurovascular coupling (Matthews, 2001).

1.7 Research aims

The present thesis aims to investigate the role of AVP in modulating various forms of
human social behavior with a particular emphasis on the neural level measured by fMRI.
In the first study, the effect of intranasally administered AVP on the neural basis of
automatic emotional empathy and mentalizing processes is studied (chapter 2), which is
realized by a presentation of pictures that are varied in their emotional and social content.
It is predicted that AVP would increase mentalizing processes in humans based on its
known role to modulate social bonding behavior. A successful relationship presumes that
we are able to predict and understand the mental states of our partner. This might be,
amongst other factors, mediated by AVP acting on brain sites belonging to the traditional
mentalizing circuit comprising the medial prefrontal cortex, the superior temporal sulcus
and the precuneus. Furthermore, it is hypothesized that AVP would increase neural
activity in brain sites that have been related to emotional empathy, namely the
ventrolateral- and the ventromedial prefrontal cortex. A functional connectivity analysis
using a method introduced by Rissman (Rissman et al., 2004), is used to delineate neural
correlates of empathy and mentalizing on a network level. In a second study (chapter 3),
the effect of AVP on behavioral and neurophysiological correlates of human cooperative
behavior is studied in a stag hunt game, which required a decision between a cooperative
and a non-cooperative strategy. Here, it was predicted that AVP would increase human
cooperative behavior based on its known role in social bonding behavior. Furthermore, it
was hypothesized that AVP would only increase human cooperative behavior when the

incentive to cooperate is high and the individual can thus benefit from it. The third
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experiment (chapter 4) addresses the impact of AVP on reactive aggressive behavior and
its neural correlates. In light of AVP’s characteristic role in aggressive behavior evidenced
by studies with animal models, it was hypothesized that AVP would also promote human
aggressive behavior by increasing the selection of higher punishments in response to a
provoking opponent. On the neural level, this effect might be reflected by enhanced

activity of brain sites previously related to anger, namely the Al and the ACC.
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Vasopressin and empathy

Chapter 2

Vasopressin modulates neural responses related to emotional
stimuli in the right amygdala

2.1 Introduction

Social cognitions are an essential precondition for smooth social interactions in humans
(Decety, 2010; Decety and Ickes, 2009; Frith and Frith, 2012). They enable us to predict
and understand the feelings, intentions and motivations of others (Bernhard and Singer,
2012), a set of abilities often conceptualized as empathy. Eisenberg et al. (1998, p.702)
defined empathy as “an affective reaction that results from the apprehension or
comprehension of another’s emotional state or condition that is identical or very similar to
what the other person is feeling or would be expected to feel”. Empathy involves an
affective and a cognitive component (Goubert et al., 2009). The affective component
pertains to shared feelings, whereas the cognitive component refers to the explicit
reasoning about another individual’s emotional state while maintaining the distinction
between oneself and others (Decety and Ickes, 2009). The cognitive component may be
referred to as mentalizing and is related to the “ToM” concept. It enables humans to
cognitively represent the mental states of others, including their emotional states, without
becoming emotionally involved. A theoretical framework that integrates the emotional and
cognitive component of empathy is the perception-action model (PAM) by Preston and de
Waal (2002). Based on previous research showing that perception and action rely on
shared cortical networks, the PAM postulates that the perception of another person’s
emotional state activates one’s own representation of that observed state, situation and
person automatically. In a recent investigation, Kramer et al. (2010) provided evidence for
the PAM’s predictions regarding the involvement of cortical brain sites in automatically
elicited empathic processes. In their study, emotional empathy led to increased BOLD-
responses in ventromedial and ventrolateral prefrontal cortical areas. Lesion studies (Blair
and Cipolotti, 2000; Hornack et al., 2003) and investigations using functional MRI (Baron-
Cohen et al.,, 1994) have already shown an involvement of these brain regions in
emotional processing. In contrast to other studies (Meyer-Lindenberg et al., 2009; Vélim et
al., 2006), Kramer et al. found no activations in the amygdala related to emotional
empathy. A possible reason for the missing amygdala response might have been that the
stimuli of Kramer et al. lacked internal facial features in order to give room for the
individual subject’s interpretation. This fact might have made the stimuli less emotionally

salient, even though such stimuli are used to elicit emotional responses related to
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attachment in psychotherapy (George and West, 2001). Kramer et al. (2010) further
reported that cognitive aspects of empathy led to enhanced activations in areas previously
linked to mentalizing, namely the STS, precuneus and mPFC. These brain sites are
known to be active during the observation of social interactions (lacoboni et al., 2004),
when thinking about social relations (Abraham et al., 2008; Kumaran and Maguire, 2005),
or, in case of the STS, when putting oneself into other people’s shoes (Baron-Cohen et
al., 1994; Fletcher et al., 1995; Gallagher et al., 2000; Hynes et al., 2006; Marjoram et al.,
2006; Rilling et al., 2004; Saxe and Kanwisher, 2003; Saxe and Powell, 2006; Vélim et al.,
2006; Wolf et al., 2010).

In diverse mammalian species the neuropeptide AVP is of importance for the regulation of
social behavior. It is mainly synthesized in the paraventricular and supraoptic nuclei of the
hypothalamus (Bos et al., 2012; Meyer-Lindenberg et al., 2011). It is known from studies
in monkeys that a high density of Vasopressin V1 receptors can be found in the
hypothalamus itself, the brain stem, the lateral septum, and the nucleus accumbens, but
also in the hippocampus, the amygdala, and in parts of the extended amygdala complex,
the bed nucleus of the stria terminalis (Loup et al., 1991; Young et al., 1999). At the
behavioral level, AVP is linked to the formation of social bonds (Bielsky and Young, 2004;
Goodson and Bass, 2001; Lim and Young, 2006), social recognition (Bielsky and Young,
2004; Dantzer et al., 1987), social communication (Albers et al., 1992; Ferris et al., 1984;
Winslow and Insel, 1991), and protective aggression (Bosch, 2011). In humans, the
mechanisms of AVP action are poorly understood (McCall and Singer, 2012; Meyer-
Lindenberg et al., 2011). However, there is increasing evidence that AVP, together with
the neuropeptide oxytocin and the steroids testosterone and estradiol, mediates the
regulation of complex human social behavior (Bos et al., 2012; van Anders et al., 2011).
For example, several studies have shown a relationship between polymorphisms of the
human AVP receptor gene AVPR1a and social behavior (Ebstein et al., 2010) like pair
bonding in men, altruistic behavior (Avinun et al., 2011), or prosocial decisions in
economic games (Knafo et al., 2008). Moreover, Coccaro et al. (1998) reported a positive
correlation between cerebrospinal fluid AVP levels and life histories of general aggression
and aggression against other persons, an effect more pronounced in men than women.
AVP seems to act as the “prerequisites” for social interaction, affecting cognitive
processes like social perception, social recognition, and social communication (Albers,
2012; Bos et al.,, 2012). In their initial study, Thompson et al. (2004) investigated
processes related to emotional social communication. In male participants, intranasally
administered AVP led to an increase of EMG responses to neutral faces to a level
comparable to that observed for angry faces in the placebo group, indicating that AVP

alters the interpretation of social stimuli, which are taken as if they were threatening. In a
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subsequent investigation (Thompson et al., 2006), AVP enhanced agonistic men’s facial
motor patterns in response to faces of unfamiliar men and decreased the perception of the
friendliness of those faces. In women, however, AVP stimulated affiliative facial motor
patterns in response to faces of unfamiliar women and increased perceptions of the
friendliness of those faces. By contrast, men treated with AVP showed impairments in the
recognition of negative emotions while the perception of positive emotions was unaffected
(Uzefosky et al., 2012). Guastella et al. (2010, 2011) reported enhanced encoding under
AVP treatment for social-emotional and sexual stimuli. This effect was found for stimuli of
negative and positive valence, suggesting that AVP enhances the processing of social
information independent of the stimulus valence.

An important structure in the processing of socially and emotionally relevant information,
that harbors abundant vasopressin V1 receptors (Huber et al., 2005; Veinante and
Freund-Mercier, 1997), is the amygdala. AVP may thus have an indirect influence on
cortical structures via the amygdala’s strong connections with the ACC, the ventral part of
the prefrontal cortex and the OFC, all of which have been associated with socio-emotional
functions. The OFC is also connected to the ACC and the superior temporal cortex,
forming a network crucial for the processing of higher order emotions, like empathizing
and mind-reading (Bos et al., 2012; Hein and Knight, 2008; Singer et al., 2004).

By combining the application of AVP and functional MRI, Zink et al. (2010) provided first
insights regarding the target structures of AVP during the processing of negatively
valenced social stimuli in humans. Although they did not reveal a direct impact of AVP on
amygdala activity during the processing of fearful faces, Zink et al. (2010) reported an
altered functional connectivity between the amygdala and prefrontal brain regions under
AVP treatment. Moreover, AVP also neutralized a deactivation of the ACC during the
processing of fearful faces, which was seen in the placebo condition. In a second
investigation, Zink et al. (2011) described an effect of AVP on activations of the TPJ, a
brain site related to social recognition. They deduced that AVP seems to shift the meaning
of socially relevant information such that unfamiliar social information is more readily
categorized. In Rilling et al. (2012), intranasally administered AVP resulted in enhanced
cooperation in response to cooperative signs by the partner. These behavioral effects
were accompanied by increased activations in the extended amygdala, namely the bed
nucleus of the stria terminalis.

To further investigate the impact of AVP on the amygdala and related neural networks
involved in the processing of social cognitions and emotion, we used the stimuli of Kramer
et al. (2010) in an fMRI study with male participants, who received either intranasal AVP
or a Placebo in a randomized, double-blind manner. In order to disentangle, whether

AVP’s impact is more related to the processing of social or to emotional information, our
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stimuli comprised pictures illustrating either a social interaction or a single person and
were additionally varied in their emotional valence (negative and neutral content). Thus,
the used picture set resulted in 4 different categories: EMOT-TWO (social interaction,
emotionally valenced), NEUT-TWO (social interaction, emotionally neutral), EMOT-ONE
(single person, emotionally valenced), NEUT-ONE (single person, emotionally neutral). In
order to enhance participants’ thinking about the presented stimuli, it was their task to
think about how they would feel in the situation depicted on the picture. In case of pictures
depicting two persons, they had to choose one person.

In light of the purported function of AVP in social bonding behavior and AVP’s known
involvement in the processing of social and emotional information, we predicted that AVP
would increase neural activity in “mentalizing” related brain regions, such as the mPFC,
the STS and the precuneus. We also predicted that AVP will strengthen the functional
connectivity of these neural circuits. Since the processing of socially relevant information
implies to comprehend emotional cues, we assumed AVP to influence brain sites related
to the processing of affective relevant information. Based on the reported hypothesis (Bos
et al., 2012), that AVP’s influence on human behavior is mediated via the amygdala, we
expected to find increased activations during the processing of emotional information
under AVP treatment in the amygdala, but also in brain sites related to emotional

empathy, e.g., the ventromedial and ventrolateral prefrontal cortex.

2.2 Methods

2.2.1 Participants

Fourty-two healthy men (age=19-39 years, mean=25.8 (AVP: age=21-39, mean=26.4;
Placebo: age=19-37 and mean=25.2)) participated in the study after giving informed
consent. Statistical comparison revealed no age difference between groups (t(37)=0.921,
p=0.363). All participants were right-handed and reported to be free of any psychiatric and
neurological disorder, kidney disease, cardiovascular problems, asthma and migraine.
Three subjects had to be excluded from further analysis because of extensive head
movements in the scanner (2) or cardiovascular problems while lying in the scanner (1),
leaving 39 subjects (21/18 in the AVP/Placebo-groups) for the analyses. The study was

approved by the ethical committee of the University of Magdeburg.
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2.2.2 Drug administration

Subjects received either a nasal spray with 20 IU’s of AVP or placebo in a double-blind
manner. Nasal sprays were randomly assigned and self-administered by the subjects.
According to previous investigations examining the time course of cerebrospinal fluid
vasopressin levels (Born et al.,, 2002), AVP was given 15 min before the experiment.
Subjects did not report alterations in water retention at the end of the experiment. All

scanning sessions were performed between 8 am and 6 pm.

2.2.3 Stimulus presentation

Black-and-white drawings from Kramer et al. (2010) without facial features to avoid neural
activity elicited by facial expressions (Adolphs et al., 1999; Adolphs and Tranel, 2003;
Sprengelmeyer et al., 1998) were presented. Two of the four conditions comprised social
situations (two persons) having either a negative or neutral emotional connotation (EMOT-
TWO and NEUT-TWO; figure 2.1). In the other two conditions either one person in an
emotionally negative (EMOT-ONE) or in an emotionally neutral situation (NEUT-ONE;
figure 2.1) were shown. Depicted emotions comprised anger, sadness, pain and anxiety.
Pictures were presented in pseudo-randomized order in four runs. Each run comprised 24
pictures (six pictures per condition) with no more than two successive instances of a
particular condition. Trial duration was 16 s with a picture presentation of 6 s followed by a
fixation cross (10 s). Subjects were instructed to watch the pictures carefully and to think
about how they would feel in the depicted situation. In the case of two persons on a
picture, they were instructed to choose one of the persons and to put themselves into the
shoes of this person. After each run and without concurrent scanning, eight of the twenty-
four pictures, that had been presented during the previous run, were shown again to the
subjects. Participants had to describe in one sentence how they would feel in the situation
of the person(s) illustrated on the pictures. Again, in case of pictures with two persons,

they had to pick one person and describe their feelings pertaining that person’s situation.
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Figure 2.1 Example stimuli for the four experimental conditions.

2.2.4 Questionnaire

In order to control for potential trait differences regarding interpersonal reactivity,
participants completed the German version of the Interpersonal Reactivity Index (IRI;
Paulus, 2009) after scanning, i.e. about 120 minutes after administration of AVP or
placebo. At this time, plasma AVP levels have returned to baseline according to
Pietrowsky et al. (1996), and thus the IRI results were taken as an index of the stable
(trait) interpersonal reactivity of the participants. The IRl comprises four 7-item subscales:
Perspective taking is the ability to capture the psychological perspective of another person
and is thought to involve several cognitive, but not affective, empathic processes. The
fantasy scale reflects the tendency to put oneself into the role and behavior of characters
from novels or movies. The third subscale - empathic concern - measures the sympathy
and care for others, whereas the personal distress scale taps into feelings of inner

restlessness and uneasiness when confronted with extreme situations such as an
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emergency. Statistical testing revealed no difference between groups for all subscales of
the interpersonal reactivity index (all t<0.2 and p>0.27). The mean [SD] scores of the
normative/AVP/placebo groups were: Perspective taking subscale: 16.78 [4.72]/19.7
[3.6)/19.4 [3.4]; Fantasy subscale: 15.73 [5.6]/15.3 [3.9]/16.5 [4.3]; Empathic concern
subscale: 19.04 [4.21]/18.3 [2.1]/18.8 [4.3]; Personal distress subscale: 9.46 [4.55]/9.6
[3.1)/10.7 [4.1].

2.2.5 fMRI-data acquisition

Functional (Gradient-Echo-EPI-sequence; TR=2000 ms; TE=30 ms; FOV=224 mm; flip
angle=80°; matrix=64x64; slice thickness=3.5 mm; interslice gap=0 mm) and structural
images (T1-weighted MPRage: 256 x 256 matrix; FOV=256 mm; 192 1mm sagittal slices)
were recorded with a 3-T Siemens Magnetom Trio syngo MR 2004A Scanner. In each of
the four runs, 384 volumes were obtained, each comprising 32 transversal slices (3.5 x

3.5 x 3.5 mm®) parallel to the anterior and posterior commissure (AC-PC).

2.2.6 fMRI-data analysis

Standard fMRI analysis

Data were analyzed using SPM5 (Wellcome Department of Imaging Neuroscience,
University College London). Preprocessing comprised slice time correction, motion
correction, coregistration, spatial normalization, high pass temporal filtering (128 s), and
spatial smoothing (Gaussian Kernel=8 mm FWHM). In order to minimize signal-correlated
movement effects, estimated movement parameters (x, y, z, pitch, roll, and yaw) were
included in the statistical analysis. In an event-related design the hemodynamic
responses were modeled on the basis of a GLM with the standard hemodynamic
response function for each subject. The events EMOT-TWO, EMOT-ONE, NEUT-TWO,
and NEUT-ONE were specified time-locked to their onsets. In order to identify the main
effects of the pictures’ emotional and social content, contrast maps were calculated
comprising the following comparisons: the emotional conditions (EMOT-TWO and EMOT-
ONE) were contrasted against the neutral conditions (NEUT-TWO and NEUT-ONE) and
the social conditions (EMOT-TWO and NEUT-TWO) against the single conditions (EMOT-
ONE and NEUT-ONE). These contrasts were finally entered into one-sample t-tests for
AVP and Placebo groups separately. The significance level for these contrasts was set to
p<0.01 (false discovery rate corrected, FDR; except for the negative vs. neutral contrast in
the Placebo group: p<0.05 (FDR)) and a voxel level threshold of 10 was applied to the

data. To reveal the interaction of AVP treatment and automatic emotional empathy and
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mentalizing processes, between group comparisons were performed by conducting two-
sample-t-tests with the contrasts social > single and negative > neutral. Regarding the
contrast negative > neutral, the between-group comparison AVP > Placebo revealed
increased activity in the right amygdala and the right parahippocampal gyrus when
lowering the voxel level threshold to 5. Since the amygdala is a target region for AVP and
of crucial importance for the processing of emotional and social information, the
interaction of the right amygdala was further investigated by a Region-of-interest (ROI)-
analysis using the functional cluster from the negative > neutral contrast of this latter brain
site. Percent signal changes were extracted for each participant using rfx-plot (Glascher,
2009). The resulting percent signal changes were entered into a 2x2x2 repeated-
measures ANOVA with the three factors drug (AVP, Placebo), emotion (negative, neutral

drawings), and social relation (two persons, single person).

Functional connectivity analyses

The functional connectivity method proposed by Rissman et al. (2004) was applied to
examine how the interaction between the amygdala and other brain regions were
changed under AVP treatment when processing emotionally relevant visual information.
The analytical procedure based on the assumption, that if two regions interact within a
cortical network, their activation patterns should be strongly correlated. This analysis was
implemented on the basis of another GLM using separate covariates to model BOLD
responses of a particular stage (pictures) in each single trial. For each participant,
parameter estimates (beta values) of cues were extracted to form a set of cue-specific
beta-series. Initially, a beta-series was calculated for the functional cluster of the right
amygdala from the between-group comparison AVP > Placebo (negative vs. neutral
condition). Afterwards, the beta-series averaged across the functional amygdala ROI
voxels were correlated with the beta values of every other voxel in the brain (see Camara
et al,, 2011; Ye et al., 2010). Correlation maps were calculated for every condition and for
each subject of both groups separately and finally normalized by means of an arc-
hyperbolic tangent transform. The subsequent statistical test for this normalized
correlation maps was performed similar to the standard SPM BOLD analysis. The
normalized maps were entered into a flexible factorial design matrix of SPM5 (factors:
subjects, group (AVP, Placebo) and condition (EMOT-TWO, NEUT-TWO, EMOT-ONE,
NEUT-ONE)). Statistical threshold was set to p<0.001 (uncorr.). In order to further
investigate the group differences within significant cluster, subsequent ROI-analyses were

performed. Accordingly, correlation values of the functional cluster in the medial prefrontal
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cortex and the inferior parietal lobule were extracted for each participant and entered into
a 2x2x2 repeated-measures ANOVA with the three factors drug (AVP, Placebo), emotion
(negative drawings, neutral drawings) and social relation (drawings depicting a social
relation, drawings showing a single person). Regarding the mPFC, both functional clusters
were initially combined by means of marsbar (Brett et al., 2002) before extracting the

correlation values.

2.3 Results

2.3.1 fMRI-data

In both groups the contrast two > single person (table 2.1; figure 2.2, left column) revealed
increased activation in the superior and the middle temporal cortex and the precuneus.
These regions have previously been associated with social cognitive processes and ToM.
Furthermore, both groups showed increased activity in the middle frontal gyrus. By
decreasing the significance level to p<0.05 (FDR), the medial frontal cortex, an area
associated to ToM, was revealed in the AVP group as well as in the placebo group (table
2.1).

Whilst the contrast two > single person revealed many similar activations in the AVP and
placebo group, differences emerged for the emotion contrast (negative > neutral). In
general, the activations for the AVP group were statistically stronger (table 2.2; figure 2.2,
right column) and significant differences between the negative and neutral condition were
seen in the inferior parietal lobule, the middle temporal gyrus, the supramarginal gyrus,
the inferior and middle frontal gyrus and the insula. The AVP group showed an enhanced
activation of the amygdala, which was not seen in the placebo group, not even when
lowering the significance level to p<0.005 (uncorr.). For the negative > neutral contrast,
the middle temporal cortex, the supramarginal gyrus and the middle frontal gyrus showed
increased neural activity in the placebo group as well. In contrast to the AVP group,
increased neural activity was also observed in the fusiform gyrus, the cuneus and the
inferior temporal gyrus. To delineate the impact of AVP on the processing of social
information, between-group comparisons for the contrast social > single were calculated.
This revealed increased neural activity for AVP in the insula and the inferior and middle
frontal gyrus, the posterior cingulate gyrus and the precentral cortex (see figure 2.3 and
table 2.3). No brain region survived the threshold p<0.001 (uncorr.) for the reverse
contrast (Placebo > AVP).
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social > single negative > neutral
x=4
AVP
p<0.01 (FDR) p<0.01 (FDR)
- -
tvalue 4.0 10.0 tvalue 4.0 10.0
Placebo

y=-58

p<0.01 (FDR) p<0.05 (FDR)
-
tvalue 4.0 10.0 tvalue 4.0 10.0

Figure 2.2 Brain activations in the contrast two persons > single person and negative > neutral for
the AVP and placebo group, respectively. Contrasts for the AVP group and the placebo group were
FDR-corrected p<0.01, the placebo group’s contrast negative > neutral was FDR-corrected p<0.05;
for all groups cluster threshold=10 voxel; Contrast social > single: increased activations in the
cuneus and the superior and mid-temporal gyrus in both groups. Contrast negative > neutral:
increased activation in the parietal cortex and the amygdala under AVP-treatment; under placebo

increased activations in the middle temporal gyrus.

Table 2.1. Brain regions indicating increased activity when contrasting drawings showing
a social relation vs. drawings illustrating a single person. Hem=hemisphere,
BA=Brodmann area, xyz=MNI-coordinates, T=t-values, size=cluster size. Cluster
threshold=10.

social > single

Hem BA X y z T size
AVP p<0.01 (FDR)
L Calcarine 17 -6 94 -4 14.88 2297
L Superior occipital gyrus 18 -14 -92 2 10.15
L Superior occipital gyrus 17 -10 -98 8 9.94
R Middle temporal gyrus 39 54 -56 10 10.60 2287
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R Middle temporal gyrus 37 54 -64 14 8.97

R Superior temporal gyrus 58 -50 16 7.96

L Middle temporal gyrus -50 -72 14 9.16 1511

L Middle temporal gyrus -46 -66 20 8.10

L Superior temporal gyrus 22 -38 -56 18 6.3

L Precuneus -6 -60 50 9.1 3396

R Precuneus 7 10 -56 52 8.89

R Precuenus 7 4 -58 36 8.2

R Middle frontal gyrus 9 36 20 34 6.78

R Middle frontal gyrus 36 8 44 5.89

L Precentral gyrus 6 -30 -6 54 5.87 145

L Precentral gyrus 6 -30 -8 46 5.21

R Angular gyrus 7 40 -62 50 517 158

R Inferior parietal gyrus 38 -54 42 5.13

R Angular gyrus 40 -70 52 4.72

R Supramarginal gyrus 40 46 -46 42 4.74 21

L Superior temporal gyrus -64 40 12 4.2 10

R Middle frontal gyrus 32 32 44 4.16 12
p<0.05 (FDR)

R Medial prefrontal cortex 25 0 26 -2 4.53 22

R Medial prefrontal cortex 10 20 58 4 414 39
Placebo p<0.01 (FDR)

R Lingual gyrus 12 -82 -10 10.98 1367

R Cuneus 8 -94 6 9.62

L Cuneus 18 -16 -96 18 8.39

R Superior temporal gyrus 13 46 -46 20 9.18 991

R Superior temporal gyrus 46 -54 18 7.43

R Superior temporal gyrus 56 -46 20 7.31

R Precuneus 12 -60 42 8.74 2233

R Precuneus 7 8 -54 54 8.30

R Precuneus 7 10 -62 50 7.86

L Middle temporal gyrus -46 -72 14 7.01 405

L Middle temporal gyrus 19 -54 -76 14 6.99

L Superior temporal gyrus 22 -40 -56 20 5.66

L Superior parietal lobule 7 -30 -58 50 5.63 27

R Middle temporal gyrus 56 -12 -18 5.18 12
p<0.05 (FDR)

R Medial prefrontal cortex 11 4 60 -14 3.94 30

R Medial prefrontal cortex 10 8 62 30 3.55 22

R Medial prefrontal cortex 4 62 38 3.52
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Table 2.2. Brain

regions showing

increased activity when contrasting negative

vs. neutral drawings. Hem=hemisphere, BA=Brodmann area, xyz=MNI-coordinates, T=t-

values, size=cluster size. Cluster threshold=10.

negative > neutral

Hem Brain region BA X y z T size

AVP p<0.01 (FDR)
L Inferior parietal lobule 40 -60 -28 32 9.46 549
L Inferior parietal lobule 62 -42 26 7.50
L Supramarginal gyrus -60 -50 28 6.93
R Inferior parietal lobule 40 64 44 24 9.01 1414
R Middle temporal gyrus 48 -62 10 7.91
R Middle occipital gyrus 48 -70 6 7.59
R Amygdala 32 2 18 5.29 80
R Middle frontal gyrus 17 40 14 32 7.10
R Middle frontal gyrus 34 8 34 5.55 277
L Superior temporal sulcus 56 -56 10 6.93 545
L Middle temporal gyrus 39 54 -70 8 6.60
L Superior temporal sulcus -46  -66 4 6.51
L Insula 40 -6 -6 6.25 80
L Insula 30 10 -16 6.14 34
L Inferior frontal gyrus -48 8 18 6.06 41
L Precentral gyrus 6 -46 0 30 4.99 14

Placebo p<0.05 (FDR)

L Fusiform gyrus 37 -42  -54 -18 8.16 93
L Middle temporal gyrus -44  -54 4 6.91 412
L Middle temporal gyrus 39 -46  -70 8 5.14
L Middle temporal gyrus -50 -62 4 5.09
R Cuneus 18 10 -92 12 6.02 92
R Middle temporal gyrus 52 60 4 5.85 503
R Middle temporal gyrus 56 -52 4 5.74
R Inferior temporal gyrus 37 48 -68 4 5.71
R Inferior temporal gyrus 40 -52 12 5.71 90
L Superior occipital gyrus 18 -6 -100 8 5.36 44
R Lingual gyrus 18 20 -74 -8 5.27 20
L Precentral gyrus 6 -42 0 50 5.23 23
L Middle frontal gyrus 26 -4 52 4.91 11
L Middle occipital gyrus -20 -82 16 4.88 14
L Inferior frontal gyrus -40 14 32 4.67 13
L Supramarginal gyrus 21 -66 -26 30 4.59 17
L Supramarginal gyrus 40 -64 -36 28 4.23
L Supramarginal gyrus -58 -50 26 4.36 11
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Figure 2.3 Between-groups comparison AVP > Placebo revealed for the first level main effect
contrast social > single increased hemodynamic response in the depicted cortical brain sites.

p<0.001 (uncorr.); cluster threshold=10 voxel.

With regard to AVP effects on emotional empathy processes, a between group
comparison (AVP > Placebo) indicated increased activity in limbic structures such as the
right amygdala and the right parahippocampal cortex (see table 2.4). The between-group
comparison Placebo > AVP revealed no brain region surviving a significance level of
p<0.001 (uncorr.). A ROIl-analysis of the functional cluster in the right amygdala employing
a 2 (AVP vs. placebo) x 2 (emotion vs. neutral) x 2 (social vs. single) ANOVA, revealed a
significant drug x emotion interaction [F(1,39)=13.4, p=0.001; figure 2.4] and a significant
emotion effect [F(1,39)=4.45, p=0.042], but no social main effect [F(1,39)=0.64, p=0.428]
or drug x social [F(1,39)=0.62, p=0.435] and drug x emotion x social interaction
[F(1,39)=0.06, p=0.802]. A similar ROI analysis for the right parahippocampal gyrus
resulted in a main effect of emotion [F(1,39)=10.36, p=0.003] and a drug x emotion
interaction [F(1,39)=13.27, p=0.001]. Additionally, the drug x social interaction
[F(1,39)=1.12, p<0.001] became also significant. The main effect social [F(1,39)=1.15,
p=0.29] and the 3-way interaction [F(1,39)=1.12, p=0.297] were not statistically significant.
As illustrated in figure 2.4, the interaction plot indicates that AVP acts on the processing of
emotional content, as the largest signal changes were seen for pictures with negative

content.
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Table 2.3. Brain regions showing increased activity for the comparison AVP > Placebo
with regard to the contrast social > single. Hem=hemisphere, BA=Brodmann area,

xyz=MNI-coordinates, T=t-values, size=cluster size. Cluster threshold=10.

AVP > Placebo social > single

Hem Brain region BA X y z T size

p<0.001 (uncorr.)

R Posterior cingulate gyrus 24/31 16 -14 38 5.61 80
L Precentral gyrus 6 -28 -14 38 4.55 42
R Precentral gyrus 6 32 -2 34 4.47 69
L Insula -36 4 18 4.32 10
L Inferior frontal gyrus -46 10 8 4.29 13
L Inferior frontal gyrus -38 36 4 4.23 45
L Inferior frontal gyrus -44 42 6 4.05

L Insula -30 28 14 3.99 22
R Middle frontal gyrus 42 40 6 3.7 12
R Middle frontal gyrus 46 46 4 12 3.44 16

Table 2.4. Neural correlates indicating increased activity for the comparison AVP >
Placebo and the contrast negative > neutral. Hem=hemisphere, BA=Brodmann area,

xyz=MNI-coordinates, T=t-values, size=cluster size. Cluster threshold=>5.

AVP > Placebo negative > neutral

Hem Brain region BA X y z T size

p<0.001 (uncorr.)
R Parahippocampal gyrus 32 -40 8 3.63 5
R Amygdala 32 2 -18 3.57 6
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Figure 2.4 Active brain sites for the between-groups contrast AVP > Placebo of the first level main
effect negative > neutral. The interaction plots depict the percent signal changes of the functional
ROIs in the amygdala and the parahippocampal gyrus. p<0.001 (uncorr.); cluster threshold=5
voxel.
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Table 2.5. Brain regions indicating different functional connectivity with the right amygdala
for the main effects social > single and negative > neutral in the AVP group.
Hem=hemisphere, BA=Brodmann area, xyz=MNI-coordinates, T=t-values, size=cluster

size. Cluster threshold=10.

social > single

Hem Brain region BA X y z T size

AVP p<0.001 (uncorr.)

R Inferior parietal lobule 50 -42 26 4.20 13
R Cuneus 18 10 -76 12 4.07 94
R Cuneus 30 16 -70 10 3.32

R Precuneus -8 -56 58 3.52 13

negative > neutral

Hem Brain region BA X y z T size

AVP p<0.001 (uncorr.)

R Cerebellum 28 -68  -36 4.75 268
R Cerebellum 24 -80 -38 4.44
R Cerebellum 26 -60 -38 4.11
R Middle temporal gyrus 46 -34 -4 443 157
R Superior temporal gyrus 48 -36 8 412
L Superior frontal gyrus 10 -6 62 28 4.38 97
R Superior frontal gyrus 9 6 56 28 3.78
R Cerebellum 6 -60 -24 4.14 94
R Cerebellum 6 -58 -36 3.88
R Cerebellum 10 -52 22 3.58
L Middle temporal gyrus -42  -46 0 3.95 13
L Middle frontal gyrus 47 -52 38 -2 3.75 12
R Cerebellum 20 -60 -26 3.60 13
L Inferior frontal gyrus 45 -58 26 18 3.59 16

The right amygdala ROl was used as a seed region for a functional connectivity analysis
(Rissman et al., 2004). While for the placebo group the comparisons social > single and
negative > neutral revealed no differences regarding amygdala connectivity, AVP
treatment led to stronger connections of the amygdala to the inferior parietal lobule, the
cuneus and the precuneus for the social > single contrast. Moreover, AVP was associated
with increased amygdala connectivity with the superior temporal gyrus, the middle frontal
and inferior frontal cortex and the cerebellum for the negative > neutral contrast (see table
2.5).
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Rissman connectivity analysis drug x condition
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Figure 2.5 Brain regions from the drug x condition contrast showing drug-treatment dependent
functional connectivity with the right amygdala for the four experimental conditions (EMOT-TWO,
NEUT-TWO, EMOT-ONE and NEUT-ONE). p<0.001 (uncorr.); cluster threshold=10 voxel.

The interaction drug (AVP, placebo) x condition (EMOT-TWO, NEUT-TWO, EMOT-ONE,
NEUT-ONE) indicated altered functional connectivity of the right amygdala with two
clusters in the medial prefrontal cortex, the inferior parietal lobule and the occipital gyrus
(see table 2.6 and figure 2.5). An ANOVA on the extracted normalized correlation
coefficients of this medial prefrontal cortex region resulted in a significant drug x emotion
[F(1,39)=10.4, p=0.003], drug x social [F(1,39)=6.7, p=0.014], and emotion x social
[F(1,39)=4.9, p=0.033] interaction. Thus, AVP impacts functional connectivity of the
amygdala to the medial prefrontal cortex during the processing of emotional and social
content (see figure 2.6). Follow-up between-group comparisons were significant for the
EMOT-TWO (p=0.017) and the NEUT-ONE condition (p=0.004). A similar ANOVA on the
normalized correlation coefficients from the inferior parietal lobule resulted in a significant
drug x social interaction [F(1,39)=7.6, p=0.009]. As illustrated in figure 2.7, AVP influences
the connectivity of the amygdala to the inferior parietal lobule during the processing of
social content. Follow-up between-group comparisons indicated significant differences
regarding the EMOT-TWO (p=0.019) and the NEUT-ONE condition (p=0.005).
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Table 2.6. Brain regions showing drug-treatment dependent altered connectivity with the
right amygdala. Hem=hemisphere, BA=Brodmann area, xyz=MNI-coordinates, T=t-values,

size= cluster size. Cluster threshold=10.

drug x condition

Hem Brain region BA X y z F size

p<0.001 (uncorr.)

L Cuneus -22  -86 2 23.56 39
L Middle occipital gyrus -22 -84 12 16.34 12
R Inferior parietal lobule 42 -40 30 15.04 11
L Medial prefrontal cortex -12 40 -6 14.65 22
L Medial prefrontal cortex 10 -12 52 0 14.50 22

Medial prefrontal cortex

AVP Placebo
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Figure 2.6 Mean normalized correlation coefficients for the four experimental conditions (EMOT-
TWO, NEUT-TWO, EMOT-ONE and NEUT-ONE) from the functional ROI located at the medial
prefrontal cortex. Functional ROI is defined by the voxels surviving p<0.001 (uncorr.) in the drug x

condition interaction (see legend Figure 2.5).
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Figure 2.7 Mean normalized correlation coefficients for the four experimental conditions (EMOT-
TWO, NEUT-TWO, EMOT-ONE and NEUT-ONE) from the functional ROI located at the inferior
parietal lobule. Functional ROI is defined by the voxels surviving p<0.001 (uncorr.) in the drug x

condition interaction (see legend Figure 2.5).

2.4 Discussion

The present investigation revealed an impact of AVP on the neural activity in the
amygdala and the parahippocampal cortex during the processing of emotional
information. AVP increases activity in the right amygdala for pictures with negative
valence. The pictures’ social content, i.e. the number of persons’ depicted, does not affect
the activation in the right amygdala. Previous reports without any drug treatment (Calder
et al., 2002; Castelli et al., 2000; Gobbini et al., 2007; Heberlein et al., 2004; Kramer et al.,
2010; Meyer-Lindenberg et al., 2009; Narumoto et al., 2001; Vogeley et al., 2001; Volim et
al., 2006) indicated the amygdala to be selectively involved in the processing of the
emotional component of empathy, but not in the processing of socially relevant, “ToM”
related information (Vo6llm et al., 2006). Along with the known vasopressin V1 receptor
density in the amygdala, the present finding provides a first insight in the neural
mechanisms by which AVP is influencing the processing of emotionally relevant
information. This modulation of amygdala activity is noteworthy, since previous AVP
studies on social and affective processing have failed to reveal effects in the amygdala
(Rilling et al., 2012; Zink et al., 2010, 2011).
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Moreover, AVP significantly increased functional connectivity of the amygdala with regions
in the mPFC during the processing of the EMOT-TWO condition and significantly
decreased functional connectivity between both latter regions regarding the NEUT-ONE
condition. Similar changes of functional connectivity of the amygdala were also found for
the inferior parietal lobule.

The connection between the amygdala and the prefrontal cortex is well known in the
context of decision making processes (Gupta et al., 2011), risk taking behavior (Minati et
al., 2012), loss aversion (Basten et al., 2010), and future thinking (Laufer and Paz, 2012;
Peters and Buchel, 2010). The maladaptive interplay of these brain sites is assumed to be
related to addictive behavior (Gu et al., 2010; Ma et al., 2010; Noori et al., 2012) and
several psychiatric affective disorders (Cisler et al., 2012; Li and Sinha, 2008; Passarotti
et al., 2012; Prater et al., 2012; Tang et al., 2012). It has been suggested that the medial
part of the PFC is an important regulator of neural activity in the amygdala (Pezawas et
al., 2005; Quirk et al., 2003; Stein et al., 2007). According to Quirk et al. (2003), the mPFC
inhibits neural activity in the central amygdala by reducing responsiveness of central
amygdala output neurons to basolateral amygdala input. Zink et al. (2010) argued that the
negative feedback loop between the mPFC and the amygdala might be attenuated under
AVP administration resulting in more sustained neural activity in the amygdala in response
to threatening stimuli. The current findings are in line with this suggestion. The
connectivity analysis used here, is based on a correlation of beta-series. Thus, the finding
of increased functional connectivity between the mPFC and the amygdala implies that
increased MPFC activation is related to increased amygdala activation. This finding
contradicts the normal inhibitory feedback loop from the mPFC to the amygdala and
implies that AVP reduces the suppressive effects of the mPFC on amygdala activity. In
this regard it should be noted that this AVP effect was seen in response to pictures
illustrating social situations with negative emotional connotation (EMOT-TWO condition).
From an evolutionary point of view, increased amygdala activity (resulting from a
diminished negative regulatory feedback) might be important for our survival, because it
might trigger a faster reaction to socially threatening stimuli.

How do these AVP effects come about in the brain? According to Bos et al. (2012), AVP
may act directly on the Vasopressin V1 receptors in the amygdala which may then also
result in effects in distant brain regions such as the mPFC. However, when the present
findings are considered together with those by Zink et al. (2010), it seems more likely that
AVP exerts its effect via Vasopressin V1 receptors in the mPFC with the amygdala
modulation being a secondary event. In fact, a high density of Vasopressin V1 receptors
has been found in the prefrontal cortex of monkeys (Young et al., 1999). The fMRI

technique is not suited to decide between these two alternatives. Therefore, future
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research, using different approaches, is necessary to mechanistically explain AVP effects.
Besides these AVP effects on emotional processing, our analyses revealed also effects
on cognitive processes related to social, non-emotional information. Contrasting pictures
with two vs. pictures with one person, AVP increased activation in brain regions belonging
to previously described networks involved in the processing of social information. For
example, the mid/posterior cingulate cortex is known to be engaged by mentalizing
processes (Denny et al., 2012). This is also true for the inferior frontal and the mid-frontal
gyrus (Bernhardt and Singer, 2012; Spunt et al., 2011). A recent meta-analysis
(Molenberghs et al., 2012) revealed that all cortical areas which were active in the present
social>single contrast have “mirror” properties, i.e. are involved when actions, action
intentions, or goals of others are processed (Gobbini et al., 2007). For example, Becchio
et al. (2012) reported an increased activation in the inferior and medial prefrontal cortex
during the observation of social intended action. Hooker et al. (2010) showed a correlation
of precentral cortex activation when watching social actions and self-reported empathy. In
the present investigation AVP resulted in an increase of activation in brain sites with mirror
properties. This may be the neural basis for AVP’s impact on social cognition.

It should be noted that the present study, as well as that by Zink et al. (2010), involved
only healthy men. Since the present and the Kramer et al. (2010) study used the same
emotional stimuli, but the Kramer et al. (2010) study investigated men (11) and women
(17), a cursory comparison of the results can be used as a hint for potential sex
differences in the used paradigm. While the processing of social information reveals no
serious differences between Kramer et al. (2010) and the results of the placebo group, the
emotion effect resulted in different cortical activations, particularly in the temporal and the
inferior frontal gyrus. Thus, it is unclear whether similar findings would be obtained in
women. A gender difference regarding AVP’s impact on emotional processing might be
expected because of the known sexually dimorphic distributions of AVP receptors in
humans (Decety and Ickes, 2009) and the fact that women are generally more empathic
than men (Chakrabarti and Baron-Cohen, 2006). Future investigations should therefore
also investigate women with due consideration of the female hormonal cycle. Finally, as
there were no group differences in the interpersonal reactivity index, the AVP effects in
the present fMRI study cannot be attributed to a pre-existing difference in empathy

between the both groups.
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Chapter 3

Vasopressin increases human risky cooperation by enhancing
the functional coupling of the dIPFC and pallidum

3.1 Introduction

No other species shows the level of cooperative behavior that humans do. From the
construction of pyramids to spice trading to international response to catastrophes, the
history of mankind is marked by an ever-increasing scale of cooperation. However,
collaboration is often a risky behavior, as its outcomes depend on the actions of others;
therefore, engaging in cooperation is likely to depend on the possible gains from joint
effort and the belief that other parties will cooperate as well (Axelrod, 2006; Gintis et al.,
2005).

Understanding the neurobiological processes that drive cooperation in humans is of major
interest in social neuroscience and in the field of neuroeconomics (Decety et al., 2004;
Declerck et al., 2010; Rilling et al., 2002, 2004, 2012; Yoshida et al., 2010). Rilling et al.
(2002), for instance, scrutinized the neurobiological underpinnings of human cooperative
behavior by combining functional magnetic resonance imaging with an iterated prisoner’s
dilemma game and reported a relationship between the degree of cooperation and neural
activity in the ventromedial prefrontal cortex and anterior cingulate cortex. Decety et al.
(2004) delineated a brain site often engaged in reward processing, namely the
orbitofrontal cortex (Gottfried et al., 2003; O’Doherty et al., 2001; Rolls, 2000) with regard
to human cooperative behavior. The authors argued that this finding might be a hint that
cooperative behavior reflects a socially rewarding process. Yoshida et al. (2010) analyzed
the neural basis of belief inference, which is a key process of cooperative interactions,
and found the rostral medial prefrontal (paracingulate) cortex to be crucial for encoding
the uncertainty of inference about the other’s strategy during cooperative games. In
addition, they associated the dorsolateral prefrontal cortex with the encoding of the depth
of recursion of the strategy being used (Yoshida et al., 2010).

Recently, the modulatory impact of the neuropeptides AVP and OT on cooperative
behavior came into the focus of interest (Declerck et al., 2010; Israel et al., 2012; Rilling et
al,, 2012). However, little is still known about how these “social bonding chemicals”
mediate cooperative behavior in humans. The present study focuses on AVP that has
been linked to complex social behaviors such as pair bonding (Goodson and Bass, 2001;
Lim and Young, 2004), affiliative behavior (Jarcho et al., 2011; Pitkow et al., 2001) and
social recognition (Bielsky and Young, 2004; Dantzer et al., 1987).
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Indeed, two previous investigations already analyzed the role of AVP in human
cooperative behavior (Israel et al., 2012; Rilling et al., 2012). Using a social dilemma task,
Israel et al. (2012) found that OT enhanced the cooperation rate in their study, but they
did not see any effect for AVP. In the study by Rilling et al. (2012), AVP only increased
cooperative behavior in a prisoner's dilemma game, when participants saw that their
partner chose the cooperative strategy. This effect was related to enhanced neural activity
in the bed nucleus of the stria terminalis. Interestingly, Rilling et al. (2012) and Israel et al.
(2012) used an economic task design, where the incentive to cooperate is relatively low,
because higher payoffs can be achieved when defecting cooperation. In the prisoner's
dilemma (PD) game for instance, a player can always get a higher payoff if s’/he decides
to defect and the partner chooses the cooperative strategy.

We hypothesized that the incentive to cooperate in PD games was not strong enough for
AVP administration to have robust behavioral effects. We therefore turned to a different
social value structure - called the “stag hunt” (SH) game. In SH, the benefit of risky mutual
effort is high enough to make cooperation privately beneficial when others cooperate too
(unlike in PDs). We used SH games with varying cooperation incentives by presenting
games with high incentives to cooperate, but also with low incentives to cooperate.
Furthermore, we used functional brain imaging to illuminate AVP’s target brain regions
during human cooperative behavior. In the games, players had to choose between
cooperative (“stag”) and non-cooperative (“rabbit”) actions (see figure 3.1), where their
payoffs depended on both, their own and their partner's decisions. The game has two
Nash equilibria: a payoff-dominant (see figure 3.1 at the top left of the payoff-matrix), and
a risk-dominant (see figure 3.1 at the bottom right of the payoff-matrix). A Nash
equilibrium is a solution concept where no single player can obtain a higher payoff by
deviating unilaterally from this profile (Nash, 1950).

If the partner cooperates, choosing “stag” is optimal, as mutual cooperation vyields the
highest possible payoff in the SH. Yet, “stag” incorporates a strategic risk, as it would yield
the lowest possible payoff if the partner defected. Therefore, in the absence of a belief
that the other player would cooperate, it is optimal to choose the non-cooperative (but less

risky) “rabbit” action that yields a higher certain minimal payoff.

As previous AVP studies highlighted the amygdala and the functional connections of this
region as possible targets for centrally acting AVP (Brunnlieb et al., 2013a; Rilling et al.,
2011, Zink et al., 2010), we hypothesized that the amygdala would play a key role in
AVP’s mediating effects on cooperative behavior in the SH. Indeed, a high density of
Vasopressin V1 receptors have been localized in the central amygdala (Huber et al.,

2005; Veinante and Freund-Mercier, 1997). Bos et al. (2012) recently argued that human
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social behavior is mediated by a direct binding of AVP to the receptor binding sites in the
amygdala, which then, over an indirect pathway activate brain regions that show strong
functional connectivity with this cerebral structure. The amygdala complex has strong
connections with the medial prefrontal cortex, the orbitofrontal cortex and the anterior
cingulate cortex, but also with regions in the lateral prefrontal cortex, which might be
possible target regions of AVP during human cooperative behavior (Boss et al., 2012;
Hein and Knight, 2008; Sartre and Markowitz, 2004; Singer et al., 2004).

210 / 210 0/90

90/0 130/ 130

Figure 3.1 Payoff-matrix of the stag hunt game (210/210 is the payoff-dominant equilibrium and

130/130 is the risk-dominant equilibrium).

3.2 Methods

3.2.1 Participants

Thirty-four healthy adult male participants (age=19-34, mean=25.6, SD=4.2; AVP:
mean=25.7, SD=2.9 / Placebo: mean=25.5, SD=5.3 / t=0.121, p=0.905, df=32) were
involved in the study. Participants were right-handed and reported no psychiatric or
neurological disorder, kidney disease, cardiovascular problems, asthma or migraine. Four
participants were excluded from further analysis because of extensive head movements
during scanning (3) and cardiovascular problems (1). Thus, thirty participants were

included in data analyses (15/15 in the AVP/Placebo group). Each participant gave
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informed consent and was paid for his participation. The study was approved by the
ethical committee of the University of Magdeburg and conducted in accordance with the

Declaration of Helsinki.

3.2.2 Drug administration

In this double-blind placebo controlled fMRI study, participants were randomly assigned to
the placebo or verum condition. In the verum condition participants received a nasal spray
with 20 IU of AVP, whereas participants in the placebo condition received 0.9 % NacCl
spray. The verum/placebo was self-administered 15 min before starting the behavioral
task. Participants did not report any alterations in water retention or any other side effects

at the end of the experiment. The investigation was performed between 8 am and 6 pm.

3.2.3 Experimental procedure

Prior to the experiment each participant was introduced to another “player” who was a
confederate of the experimenter. Participants were told that the other player would sit in
another room next to the scanner and that both players would interact via a network
computer. Participants were instructed to act as row player (see figure 3.1 in blue) and
were told that the other player would act as the column player (see figure 3.1 in orange).
Outside the scanner the participants were familiarized with the rules of the stag hunt
game. Only after the experimenter was completely convinced that participants had fully
understood the task, the scanning procedure was started. In total 105 different stag hunt
games were presented. Participants were asked to indicate their choice of strategy
(“stag”, “rabbit”) by button press.

Importantly, participants received no feedback about the choice of the other player in
order to avoid that participants adjust their beliefs during the course of the experiment in
response to the choices of the other player.

The study comprised 7 different basis games which differed in their incentive to cooperate
(see figure 3.2). This was realized by increasing the value C (see figure 3.2). The higher
the C value, the less attractive it was to cooperate. For instance, in basis games 1 and 2
the incentive to cooperate is high, whereas in the basis games 6 and 7 it is more attractive
for the individual not to cooperate. Each of the 7 basis stag hunt games was varied 14
times, which was realized by an increase of each payoff by 10 Euro cents (see figure 3.3

demonstrating the variation of basis game 1).
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Basis

games / / / /
1 / / / /
2 / / / /
3 / / / /
4 / / / /
5 / / / /
6 / / / /
7 / / / /

Figure 3.2 Seven different basis stag hunt games were varied in their incentive to cooperate
(parameter C). With higher C it is less attractive to collaborate, as the risk-dominant strategy

becomes more attractive.

n=10 Euro cents

50710

Basis game 1 Basis game 1 + n Basis game 1 + 14n

Figure 3.3 The payoffs of the 7 basis stag hunt games were varied 14 times by increasing each

payoff by 10 Euro cents (here presented for basis game 1).
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The payoffs from the equilibrium A/A (see figure 3.2) ranged between 210 and 350 Euro
cents and the payoffs from the equilibrium D/D between 130 Euro cents and 270 Euro

cents.

3.2.4 fMRI-data acquisition

Scanning was performed using a 3-T Siemens Magnetom Trio syngo MR 2004A Scanner.
In each of the 5 runs, 168 volumes (32 transversal slices (3.5 x 3.5 x 3.5)) were recorded
parallel to the anterior-posterior commissure line (AC-PC). Functional images comprised
the following parameters: Gradient-Echo-EPIl-sequence; TR=2000 ms; TE=30 ms;
FOV=224 mm; flip angle=80 °; matrix=64x64; slice thickness=3.5 mm); interslice gap=0
and for the structural images: T1-weighted MPRage: 256 x 256 matrix; FOV=256 mm; 192

1mm sagittal slices.

3.2.5 Behavioral data analysis

For the choice data, a logistic linear regression model, where the dependent variable was
the choice of strategy (1=stag, O=rabbit) and the independent variables were drug
(1=AVP, 0=Placebo), incentive level (parameter C) and the interaction between them, was
calculated by controlling for subject fixed effects. For the response times, a linear
regression model was calculated separately for each group, where the independent
variables were the choice made (1=stag, O=rabbit) and the incentive level, controlling for

subject fixed effects.

3.2.6 fMRI-analyses
Standard fMRI-analysis

Analyses of fMRI-data were conducted using SPM8 (Wellcome Department of Imaging
Neuroscience, University College London) and comprised a preprocessing which included
slice time correction, motion correction, coregistration, spatial normalization and spatial
smoothing (Kernel=8mm FWHM). Furthermore, a high pass temporal filtering (128 s) was
applied to the data. A GLM was estimated that included the regressors for the choices of

”

“stag”, “rabbit” and estimated movement parameters (x, y, z, pitch, roll, and yaw) to
minimize signal-correlated movement effects. At the first level, all choices of “stag” were
weighted against all choices of “rabbit” to reveal brain activity related to human

cooperative behavior. Neural correlates associated with non-cooperative behavior were
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assessed by contrasting all choices of “rabbit” vs. all choices of “stag”. In a further step,
these t-contrasts from the first-level analysis were entered into one-sample t-tests for both
groups separately. These contrasts were considered at a significance level of p<0.005
(uncorr.) and a cluster threshold of 10 voxels. In order to tap into the interaction of
treatment and human cooperative behavior, first-level contrasts were used to calculate
two-sample t-tests. These contrasts were considered at a threshold of p<0.001 (uncorr.)
and a voxel level of 10. As the between-group comparison Placebo > AVP for the contrast
“stag” > “rabbit” choices revealed increased neural activity in the left dorsolateral
prefrontal cortex (dIPFC), a functional region-of-interest analysis was conducted with the
functional cluster of latter brain region by means of the toolbox rfx-plot (Glascher, 2009).
Percent signal changes were subjected to a 2x2 repeated-measures ANOVA with the

factors: drug (AVP, Placebo) and choice of strategy (stag, rabbit).

Functional connectivity analyses

Functional connectivity analyses were accomplished by means of the method by Rissman
(Rissman et al., 2004) using parameter estimates obtained in the context of the general
linear model. According to this functional connectivity approach, those brain regions
should indicate a functional relation whose beta-series are correlated in a given condition.
The left dIPFC was chosen as seed region. An additional GLM was calculated and beta-
values of both experimental conditions were used to calculate condition-specific beta-
series for each single participant. Beta-series were also calculated within the functional
cluster of the left dIPFC from fMRI standard analyses and were further averaged across
voxels. A correlation of the beta-series from the left dIPFC with the beta-series of every
other voxel in the brain was conducted (see Camara et al., 2008, Ye et al., 2010). The
resulting correlation maps of “stag” and “rabbit” choices were normalized using an arc-
hyperbolic tangent transform and entered into paired t-tests for both groups separately.
The significance level was set at p<0.001 (uncorr.; cluster level=10). In order to tap into
the impact of AVP on the functional connectivity of the left dIPFC and other regions in the
brain, normalized correlation maps were also entered into two-sample-t-tests. The
comparison AVP > Placebo for “stag” choices were considered at a significance level of
p<0.001 (uncorr.; cluster level=10), while for the reverse contrast (Placebo > AVP) no
brain region survived the chosen threshold. Regarding “rabbit” choices, the comparison
AVP > Placebo were considered at p<0.001 (uncorr.; cluster level=10). For the

comparison Placebo > AVP, no brain region survived the latter threshold.
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3.3 Results

3.3.1 Behavioral data
3.3.1.1 Choice data

The logistic regression (see table 3.1) showed a significant incentive effect (t=-0.69,
p<0.001), drug effect (t=1.73, p<0.09) and drug x incentive interaction (t=-0.06, p<0.04).
This implies that the AVP group was significantly more likely to choose “stag”, and
significantly more responsive to incentives; when the value of C was lowered (leading to
increased incentive to cooperate), the AVP group’s likelihood of choosing “stag” increases

significantly relative to the placebo group (see also figure 3.4).

3.3.1.2 Reaction times

The linear regression analysis indicates that the placebo group responded significantly
slower during “stag” choices relative to “rabbit” choices (t=2.615, p<0.01; see table 3.3
and figure 3.5). This effect disappeared in the AVP group (t=-0.23, p>0.81), where

reaction times

for “stag” and “rabbit” did not significantly differed from each other (see table 3.2 and

figure 3.5).

Table 3.1 Logistic regression: dependent variable = “stag” choice.

Marginal
Beta effect T value p value
Constant 0.794*** -
(0.257) 0.197 3.0873 0.0020
Drug (AVP =1) 0.633* N
(0.365) 0.157 1.7330 0.0831
Incentive level (C value) -0.014*** ) - )
(0.002) 0.0035 6.9328 0.0000
Drug x Incentive level -0.006** o
Interaction (0.003) -0.0015 -2.0676 0.0387
Subject fixed effects Yes
dummies
Observations 3150
Pseudo R-square 0.90
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Figure 3.4 Cooperation rates are presented for each subgame and for both groups separately. In

those games, where the incentive is high to cooperate (see for instance basis games 1 and 2),

AVP increased cooperative choices. In games with low incentives to cooperate (see for instance

basis games 6 and 7), there was no difference between both groups.

Table 3.2 Regression analysis: dependent variable: reaction times (AVP group).

Beta T value p value

Constant 5.248***

(0.002) 20.925 0.000
Choice (stag = 1) -0.024 )

(0.001) 0.230 0.818
Incentive level (C value) -0.008*** )

(0.001) 4.191 0.000
Subiject fixed effects Yes
dummies
Observations 1575
R-square 0.25
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Table 3.3 Regression analysis: dependent variable: reaction times (Placebo group).

Stag

Rabbit

Beta T value p value
Constant 6.51***
(0.002) 22.832 0.000
Choice (stag = 1) 0.32***
(0.001) 2.615 0.009
Incentive level (C value) -0.006*** )
(0.000) 2.676 0.008
Subiject fixed effects Yes
dummies
Observations 1575
R-square 0.33
|
I |
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8 AVP
= 5.5 UPlacebo
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Figure 3.5 Mean reaction times of “stag” and “rabbit” choices are presented for both groups

separately.
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3.3.2 fMRI-data

3.3.2.1 fMRI standard analyses

For the contrast “stag” vs. “rabbit” choices, increased activation in the medial prefrontal
cortex and in the superior frontal gyrus was seen in both groups (see table 3.4). In the
placebo group, increased neural activity was also found in reward-related brain regions
(caudate, pallidum, putamen) and in the right amygdala. Furthermore, the placebo group
showed also increased activation pattern in the anterior cingulate gyrus, the middle
cingulate gyrus and the inferior and middle frontal gyrus. With regard to the contrast
“rabbit” vs. “stag” choices, the AVP group showed increased neural activity in the middle
frontal gyrus and in the cerebellum, while in the placebo group the precuneus and in the
postcentral gyrus showed greater activity (see table 3.5).

The between-group comparison Placebo vs. AVP for the contrast “stag” vs. “rabbit”
choices revealed increased neural activity in the left dIPFC (see figure 3.6 and table 3.6).
A region-of-interest analysis of the functional cluster in the left dIPFC showed a significant
drug (AVP, Placebo) x choice (stag, rabbit) interaction [F(1,28)=21.2, p<0.001; see figure
3.7]. AVP decreased the BOLD signal in the left dIPFC during “stag” choices, whilst the

opposite pattern appeared during “rabbit” choices.

3.3.2.2 Connectivity analyses

For the contrast “stag” vs. “rabbit” choices, in the AVP group increased functional
connectivity of the left dIPFC was seen with the right anterior cingulate gyrus and the right
caudate, while in the placebo group enhanced functional connections of the left dIPFC
were found with the ventrolateral prefrontal cortex, the right caudate and the left middle
occipital gyrus (see figure 3.10 and table 3.7). For the inverse contrast (“rabbit” vs. “stag”
choices), in the AVP group, the left dIPFC indicated enhanced functional connectivity with
the left amygdala, the left insula and the left angular gyrus (see figure 3.8 and table 3.8).
In the placebo group, by contrast, the medial prefrontal cortex and the superior frontal
cortex showed enhanced functional connections with the left dIPFC for “rabbit” vs. “stag”
choices (see figure 3.9 and table 3.8). Furthermore, there was increased functional
connectivity between the left dIPFC and the left insula, the right cingulate gyrus and the

calcarine for the latter contrast.
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Table 3.4 Brain regions indicating increased neural activity for “stag” > “rabbit” choices.
Hem=hemisphere, BA = Brodmann area, xyz=MNI-coordinates, T=t-values, size= cluster

size. Cluster threshold=10.

“stag” > “rabbit” choices

Hem Brain region BA X y z T size
AVP

p<0.005

(uncorr.)
L Superior occipital gyrus 17 -14 -94 14 4.90 152
L Middle occipital gyrus 18 -24 -88 14 4.25
L Superior occipital gyrus 18 -16 -96 24 3.80
R Medial frontal gyrus 14 -20 60 4.17 13
R Superior occipital gyrus 18 20 -92 18 413 15
R Medial prefrontal cortex 10 0 64 0 3.80 18
R Medial prefrontal cortex 10 4 62 -8 3.21
R Precentral gyrus 6 34 -6 54 3.68 16
R Medial prefrontal cortex 6 8 -2 58 366 20
R Superior frontal gyrus 6 16 -10 60 3.03

Placebo

p<0.005

(uncorr.)
L Caudate -10 10 10 6.24 32
L Caudate -10 14 2 3.48
L Pallidum 48 -14 6 -4 4.99 60
L Pallidum 48 -14 -2 -6 3.43
R Medial prefrontal cortex 8 30 -14 4.69 30
L Inferior frontal gyrus 44 -54 18 34 4.59 50
R Thalamus 8 -22 4 4.54 55
R Superior frontal gyrus 11 22 52 -2 4.44 107
R Superior frontal gyrus 10 26 60 16 4.13
R Superior frontal gyrus 6 24 56 6 4.04
R Anterior cingulate gyrus 32 12 46 6 4.35 10
R Medial prefrontal cortex 10 12 54 2 3.37
L Postcentral gyrus 3 -34 -16 34 3.94 10
R Middle Cingulum 32 8 32 36 3.94 11
R Superior frontal gyrus 8 20 34 40 3.86 23
R Middle frontal gyrus 9 22 28 46 3.09
R Putamen 18 4 -12 376 30
R Amygdala 24 -4 12 3.32
R Inferior frontal gyrus 45 50 36 4 3.69 18
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Table 3.5 Brain regions showing enhanced neural activation patterns for “rabbit” > “stag”
choices. Hem=hemisphere, BA=Brodmann area, xyz=MNI-coordinates, T=t-values, size=

cluster size. Cluster threshold=10.

“rabbit” > “stag” choices

Hem Brain region BA X y z T size
AVP
p<0.005
(uncorr.)
L Middle frontal gyrus 44 -50 18 40 3.67 10
R Cerebellum 8 -36 -20 3.34 10
Placebo
p<0.005
(uncorr.)
R Precuneus 37 36 -48 4 4.65 18
L Postcentral gyrus 4 -38 -24 56 3.48 23

Table 3.6 Brain regions that showed increased neural activity for the comparison Placebo
> AVP and the contrast “stag” vs. “rabbit”. Hem=hemisphere, BA=Brodmann area,

xyz=MNI-coordinates, T=t-values, size=cluster size. Cluster threshold=10.

Placebo > AVP “stag” > “rabbit” choices
Hem Brain region BA X y z T size
p<0.001
(uncorr.)
Dorsolateral
L prefrontal cortex 44 -54 18 34 5.1 62
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Placebo > AVP “stag > “rabbit” choices

X=-51

p<0.001(uncorr.)

[
t-value 3.0 5.4

Figure 3.6 Increased neural activity in the left dIPFC for the comparison Placebo > AVP and

“stag” > “rabbit” choices (cluster threshold=10).

left dIPFC

@ AVP
0,30 - OPlacebo

Percent signal changes

Stag Rabbit

Figure 3.7 Percent signal changes of the left dIPFC are illustrated for “stag” and “rabbit” choices

and for both groups separately.
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Table 3.7 Brain regions that showed increased functional connectivity with the left dIPFC

for “stag” > “rabbit” choices are presented for both groups separately. Hem=hemisphere,

BA=Brodmann area, xyz=MNI-coordinates, T=t-values, size=cluster size. Cluster
threshold=10.
Rissman connectivity analysis “stag” > “rabbit” choices
Hem Brain region BA X y z T size
AVP
p<0.001
(uncorr.)
R Anterior cingulate gyrus 32 20 28 20 5417 26
R Caudate 10 20 18 5.10
Placebo
p<0.001
(uncorr.)
R Ventrolateral prefrontal cortex 47 40 30 -12 6.21 43
L Ventrolateral prefrontal cortex 47 -34 32 -16 5.98 37
L Ventrolateral prefrontal cortex 38 -42 28 14 445
L Middle occipital gyrus 19 -36  -76 6 5.10 12
R Caudate 20 14 20 472 18
R Caudate 14 16 14 463

The between-group comparison AVP > Placebo for “stag” choices revealed increased

functional connectivity of the left dIPFC with the left pallidum, the cingulate gyrus, the right

medial frontal gyrus and the right superior frontal gyrus (see figure 3.11 and table 3.9)

under AVP treatment. For the reverse contrast no brain region survived a threshold of

p<0.001 (uncorr.).

Regarding “rabbit” choices, the comparison AVP > Placebo indicated increased functional

connectivity with the left parahippocampal gyrus, the left calcarine, the left amygdala, the

right middle cingulum and the right anterior cingulate gyrus and the right inferior and

middle frontal gyrus as well as the middle temporal gyrus (see figure 3.12 and table 3.10).

For the contrast Placebo > AVP and “rabbit” choices, no brain region could be seen at a
threshold of p<0.001 (uncorr.).
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Functional connectivity analysis: AVP “rabbit” > “stag” choices

y:] x=31

p<0.001 (uncorr.)

[
tvalue 3.8 5.0

Figure 3.8 In the AVP group the contrast “rabbit” > “stag” choices indicated increased functional
connectivity between the seed region (left dIPFC) and the left amygdala and the left anterior insula
(cluster threshold=10).

Functional connectivity analysis: Placebo “rabbit” > “stag” choices

y=10 x=-45

p<0.001(uncorr.)

t-value 3.6 7.0

Figure 3.9 In the placebo group the left anterior insula, the right cingulate gyrus and the left medial
frontal gyrus showed enhanced functional connectivity with the left dIPFC for “rabbit” > “stag”

choices (cluster threshold=10).
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Functional connectivity analysis: Placebo “stag” > “rabbit” choices

E<0.001 (uncorr.)

t-value 3.6 7.0

Figure 3.10 In the placebo group there was increased functional connectivity between the left
dIPFC and the bilateral ventrolateral prefrontal cortex and the right caudate for “stag” > “rabbit”

choices (cluster threshold=10).

Table 3.8 Brain regions that show enhanced functional connectivity with the left dIPFC for
‘rabbit” > “stag” choices are presented for both groups separately. Hem=hemisphere,
BA=Brodmann area, xyz=MNI-coordinates, T=t-values, size=cluster size. Cluster
threshold=10.

Rissman connectivity analysis  “rabbit” > “stag” choices

Hem Brain region BA X y z T size
AVP
p<0.001 (uncorr.)
L Amygdala 34 -30 0 -16 4.85 25
L Anterior Insula 38 -30 10 -16 4.77
L Angular gyrus 39 -54  -60 26 4.37 12
Placebo
p<0.001 (uncorr.)
R Cingulate gyrus 6 10 6 50 6.89 71
R Superior frontal gyrus 6 2 4 52 3.92
R Cerebellum 37 16  -48 -18 5.05 10
R Calcarine 17 14 -56 -18 4.07
L Anterior Insula 48 -46 6 6 4.90 12
L Medial frontal gyrus 6 -2 -4 56 4.67 21
L Medial frontal gyrus 6 -4 -10 62 4.18
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Table 3.9 Brain regions indicating enhanced functional connectivity with the left dIPFC for

AVP > Placebo regarding “stag” choices. Hem=hemisphere, BA = Brodmann area,

xyz=MNI-coordinates, T=t-values, size= cluster size. Cluster threshold=10.

AVP > Placebo “stag” choices

Hem Brain region BA X y z T size
p<0.001
(uncorr.)
L Pallidum 48 22 -2 -2 4.29 15
R Cingulate gyrus 10 6 50 4.28 70
L Cingulate gyrus 24 -2 0 48 3.72
R Medial frontal gyrus 6 4 -2 54 3.48
R Superior frontal gyrus 6 16 -2 62 3.75 12

Table 3.10 Brain regions indicating enhanced functional connectivity with the left dIPFC

for AVP > Placebo regarding “stag” choices. Hem=hemisphere, BA = Brodmann area,

xyz=MNI-coordinates, T=t-values, size= cluster size. Cluster threshold=10.

AVP > Placebo “rabbit” choices

Hem Brain region BA X y z T size
p<0.001
(uncorr.)
L Parahippocampal gyrus 30 22 34 14 5.82 111
L Parahippocampal gyrus 37 24 -42 -14 4.10
L Parahippocampal gyrus 37 -32 -38  -12 3.97
L Calcarine 17 -18 -60 8 4.43 24
L Amygdala 34 28 2 -14 4.31 27
R Middle Cingulum 23 4 -4 34 4.30 78
R Anterior cingulate gyrus 24 4 12 30 4.06
R Middle Cingulum 32 10 16 36 3.65
R Inferior frontal gyrus 45 54 40 0 4.23 12
R Middle frontal gyrus 46 50 48 4 3.64
L Middle occipital gyrus 19 40 -80 14 4.15 17
L Middle occipital gyrus 19 -34 -86 14 3.93
L Middle temporal gyrus 20 58 -22 -14 3.94 14
L Lingual gyrus 19 -18 -50 -2 3.87 12
R Middle temporal gyrus 21 64 -22 12 3.82 11
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Functional connectivity analysis: AVP > Placebo “stag” choices

i<0.001 (uncorr.)

t-value 3.0 5.0

Figure 3.11 The left dIPFC showed increased functional connectivity with the left pallidum, the
cingulate gyrus and the right medial and superior frontal gyrus for the comparison AVP > Placebo

and “stag” choices (cluster threshold=10).

Functional connectivity analysis: AVP > Placebo “rabbit” choices

y=1 X=-28

p<0.001(uncorr.)

tvalue 3.0 5.0

Figure 3.12 The left dIPFC indicated enhanced functional connectivity with the left amygdala, the
left parahippocampal gyrus and anterior cingulate gyrus for the comparison AVP > Placebo and

“rabbit” choices (cluster threshold=10).
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3.4 Discussion

In the present study it was shown that the impact of AVP on cooperative behavior
depends on the incentive to cooperate. In games where the incentive to cooperate was
high, AVP substantially increased the choice of the cooperative strategy, whereas in
games with weak incentives to cooperate, no impact of AVP could be seen. Thus, it
seems that AVP action is context dependent, as it facilitated cooperation only in the
games in which collaboration was an attractive option. This finding is in line with results
from previous AVP studies that used a task design with low incentives to cooperate and
failed to find a substantial impact of AVP on human cooperative behavior (Israel et al.,
2012; Rilling et al., 2012).

AVP-related increase of cooperative behavior was associated with decreased neural
activity in the left dIPFC, while defection was related to an AVP-promoted increase in
BOLD signal in the left dIPFC. Previous studies have pointed to a role of the dIPFC in
cognitive control (Braver et al., 2001; Carter et al., 2007; Hare et al., 2009; Miller and
Cohen, 2001; Roberts and Hall, 2008), working memory (Duncan and Owen, 2000;
Watanabe et al., 2005) and emotion regulation (Ochsner and Gross, 2005). For instance,
Hare et al. (2009) found that neural activity in the left dIPFC increased when participants
exercised self-control. A study by Yoshida et al. (2010) observed a positive relationship
between neural activity in the left dIPFC and the level of strategic thinking during a stag
hunt game, while Coricelli and Nagel (2009) associated increased dIPFC activation with
high- versus low-level reasoning in a beauty contest game. A meta-analysis by Mohr et al.
(2010) scrutinized 30 fMRI studies on risky decision-making and found the dIPFC as one
of the most consistently engaged brain region in human risky choices. In light of the
literature reviewed above, it is possible that the dampening effect of AVP on the activity in
the left dIPFC reduced the perception of social risk based on diminished cognitive control,
which in turn elicited the increased selection of cooperative (more risky) choices under
AVP administration. Further, this behavioral effect can be explained in light of AVP’s
modulatory impact on the dIPFC’s functional connectivity with other brain regions. In the
present study, AVP strengthened the functional connectivity between the left dIPFC and
the pallidum, a brain region critical for pair bonding, when participants chose the
cooperative strategy. The pallidum is a crucial part of the reward circuitry and comprises a
high quantity of Vasopressin V1 receptors (Donaldson et al., 2008; Insel and Young,
2001; Lim and Young, 2004; Pittkow et al., 2001). Lim and Young (2004), for instance,
found that a selective blockade of Vasopressin V1 receptors in the ventral pallidum

prevented specific partner preference in male prairie voles; in humans, neural activity in

70



Vasopressin and human cooperative behavior

the ventral pallidum was positively correlated with the length of a relationship, when
participants were exposed to pictures of their beloved (Aron et al., 2005). According to Lim
and Young (2004), social bonding in males is mediated by a binding of AVP to
Vasopressin V1 receptors in the ventral pallidum, such that the social interaction itself
becomes pleasant for the individual. Accordingly, the increase of the functional
connectivity of the left dIPFC and the left pallidum might lead to a preference for the
cooperative strategy.

Another interesting finding that might contribute to our understanding of AVP’s role in
human cooperative behavior is the following: during the defection of cooperation, AVP
enhanced the functional connectivity of the left dIPFC with the left amygdala, the left
parahippocampal gyrus and the ACC. The amygdala, in particular, is a known target
region of AVP, because of its high density of Vasopressin V1 receptors (Huber et al.,
2005; Veinante and Freund-Mercier, 1997). Moreover, according to Bos et al. (2012),
effects of AVP on human social behavior are mediated by a direct binding of AVP to
Vasopressin V1 receptors in the amygdala. In line with this assumption, it is reasonable
that AVP acted on the Vasopressin V1 receptors in the amygdala, which resulted in
excitatory inputs to the left dIPFC giving rise to the increased BOLD-signal in the left
dIPFC (during defection of cooperation). The amygdala might thereby act as a warning or
alarm system, since defecting cooperation is related to a sure (but lower) payoff than the
amount of money participants could receive when both parties cooperate. Increased
functional connections with the parahippocampal gyrus might thereby facilitate memory
storage of this negative event by interacting with the amygdala. This is consistent with
Phelps (2004) and Kilpatrick and Cahill (2003) that found dense interconnectivity of the
amygdala and the hippocampal complex (including the parahippocampal gyrus) to
subserve the formation of emotional memories.

As there are no known direct anatomical connections between the amygdala and the
dIPFC (Ghashghaei and Barbas, 2002; Siegle et al., 2007), it is likely that the AVP
induced BOLD signal increase in the left dIPFC (during defection of cooperation) is
mediated via the ACC, that also indicated increased functional connectivity with the left
dIPFC in the present study. Evidence for this hypothesis comes from studies that reported
strong connections of the ACC with both, the dIPFC and the amygdala (Amaral and
Price, 1984; Ghashghaei and Barbas, 2002; Ghashghaei et al., 2007; Ray and Price,
1993). Furthermore, the study by Zink et al. (2010) found AVP-induced altered functional
connectivity between the ACC and the amygdala. It is thus possible that AVP-related
increased activity in the left dIPFC during defection of mutual cooperation is possibly
mediated by excitatory inputs from the amygdala via the ACC to the dIPFC. On the other

hand, it could also well be that AVP bound directly on Vasopressin V1 receptors in the left
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dIPFC: a study by Young et al. (1999) could localize Vasopressin V1 receptors in the
prefrontal cortex of non-human primates. The fMRI method is not suited to distinguish
whether the AVP effect in the left dIPFC is a primary or secondary event (mediated via the
amygdala). This issue remains to be investigated by future research.

As a final cautionary note, it has to be mentioned that this study only involved healthy
male volunteers. Therefore, it is necessary that future AVP studies also consider female
participants in order to see whether the effects found in this study can be generalized to
women. Given the known gender differences in risk-taking behavior (Byrnes et al., 1999;
Powell and Ansic, 1997) and a sexual dimorphism regarding the distribution of
Vasopressin V1 receptors (Decety and Ickes, 2009), a gender effect has to be assumed in

terms of AVP’s impact on human cooperative behavior.

3.5 Conclusions

The findings of the present study suggest that AVP increases cooperative behavior only
when it is advantageous for the individual to cooperate. AVP had no impact on
cooperation, when the incentive to cooperate is low. This effect is possibly mediated by a
reduced perception of social risk, promoted by an AVP induced BOLD signal reduction in
a brain region typically activated during risky decision-making: the dorsolateral prefrontal
cortex. The selective acting of AVP in human cooperative behavior might have an
evolutionary value for survival. Further, it supports AVP’s known role as a social bonding

chemical.

72



Vasopressin and human reactive aggression

Chapter 4

Vasopressin modulates neural activity in the right superior
temporal cortex during human reactive aggression

4.1 Introduction

Reactive aggression is defined as a direct retaliating response to a perceived threat or
provocation. According to Dodge and Coie, “perceptions of threat and experiences of
anger push the reactively aggressive individual to retaliate” (Dodge and Coie, 1987
p.1147). In contrast, proactive aggressive behavior is characterized as calculated and
goal-directed acting with the intention to harm another person.

The general Aggression Model (GAM) by Anderson and Bushman (2002) provides a
theoretical framework for human aggressive behavior and posits that situational and
personal variables influence aggressive behavior via the moderating impact of affect,
cognition, and arousal. Situational variables include the provocation by another person,
frustration, pain and drugs, while personal variables comprise (among others) personality
traits, sex, beliefs and attitudes. According to the GAM, these feed into appraisal and
decision processes that finally cause impulsive or thoughtful actions (Anderson and
Bushman, 2002; Kramer et al., 2007).

An established paradigm in social psychology is the Taylor Aggression Paradigm (TAP),
which elicits reactive aggression in the laboratory by provoking the participant during a
competitive reaction time task. During winning trials, participants are allowed to punish
their opponent player, for example, with a loud noise or an electric shock of variable
intensity, whereas during losing trials participants get punished by their opponent player.
Since the aggressive interaction in the TAP is separated into a decision phase (selection
of punishment level for the opponent player) and an outcome phase (punishment is
applied or received), the paradigm is attractive for neuroscientific research as it allows to
disentangle the neural underpinnings of different emotional and cognitive processes
during reactive aggressive interaction. For example, Kradmer et al. (2007) used functional
magnetic resonance imaging (fMRI) and a version of the TAP in which healthy participants
played in alternating trials against an unfair (high provocation) and a fair (low provocation)
opponent in a competitive reaction time task with the punishment comprising aversive
noise of different intensities as punishment. For the decision phase, provocation-
dependent activations were seen in the bilateral Al and the rostral part of the ACC, brain
regions that have been previously associated with negative emotions like anger or disgust

(Damasio et al., 2000; Dougherty et al., 1999; Phillips et al., 1997). Aggressive behavior,
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as a direct response to provocations of the unfair opponent, was linked to enhanced
neural activity within the dorsal striatum, which according to previous neuroimaging
studies is involved in reward processing (Balleine et al., 2007; de Ouervain et al., 2004;
O’Doherty et al., 2004), but is also known to be active during effective punishment (de
Quervain et al., 2004). Kramer et al. (2007) argued that this activation probably reflects
the participants’ anticipation to receive less provocations by their opponent player in the
following trials. Besides the dorsal striatum, reactive aggressive behavior was further
linked to increased activations in the dorsal part of the ACC, a brain site that has been
associated with conflict monitoring and cognitive control in numerous previous studies
(e.g., Botvinick et al., 1999; Carter and Van Veen, 2007; Cohen et al., 2000; Milham et al.,
2001; Nelson et al., 2003; Van Veen and Carter, 2002).

For the outcome phase, Kramer et al. (2007) reported enhanced neural activity in the
ventral striatum / nucleus accumbens associated for win compared to loss trials, which

might reflect the rewarding properties of the avoidance of the opponents’ punishment.

The question arises to what extent reactive aggression is modulated by neurotransmitter
systems and / or neuropeptide hormones. With regard to the former, serotonin has been
implicated by a wealth of studies in impulsive aggression (Bjork et al., 1999, 2000; Cleare
and Bond, 1995; Coccaro and Kavoussi, 1997; Manuck et al., 2006; Moss et al., 1990;
Pihl et al.,1995), even though a study using the TAP in conjunction with fMRI and an
acute tryptophan depletion, a pharmacological manipulation known to reduce brain
serotonin level, did not reveal any marked effects (Kramer et al., 2011). One suggested
pathway of serotonin to control aggressive behavior and the motivation to act aggressive
is via an antagonistic impact on brain sites related to the regulation of the social
neuropeptide AVP (Ferris et al., 1997, 2008). Research on animal models have shown
that AVP itself is a key player in the control of aggression and other “male-typical
behaviors” (Heinrich and Domes, 2008) like pair-bond formation and stress-
responsiveness (Bos et al., 2012; Caldwell and Albers, 2004a; Ferris and Delville, 1994;
Ferris et al., 1997; Goodson and Bass, 2001). For example, in animals like male Golden
and Syrian hamsters, microinjections of AVP into the anterior hypothalamus and the
lateral septum increased the number of aggressive interactions, while microinjections of
AVP receptor 1a (AVPR1a) antagonists into the anterior hypothalamus inhibited
aggressive behavior against intruders (Bos et al., 2012; Caldwell and Albers, 2004a;
Ferris and Delville, 1994; Ferris et al., 1997). In humans, there is actually little evidence
for a direct link between AVP and reactive aggression. However, a first hint was given by
Cocarro et al. (1998) reporting a positive correlation between cerebrospinal fluid AVP

levels and life histories of general aggression, which was more pronounced for men than
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for women. Research by Thompson et al. (2004) suggested that AVP acts on processes
related to emotional social communication, which in turn could promote reactive
aggressive behavior. In their initial study, they investigated facial EMG, while male
participants watched facial expressions. Intranasally administered AVP led to an increase
of EMG responses to neutral faces to a level comparable to that observed for angry faces
in the placebo group. Thompson et al. (2004) argued that AVP alters the interpretation of
social stimuli that are taken as if they were threatening. In a consecutive investigation,
Thompson et al. (2006) described that, in men, AVP enhances agonistic facial motor
patterns in response to faces of unfamiliar men and decreases the perception of the
friendliness of those faces. In women, however, AVP stimulated affiliative facial motor
patterns in response to faces of unfamiliar women and increased perceptions of those
faces’ friendliness. In a recent study, Uzefosky et al. (2012) reported an inverse pattern of
results. Their study revealed for men treated with AVP an impairment in the recognition of
negative emotions while leaving the perception of positive emotions unaffected. According
to work by Guastella et al. (2010) and Guastella et al. (2011), the impact of AVP on the
processing of social and interpersonal information is less specific. Instead, AVP seems to
enhance the processing of social information generally, irrespective of the stimulus
category’s valence. Up to now, just a few studies using functional MRI have tried to
elucidate the neural underpinnings of AVP’s impact on the processing of social
information. Zink et al. (2010) and Zink et al. (2011) reported in men an impact of AVP
administration on the brain’s fear regulatory system (Zink et al., 2010) during an
emotional-face matching task and also changes in the activity of the TPJ, a brain area
known to be a key site in the theory of mind network, when processing socially relevant
familiarity information (Meyer-Lindenberg et al., 2011). Additional evidence for AVP’s
modulatory influence on social behavior is given by Rilling et al. (2012). In their prisoner’s
dilemma paradigm, they reported for men treated with AVP, but not for men treated with
oxytocin or placebo, increased cooperation in response to cooperative signs by the
partner. In AVP-treated men who initiated such a cooperative interaction, the processing
of the cooperative interaction’s outcome resulted in increased activations in brain sites
belonging to the vasopressin circuitry like the stria terminalis, the bed nucleus of the stria
terminalis, and the lateral septum. In contrast to Rilling’s behavioral results, Israel et al.
(2012) failed to find significant evidence for an impact of AVP on cooperative behavior.
However, their nested social dilemma paradigm does not comprise any kind of reciprocity
between acting persons, which might explain the missing impact of AVP on cooperative
behavior. These findings imply that AVP influences processes linked to social

communication.
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Even though previous fMRI studies on the TAP have not revealed differential activations
of the amygdala (Kramer et al., 2007, 2011; Lotze et al., 2007), this group of nuclei is
involved undoubtedly in the appraisal of threat and the regulation of aggressive behavior
(Dougherty et al., 1999, Nelson et al., 2003). Interestingly, the central amygdala harbours
high quantities of Vasopressin V1 receptors (Huber et al., 2005; Veinante and Freund-
Mercier, 1997). The amygdala is connected to a widespread network of brain regions
involved in the regulation of aggressive behavior (e.g. Passamonti et al., 2008, 2012) and
these connections may allow AVP to exert a modulatory influence on aggressive
behavior.

By using fMRI and the TAP, the current study tries to delineate the impact of AVP on the
neural basis of the distinct stages of human reactive aggression. Following Wiswede et al.
(2011), a modified version of the TAP was used in which participants played against just
one opponent who selected relatively high punishments. As previous investigations were
ambiguous with regard to the meaning of certain brain activations (e.g., a particular
activation on win trials might have been due to the possibility to punish the opponent or
due to the fact that punishment by the opponent had been avoided), “passive” and “active”
blocks were introduced. In “passive” blocks, participants were punished by a loud aversive
tone on loss trials but could not administer a punishment to the opponent player on win
trials, whereas in “active” blocks the participant could punish the opponent player on win

trials but did not get punished on loss trials.

In light of the evidence linking AVP to enhanced aggressive behavior (Bos et al., 2012;
Caldwell and Albers, 2004a; Coccaro et al., 1998; Ferris and Delville, 1994; Ferris et al.,
1997; Thompson et al., 2004, 2006), it was predicted that AVP would lead to the selection
of higher punishment levels during the decision phase compared to placebo. In addition,
this effect should be more pronounced during trials of the “active” block, where
participants can punish the opponent when winning the trial. On the neural level, AVP was
expected to modulate activity in the Al and the ACC during the decision phase, as these
have been revealed in previous studies using the TAP. In addition, the predicted AVP-
related increase in negative affect in response to the relatively high provoking opponent
might also elicit an increased feeling of reward when being able to punish the opponent in
“active” trials, which should be associated with an increase in BOLD signal in the ventral
striatum during “active” trials for the comparison of win trials versus loss trials. As the
amygdala was not modulated in previous studies using the TAP, we had no expectations

with regard to this structure.
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4.2 Methods

4.2.1 Participants

Thirty-six healthy adult male volunteers (age=19-32, mean=25.8, SD=3.4) were recruited
from a volunteers’ database at the Department of Neurology of the University of
Magdeburg. The groups did not significantly differ in their age (the AVP group:
mean=26.5, SD=4.3 and the placebo group: mean=25.0, SD=4.0). Participants of both the
groups were students of the University of Magdeburg to assure a uniform education level.
Subjects were right-handed and reported to be free of any psychiatric and neurological
disorder, kidney disease, cardiovascular problems, asthma, and migraine. Two subjects
were removed from further analysis, because of extensive movement artifacts and three
were excluded, because during the debriefing it became apparent that they had not been
completely deceived by the experimental set-up. Thus, data analyses are based on 31
participants (16 treated with AVP) using a between-subjects design. All subjects gave
written informed consent and were paid for participation. The study had been approved by
the ethical committee of the University of Magdeburg and conducted in accordance with

the Declaration of Helsinki.

4.2.2 Drug administration

Participants randomly received either an intranasal dose of 20 |U of AVP or a placebo in a
double-blind manner. As in Born et al. (2002), nasal sprays were self-administered by the
participants under the supervision of the experimenter. Each subject self-administered
four sprays. The original 1 ml synthetic vasopressin solution (Goldshield Pharmaceutical
Ltd., Croydon, UK) contained 0.5 % chlorobutanol, while the only active substance was
argipressin. In order to get 20 IU AVP per four sprays, the solution was filled up with 0.9 %
saline solution. In the placebo condition, four sprays of 0.9 % saline solution were
administered. Ten minutes before entering the scanner, AVP was self-administered by the
subjects under the supervision of the experimenter. After 5 minutes of premeasures (T1
and IR-EPI image) and a further task lasting 20 minutes, participants started with the TAP
35 minutes after AVP administration. The entire duration of the experimental procedure
was 24 minutes (12 minutes per run). Subsequently to the TAP, a diffusion tensor imaging
protocol (14 min) was performed. Finally, 120 minutes after AVP administration, subjects
filled out the Buss and Perry Aggression Questionnaire (AQ) and the interpersonal
reactivity index (IRI). The questionnaires were presented at the end of the session in order

to avoid any hint to the main target of this paradigm’s intention to induce aggression.
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There was no report of altered water retention or any other side effects when subjects
were debriefed at the end of the experiment. Scanning sessions took place between 8 am

and 6 pm.

4.2.3 Experimental procedure

Participants were told that they would play a reaction time task against another male
player who unbeknownst to them was a confederate of the experimenter. They were
informed that they have won a trial, whenever they responded faster than the opponent,
but lost a trial, when the opponent responded faster. In the TAP’s experimental procedure,
it was predefined that, in two-third of the trials, the participant loses the competitive
reaction time task. Prior to the experiment, the participant and the confederate were
introduced to each other. The confederate was introduced as the other “player” the
participant had to play against and was a male, 26-year-old student. The confederate was
not acquainted with anybody of the participants. Before the participant entered the
scanner, he had to complete eight test trials outside the scanner. After being convinced
that the participant understood the task, the confederate was brought to another room and
the participant was told that they would be interconnected via a network computer during
the game. At the end of the experimental procedure, participants were debriefed by

explaining the experimental set-up and the investigation aims.

Aggression paradigm

A modified version of the TAP was used in two runs. Each run consisted of six “passive”
blocks and six “active” blocks. Each “passive” and “active” block comprised four trials and
blocks were presented alternately. In “passive” blocks, the participant was punished when
he lost the reaction time competition, while in “active” blocks the participant could
administer a punishment to the opponent player in the case that he won during the
reaction time task. The punishment was a loud polystyrene scratching noise presented at
four different levels. The adjustment of the volume was accomplished prior to the
experiment such that participants judged level 4 as unpleasant but not painful. Each trial
started with a fixation phase which was followed by a decision phase during which the
participant received an indication whether the actual trial was a “passive” or an “active”
one, by presenting either the German word for threat (in passive trials) or punish (in active
trials; see figure 4.1 illustrating the experimental procedure). In both, “active” and
“passive” blocks, participants had to select the magnitude of the punishment (four different

levels) during the decision phase. The selection of the punishment level was done by a
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button press on a keyboard with key 1 reflecting the lowest and key 4 reflecting the

highest punishment level. The decision phase was followed by a “!”, which cued the
participant for the upcoming reaction time task. For the reaction time task, a visual cue (a
bird from a computer game) was presented on the screen and participants were instructed
to press a button as fast as possible when the visual cue appeared on the screen. The
duration of the visual cues appearance was similar for all trials, irrespective of the
participant’s reaction time (see figure 4.1). Directly after the reaction time task,

participants were presented with the opponents’ selection of the punishment level.

6s

Outcome
“ feedback and punishment

phase

¥ opponent: 3 Information about the opponent's
selected punishment level

reaction time task

2s

preparation reaction time task

Decision

h RNl |nstruction active / passive trial
phase

Selection of punishment level

S

10s

Figure 4.1. Trials of the experiment comprised a decision phase, the reaction time task, and an
outcome phase. During the decision phase, participants made the selection of punishment level for
the opponent (strength 1-4). This was then followed by the reaction time task where participants
had to react as fast as possible when a chicken appeared on the screen. Directly after the reaction
time task, they received feedback about the punishment level chosen by their “opponent player”. In
the upcoming outcome phase, participants were informed about whether they have won or lost the
trial and either could punish the “opponent player” or received the punishment by the “opponent
player”. In “active” trials, participants could punish the opponent in case of winning the trial,
whereas the participant received no punishment when losing the trial. On the contrary, in “passive”
trials, participants could get punished when losing the reaction time task, but the “opponent player”

received no punishment when losing the reaction time task.
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Feedback of the opponents’ punishment level selection was given in every single trial, no
matter if it was an “active” or a “passive” one. They were also informed that feedback
regarding their selection of punishment magnitude, was given to the opponent as well,
serving as a threat for the opponent. Subsequently, the information whether they had won
or lost the trial was given by presenting the German words for “won” or “lost”. At the end of

the trial, the punishment was administered depending on the actual block.

4.2.4 Questionnaires

Following the scanning session, participants completed the Buss and Perry AQ (Buss and
Perry, 1992) and the German version of the IRI (Paulus, 2009). The AQ comprises 29
items scored from 1 ("extremely uncharacteristic of me") to 5 ("extremely characteristic of
me") and assessed the four aggression dimensions physical aggression, verbal
aggression, anger, and hostility. The IRI includes four 7-item subscales: Perspective
taking is the ability to capture the psychological perspective of another person and is
thought to involve several cognitive, but not affective, empathic processes. The fantasy
scale reflects the tendency to put oneself into the role and behavior of characters from
novels or movies. The third subscale - empathic concern - measures the sympathy and
care for others, whereas the personal distress scale taps into feelings of inner
restlessness and uneasiness when confronted with extreme situations such as an
emergency. For the AQ, a total score was calculated by summing up the scores of the
four aggression dimensions. To test for differences between the groups, one multivariate
analysis of variance (MANOVA) per questionnaire was calculated comprising the
between-factor group (AVP, placebo) and the within-subjects factor scale (AQ: physical
aggression, verbal aggression, anger and hostility; IRI: perspective taking, fantasy scale,

empathic concern, and personal distress).

4.2.5 fMRI-data acquisition

A 3-T Siemens Magnetom Trio syngo MR 2004A Scanner was used to record functional
(Gradient-Echo-EPI-sequence; TR=2000 ms; TE=30 ms; FOV = 224 mm; flip angle = 80
°; matrix = 64x64; slice thickness=3.5 mm; interslice gap=0 mm) and structural images
(T1-weighted MPRage: 256 x 256 matrix; FOV=256 mm; 192 1-mm sagittal slices). 388
volumes were recorded in each of the two runs. Each volume comprised 32 transversal
slices (3.5 x 3.5 x 3.5 mm) recorded parallel to the anterior and posterior commissure

(AC-PC).
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fMRI analyses

FMRI data were analyzed using Statistical Parametric Mapping toolbox (SPM8, Wellcome
Department of Imaging Neuroscience, University College London, London, UK).
Preprocessing implemented slice time correction, motion correction, coregistration, spatial
normalization and spatial smoothing (Gaussian Kernel, full width at half maximum
(FWHM) 8 mm). A filter width of 128 s was used for temporal high pass filtering.
Preprocessed data were entered into a random effects analysis. For the decision phase,
the regressors “active” and “passive” blocks were defined (6s). For the outcome phase,
the regressors “win” and “loss” were defined for active and passive blocks separately (6s).
Regressors of noninterest regarding the target (2s), as well as the information about the
opponents selected punishment level (4s), were included in the GLM. In addition,
movement parameters (x, y, z, pitch, roll, and yaw) from movement correction were
included in the statistical analysis to minimize signal-correlated movement effects. In order
to control for serial correlations, the standard SPM autoregressive model was applied. The
resulting regressors were convolved with the standard hemodynamic response function.
Aggression-related effects during the decision phase were delineated by means of
contrast maps calculated for each subject by comparing “active” trials vs. “passive” trials.
This contrast was entered into a one-sample t-test for both groups separately. In order to
test the influence of AVP treatment, two-sample t-test’s (AVP vs. placebo and vice versa)
were conducted with the contrast images “active” trials vs. “passive” trials from the first-
level analysis. This analysis essentially tests for an interaction of group and condition. In
order to further investigate this interaction, the resulting active brain sites - the right STS,
the ACC, and the fusiform gyrus - were used as a basis for post hoc functional region of
interest (ROI) analyses. This was done by creating a 10-mm sphere centered at the peak
voxel of the between-group comparison placebo versus AVP. In order to reveal this
interaction’s direction, percent signal changes were extracted using rfx-plot (Glascher,
2009) and finally entered into a 2x2 repeated-measures ANOVA implementing the
following factors: drug (AVP and placebo) and block (active, passive).

For the outcome phase, win trials were contrasted against loss trials for each subject and
entered into one-sample t-tests. Based on the hypothesis that it might be more rewarding
for the AVP group relative to the placebo group to punish the opponent during active
trials, a ventral striatum ROl was defined as a 5mm sphere centered at the peak voxel of
the win trials versus loss trials contrast. This latter step was done separately for both the
groups. Extracted percent signal changes were subjected to a 2x2 ANOVA with the
factors block (“active” and “passive”) and outcome (win and loss) for both the groups
separately. Between-group comparisons were conducted by entering the win trials versus

loss trials contrast into a two-sample t-test.
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4.2.6 Behavioral data

The average punishment level was calculated for each participant and “active” and
“passive” trials separately. Data were subjected to a 2x2 ANOVA comprising the factors
drug (AVP and placebo) and block condition (“active” blocks and “passive” blocks). In
addition, the total number of high punishment level selections (levels 3 and 4) was
calculated for each participant and for “active” and “passive” blocks separately and again
entered to an ANOVA. Furthermore, the decision times for the participants’ decision for
high (levels 3 and 4) and low (levels 1 and 2) punishment levels were calculated for both
the blocks separately. A 2x2x2 ANOVA with the factors drug (AVP and placebo),
punishment level (low and high) and block condition (“active” and “passive”) was
conducted. Finally, the reaction times during the reaction time task (rtt) were calculated for
both the blocks and entered into a 2x2 ANOVA with the factors drug (AVP and placebo)

and block condition (“active” and “passive”).

4.3 Results

4.3.1 Questionnaires

The mean AQ scores of AVP/placebo groups were (standard deviation in brackets)
physical aggression scale, 27.5 (7.3)/27.1 (6.1); verbal aggression scale 12.8 (4.0)/11.0
(3.8); anger subscale 23.5 (4.8)/25.2 (3.7); hostility 26.8 (5.7)/27.3 (7.7). The statistical
test revealed neither significant differences between the groups (F<0.001, p>0.99,
df=1.35) nor a significant group x scale interaction (F=1.63, p=0.2, df=3.33). Only the main
effect scale reached significance (F=142.9, p<0.001, df=3.33); however, for the current
study’s implication, this effect is of no interest. Mean IRI scores were perspective taking,
16.85 (4.02)/18.93 (3.37); fantasy, 15.0 (3.33)/16.47 (4.41); empathic concern, 17.5
(1.86)/18.13 (3.91) and personal distress, 9.25 (3.32)/10.27 (2.28). The pattern of
statistical results was similar to the analysis of the AQ, showing a non-significant group
(F=1.33; p=0.25; df=1.29) and group x scale test (F=0.19; p>0.9; df=3.27), but a
significant scale effect (F=37.07, p<0.001; df =3.27).

4.3.2 TAP task: behavior

The average punishment level, the average of the total number of high punishment level
selections, the decision times of punishment level selection and the reaction times to the

bird stimulus did not differ between the groups (table 4.1).
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Table 4.1 Average punishment level, average of the total number of high punishment
level selection, mean reaction times of punishment level selection, and mean reaction

times from the reaction time task are illustrated for both groups.

AVP Placebo

Active Passive Active Passive

blocks blocks blocks blocks
Average of punishment 2.54 2.38 2.58 2.54
level selection (SD=0.3) (SD=0.5) (SD=0.3) (SD=0.48)
Average of the
total number of high 11.2 times 10.2 times 10.7 times 10.9 times
punishment selection (SD=6.9) (SD=6.6) (SD=4.5) (SD=4.8)
Mean reaction times
(s) for
high punishment 1.01 1.11 1.13 1.11
selection (SD=0.4) (SD=0.4) (SD=0.5) (SD=0.48)
low punishment 1.0 1.05 1.14 1.02
selection (SD=0.33) (SD=0.24) (SD=0.38) (SD=0.3)
Mean reaction times
(s) of 1.2 1.18 1.6 1.38
reaction time task (SD=0.7) (SD=0.56) (SD=1.7) (SD=0.84)

4.3.3 fMRI-data

In the whole brain analysis, the contrast “active” versus “passive” showed activity in the
hippocampus during the decision phase in both the groups, which extended to the
amygdala in the AVP group only (figure 4.2). Activation was also observed in the fusiform
gyrus in both the groups (see table 4.2). Whereas the placebo group showed enhanced
activity for active trials in the medial frontal gyrus, the temporal cortex (STS, superior
temporal gyrus, middle temporal gyrus, inferior temporal gyrus, figure 4.2, left column),
and the ACC, these activations were not present in the AVP group (see table 4.2).
“Passive” trials, on the other hand, showed more pronounced activity in the lingual gyrus
in both the groups. Additionally, the AVP group showed activations in the
parahippocampal gyrus, the precuneus, the precentral gyrus, and the superior parietal
gyrus (see table 4.3). Thus, whereas in the AVP group the contrast “passive” versus
“active” trials comprised more activated brain sites, the placebo group showed more

activated brain regions in the “active” versus “passive” trials contrast.
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Table 4.2 Brain regions indicating increased activity in active trials compared with passive

trials. Hem=hemisphere, BA=Brodmann area, xyz=MNI-coordinates, T=t-values,

size=cluster size. Cluster threshold=10.

Active trials vs. Passive trials

Hem Brain region BA X y z T size
AVP p<0.001 (uncorr.)
L Fusiform gyrus 20 -36 -10 -24 5.12 98
L Hippocampus and -26 -8 -12 3.91
partly the amygdala
R Middle occipital gyrus 18 34 -96 -2 5.12 88
L Lingual gyrus 18 -26 -94 -12 4.36 19
Placebo p<0.001 (uncorr.)
L Anterior cingulate gyrus 32 -2 50 12 6.40 1297
R Anterior cingulate gyrus 32 8 44 12 6.29
L Anterior cingulate gyrus 24 -6 38 10 5.50
L Middle occipital gyrus 39 -42 -70 22 5.85 61
R Medial frontal gyrus 9 6 54 40 5.54 172
L Medial frontal gyrus 9 -6 44 44 4.41
L Medial frontal gyrus 9 -2 52 42 4.31
R Superior temporal sulcus 21 50 -42 6 5.37 334
R Superior temporal gyrus 48 48 -22 4 4.60
R Superior temporal gyrus 41 48 -30 10 4.56
L Superior temporal gyrus 41 -42 -30 10 5.36 379
L Middle temporal gyrus 20 -38 -24 -4 5.27
R Middle occipital gyrus 18 38 -88 4 5.31 232
R Inferior occipital gyrus 19 34 -84 -2 4.50
R Inferior occipital gyrus 18 24 -100 0 4.42
L Medial frontal gyrus 11 -6 52 -14 5.26 86
R Medial frontal gyrus 11 2 50 -16 4.20
R Middle temporal pole 20 42 14 -40 4.87 38
L Cerebellum -20 -86 -30 4.75 49
L Cerebellum -20 -84 -38 3.94
R Hippocampus 20 32 -8 -24 4.11 28
R Inferior temporal gyrus 37 52 -60 -14 4.43 15
L Inferior temporal gyrus 20 -46 -16 -30 4.41 23
L Fusiform gyrus 20 -34 -14 -24 4.17
L Cerebellum -6 -54 -18 4.37 36
R Middle temporal gyrus 21 58 -34 -4 4.24 11
L Cerebellum -4 -84 -22 4.24 11
L Inferior frontal gyrus -54 26 -2 4.21 13
L Inferior occipital gyrus 18 -28 -94 -8 4.05 13
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Decision phase Outcome phase
Active trials vs. Passive trials Win trials vs. Loss trials

y=-8 x=-26 y=12

p<0.001 (unc) p<0.001 (unc)
| |
tvalue 4 7 tvalue 4 1"
x=53 y=45 y=12
Placebo f3 ;
p<0.001 (unc.) p<0.001 (unc.)
| |
tvalue 4 7 tvalue 4 1

Figure 4.2 Neural activations are illustrated for the AVP group and placebo group for the contrast
active trials versus passive trials from the decision phase and win trials versus loss trials from the

outcome phase.

With regard to the between-group comparison and the contrast “active” trials versus
“passive” trials, no brain region showed higher activity for AVP compared to placebo at the
specified significance level (p<0.001 (uncorr.)). However, the reverse contrast (placebo >
AVP) revealed increased activity in the right STS, the middle occipital gyrus, the anterior
cingulate gyrus, and the fusiform gyrus (table 4.4, figure 4.3). The subsequent functional
ROI analyses for the STS and the ACC revealed a main effect of block (STS:
F(1,29)=7.93, p=0.008; ACC: F (1,29)=23.98, p<0.001) and a drug x block interaction
(STS: F(1,29)=13.52, p<0.001; ACC: F(1,29)=20.22, p<0.001). In both functional ROls,
the interaction is driven by an increase of the BOLD signal for the condition “passive” trial
in the AVP group that reached a level comparable to that for the condition “active” trial in
both the groups (figure 4.4). The analysis of the FFG ROI revealed a significant drug x
block interaction (F(1,29)=9.77, p<0.004), whereas the main effects failed to reach

significance.
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Table 4.3 Neural correlates showing enhanced activity for the passive trials versus active
trials contrast. Hem=hemisphere, BA=Brodmann area, xyz=MNI-coordinates, T=t-values,

size=cluster size. Cluster threshold=10.

Passive trials vs. Active trials

Hem Brain region BA X y z T size
AVP p<0.001 (uncorr.)
R Lingual gyrus 17 8 -92 2 8.87 1787
L Superior occipital gyrus 17 -14 -94 10 8.15
R Lingual gyrus 17 8 -90 4 7.02
R Superior occipital gyrus 19 24 -86 44 5.37 59
R Superior occipital gyrus 10 -86 46 4.54
R Parahippocampal gyrus 20 34 -28 -16 5.03 14
L Precentral gyrus 6 -44 2 54 4.71 10
R Sulcus calcarinus 17 8 -70 8 4.46 11
R Lingual gyrus 17 0 -72 8 3.95
L Precuneus 7 -8 -78 52 4.19 14
R Superior parietal gyrus 22 -80 54 4.16 28

Placebo p<0.001 (uncorr.)
L Lingual gyrus 18 -14 -92 -4 556 116

In the outcome phase, the contrast win > loss trials showed activity in the ventral striatum
in both the groups, which was present in both hemispheres in the AVP group and
confined to the right hemisphere in the placebo group (figure 4.2, right column). Additional
activity was seen in several frontal areas (medial frontal, middle frontal, and superior
frontal gyrus) and in the fusiform and the lingual gyrus in both the groups. For the AVP
group, additional increased activity was seen in the anterior cingulate gyrus and the
supramarginal gyrus (SMG), whereas the placebo group showed activations in the
precuneus, cuneus, hippocampus, precentral gyrus, inferior temporal gyrus, and thalamus
(table 4.5).

In order to test the predicted differences in the ventral striatum, a functional ROIl-analysis
centered at the peak voxel of the ventral striatum revealed a main effect of outcome in
both the groups (the AVP group: F(1,29)=36.4, p<0.001; the placebo group: F(1,29)=15.5,
p=0.002). In both the groups, there was neither a main effect of block nor a significant
interaction. Loss trials were associated with enhanced activity in the superior temporal
pole and inferior parietal lobule in the AVP group (see table 4.6), whereas in the placebo
group no brain region was activated at chosen statistical threshold and after decreasing
the threshold to p<0.005 (uncorr.).
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Table 4.4 Brain regions for the between-group comparison Placebo vs. AVP and the
contrast Active trials vs. Passive trials are illustrated. Hem=hemisphere, BA=Brodmann

area, xyz=MNI-coordinates, T=t-values, size=cluster size. Cluster threshold=10.

Placebo vs. AVP Active trials vs. Passive trials

Hem Brain region BA X y z T size
p<0.001 (unc.)
R Superior temporal sulcus 42 48 -40 10 4.62 63
R Middle occipital gyrus 19 36 -74 6 4.49 35
L Anterior cingulate gyrus 24 -4 38 12 4.44 113
R Anterior cingulate gyrus 24 4 38 10 4.22
R Anterior cingulate gyrus 32 4 44 16 3.59
R Fusiform gyrus 37 40 -48 -20 4.44 115

Placebovs. AVP  Active trials vs. Passive trials

x=50

pP<0.001(unc.)

tvalue 3 5

Figure 4.3. Between-group comparison (placebo vs. AVP) for the contrast active trials versus

passive trials.
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Table 4.5 Neural correlates for the comparison Win frials vs. Loss trials and Loss trials vs.

Win ftrials.

Hem=hemisphere, BA=Brodmann area, xyz=MNI-coordinates,T=t-values,

size=cluster size. Cluster threshold=10.

Win trials vs. loss trials

Hem Brain region BA X y z T size
AVP p<0.001 (uncorr.)
R Medial frontal gyrus 6 12 -16 54 7.73 86
R Medial frontal gyrus 8 -26 58 4.75
L Middle frontal gyrus -32 24 30 5.00 134
L Middle frontal gyrus -34 20 42 4.86
L Ventral striatum -2 12 -4 6.18 1061
L Anterior cingulate gyrus -8 34 4 6.10
R Supramarginal gyrus 40 -44 34 5.72 13
R Medial frontal gyrus 9 16 26 36 5.47 181
R Middle frontal gyrus 9 32 22 38 5.43
L Middle occipital gyrus -24 -80 6 5.06 207
L Lingual gyrus -24 -82 -10 5.04
L Fusiform gyrus 19 -26 -78 -18 4.47
L Superior frontal gyrus -20 52 14 4.86 60
L Middle frontal gyrus -34 56 12 4.35
R Middle frontal gyrus 34 36 22 4.44 17
R Superior frontal gyrus 16 46 42 4.33 21
R Superior frontal gyrus 22 60 14 4.25 11
Placebo p<0.001 (uncorr.)
L Cuneus 18 -14 -88 16 10.31 10938
L Cuneus 19 -4 -96 20 9.12
L Lingual gyrus 17 -10 -90 0 8.97
L Cerebellum -8 -60 -46 6.87 226
L Cerebellum -14 -46 -50 6.41
L Cerebellum -22 -58 -44 5.00
R Hippocampus 36 -24 -10 6.64 362
R Fusiform gyrus 19 36 -46 -10 6.15
R Ventral striatum 18 22 -8 6.34 1345
R Superior frontal gyrus 22 12 52 6.18 42
R Superior frontal gyrus 10 12 64 24 5.84 430
R Superior frontal gyrus 22 28 48 5.71
R Middle frontal gyrus 28 34 48 5.24
R Precentral gyrus 32 -18 54 5.41 71
R Middle frontal gyrus 26 -12 54 4.07
L Inferior temporal gyrus -52 -4 -36 5.11 45
L Inferior temporal gyrus 20 -44 -6 -34 4.27
L Middle frontal gyrus -16 46 -10 4.73 21
L Thalamus -14 -30 10 4.70 40
L Thalamus -22 -32 2 4.22
R Thalamus 4 -14 10 4.67 71
R Precuneus 10 -60 56 4.57 24
R Precuneus 7 14 -52 54 4.31
L Superior frontal gyrus -10 56 2 4.30 32
L Medial frontal gyrus 10 -6 60 14 4.27 34
R Thalamus 10 -32 4 4.13 14
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Figure 4.4 The interaction in the right STS, the ACC, and the fusiform gyrus is based upon an

AVP-promoted increase in BOLD signal during the selection of punishment level in passive blocks.

With regard to the between-group comparison of win trials versus loss trials, for the
comparison AVP > placebo no brain region survived the significance level (p<0.001
(uncorr.)), while for the placebo > AVP contrast the left SMG showed increased activity
(see table 4.7). As can be seen from the subsequent ROI-analysis (figure 4.5), this effect
is driven by an activation decrease under AVP treatment, while under placebo win
outcome is associated with an activation increase. The statistical test of the extracted
percent signal changes revealed a significant drug x outcome interaction (F(1,29)=18.57,
p<0.001), but (drug F(1,29)=1.32, p=0.25; outcome
F(1,29)=3.98, p=0.055).

no significant main effect

Table 4.6 Results of the contrast loss trials > win trials. Hem=hemisphere, BA=Brodmann

area, xyz=MNI-coordinates, T=t-values, size=cluster size. Cluster threshold=10.

Loss trials vs. Win trials

Hem Brain region BA X y z T size
AVP p<0.001 (uncorr.)
L Superior temporal pole -40 2 -20 5.04 92
L Superior temporal pole -38 -2 -10 4.74
L Inferior parietal lobule 40 -54 -34 22 4.68 126
L Inferior parietal lobule 40 -62 -32 30 3.81

89



Vasopressin and human reactive aggression

0.15 A
0.1 A
)
2
o 0.05 A [
e
o | teccccaaa -
g 0 .
® AVP Placebo
= 0.05 A
01 1 = win
== |0oss
-0.15 -
[ e
45

Figure 4.5. Between-group comparison (Placebo vs. AVP) for the contrast win trials

versus loss trials.

Table 4.7 Results for the between-group comparison placebo > AVP and the contrast win
trials > loss trials are illustrated. Hem=hemisphere, BA=Brodmann area, xyz=MNI-

coordinates, T=t-values, size=cluster size. Cluster threshold=10.

Placebo > AVP Win trials vs. Loss trials
Hem Brain region BA X y z T size
p<0.001 (uncorr.)
L Supramarginal gyrus 48 -56 -34 28 3.7 15
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4.4 Discussion

The present fMRI study asked whether AVP, a neuropeptide that has previously been
shown to modulate aggressive behavior in animals and humans, would influence behavior
and neural responses in a laboratory task designed to study reactive aggression.

The present study used a between-groups design, as the nature of the TAP paradigm
precludes repeated testing. It is therefore important to note that neither for AQ nor for the
IRI significant differences between groups were found. However, we have to state, as it is
already described in the “Methods” section, that the questionnaire data were collected at
the end of our investigation. We did so in order to ensure that participants were not primed
regarding the aim of the present investigation. Since the used questionnaires captured
situation independent traits and a sufficient long lag was used between drug
administration and collecting the questionnaire data, it is justified to assume that the
questionnaire data were unaffected either by the TAP or by the drug administration. Thus,
any group differences in aggressive behavior and/or neural responses in the TAP can be
related to an effect of AVP rather than trait differences in aggressive behavior between
both the groups.

Like in some other studies (Brunnlieb et al., 2013a; Pietrowski et al., 1996; Zink et al.,
2010, 2011), we found AVP-related changes in brain activation patterns, but against our
own hypothesis no AVP-related behavioral effects. Based on animal studies, showing that
microinjections of AVP in the lateral septum or in the anterior hypothalamus led to
increased aggression in male rodents (Bos et al.,, 2012; Caldwell and Albers, 2004a;
Ferris and Delville, 1994; Ferris et al., 1997), and derived from investigations in humans,
reporting an AVP-mediated bias in the perception and processing of social and emotional
information, it had been expected that AVP would lead to higher punishment levels,
whereas the selection of higher punishment levels was hypothesized to be more
pronounced in “active” trials than in “passive” trials. In contrast to studies reporting an
impact of AVP treatment on observable behavior (Guastella et al., 2010, 2011; Rilling et
al., 2012; Thompson et al., 2004, 2006; Uzefosky et al., 2012), but in line with the above-
cited investigations (Pietrowski et al., 1996; Zink et al., 2010, 2011) and a study by Israel
et al. (2012), which also did not find an impact of AVP on social behavior, the expected
behavioral effects did not show up. As AVP effects on behavior may be relatively small,
one reason for these inconsistent findings might be the small group sizes in the present
study and the studies by Zink et al. (2010, 2011). The study by lIsrael et al. (2012)

investigated 96 male participants, however, rendering the sample size explanation for the
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lack of behavioral effects insufficient. Therefore, there is a clear need for future research
to identify additional factors moderating the impact of AVP on human social behavior.

Both, the reported brain activation patterns and the fact that after intranasal application of
desglycinamide-arginine-vasopressin detectable levels of this analog to AVP can be found
in the CSF as early as 5 minutes (Born et al., 2002; Riekkinen et al., 1987), suggest that
the nasally applied AVP indeed reached the brain within the current protocol. The
question arises whether the dosage used in the present investigation might have been too
low to induce a behavioral effect. In several previous investigations, 20 IU AVP did induce
a behavioral effect, although this was not the case in others. Also, in Zink et al. (2010,
2011), even 40 IU AVP did not cause a behavioral effect. Thus, there is no consistent
relationship between dosage of AVP administration and behavioral effect. A similar
phenomenon is already known regarding the influence of exogenous OT on social
cognition and prosocial behavior. Inconsistencies in effects resulted in the assumption that
prosocial behavior is not directly affected by exogenous OT, but rather is the result of
OT’s interaction with situational/contextual variables and situationally independent,

individual stable personality traits (Bartz et al., 2011; Guastella and MacLeod, 2012).

Numerous variables are supposed to impact aggressive behavior in humans with each of
these interacting factors contributing just a small fraction of the variance in order to
prevent erratic aggressive responses and to stabilize behavior. This implies that the
pharmacological impact of AVP can be present without behavioral effect, if other factors
are able to even the neuropeptide’s impact on overt aggressive behavior out. As
Guastella and MaclLeod (2012) already noted with respect to the varying impact of
exogenous oxytocin on prosocial behavior, the impact of a neuropeptide is
underestimated in case its influence on behavior is highly variable between subjects, but
the neuropeptide’s effect is pooled across subjects. This is usually the case in all
between-subjects designs like in the present one. Thus, future research has to focus on
the meaning of interindividual differences for the relationship between AVP treatment and

aggressive behavior in humans.

The main finding on the neural level was that AVP modulated the activity in the right STS
during the decision phase of “passive” trials during which participants could get punished
by the opponent after losing the reaction time competition. In the present investigation,
AVP enhanced the BOLD signal in the right STS during the decision phase of “passive”
trials to a level comparable to that observed for “active” trials in both the groups. Previous
work has linked the STS region to humans’ ability to infer intentions and goal-directed

behavior of other’s referred to as mentalizing processes (Calder et al., 2002; Castelli et
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al., 2000; Gallagher et al., 2000; Gobbini et al., 2007; Heberlein et al., 2004; Narumoto et
al., 2001; Vogeley et al., 2001; Voélim et al., 2006). Accordingly, this suggests an AVP
effect on neural processes supporting mentalizing/appraisal processes. The difference
between “active” and “passive” trials is that only in “active” trials the punishment level
selection had an instantaneous impact on the opponent. However, the opponent was also
informed about the selected punishment level in “passive” trials, which indicated the
player's intentions and could influence the opponent’s behavior as well. The STS
activation during “passive” trials can be interpreted as an indication, that under AVP these
indirect consequences of punishment level selection were taken more into account. This
explanation is supported by the increased activation for “passive” ftrials under AVP
treatment in the ventral-rostral ACC and the fusiform gyrus, brain sites known to process
social cognitions. The ventral-rostral ACC is involved in the integration of action
monitoring and emotions (Bush et al., 2000; Etkin et al., 2011), but is also active during
cooperation (Chaminade et al., 2012), mentalizing processes (Amodio and Frith, 2006;
Camchong et al., 2011; Gilbert et al., 2010; Sommer et al., 2007), and theory of mind
related tasks (Abu-Akel and Shamay-Tsoory, 2011; Apps et al.,, 2012; Weiland et al.,
2012). The fusiform gyrus is involved in theory of mind tasks as well, but also in the
appraisal of aggression-provoking situations (Kramer et al., 2007).

The interpretation of an increased involvement of mentalizing processes under AVP is
corroborated by group differences in activation patterns for the comparison “passive” trials
versus “active” trials. Whereas in the placebo group, only the lingual gyrus was found
activated at the chosen statistical threshold, activations in the AVP group were found in a
number of brain regions including the precuneus, a brain region previously associated
with mentalizing processes as well (Déhnel et al., 2012; Kramer et al., 2010; Spreng et al.,
2009). Although the results of the present investigation are in line with previous studies
reporting that AVP moderates the processing of social-emotional information, the nature
of AVP’s impact on these processes is less clear. On the one hand, AVP treatment in men
seems to promote the processing of emotional (Guastella et al., 2010), sexual (Guastella
et al., 2011) and social information (Rilling et al., 2012), which results in increased
activations of related brain sites (Rilling et al., 2012; Zink et al., 2010). On the other hand,
studies by Thompson et al. (2004, 2006) have shown that AVP treatment resulted
selectively in an aggressive/threatening interpretation of neutral, emotionally ambiguous
information, while having no effect on the processing of positive or negative affective
information. This effect seems to be similar to the reported activation pattern for “passive”
trials in the present investigation. It is still an open question whether this effect is caused
by an AVP-mediated increase of the salience of social/emotional information or by a more

general affective relevant connotation of previous neutral stimuli under AVP treatment. At
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least at the neural level, there is some evidence speaking against a global activation
effect under AVP, since Zink et al. (2011) reported a decrease of the TPJ’s activation

under AVP when social-affective stimuli are processed.

Interestingly, an activation of the hippocampus extending to the amygdala was found for
“active” trials (decision phase) in the AVP group. For the placebo group, a cluster in the
hippocampus was identified as well, but did not extend to the amygdala. While this is a
first hint at a direct influence of AVP on the amygdala, it needs to be interpreted with
caution as it was only present when the activation patterns of the two groups were
considered separately, but not on statistical comparison of the two groups. Similar to
Kramer et al. (2007), the comparison of win trials versus loss trials (outcome phase)
yielded increased activity in the ventral striatum, a key structure of reward processing.
One of the hypotheses of the present study was that, under AVP, it might be more
rewarding to punish the opponent, which should be reflected in a higher BOLD signal in
the ventral striatum for win trials in “active” blocks. This hypothesis was not borne out,
however, as a functional ROI-analysis for the ventral striatum did not show any interaction
between the factors outcome and block in both the groups. Thus, AVP did not lead to an
increase in reward-related activity in the ventral striatum when receiving the information to
be allowed to punish a relatively highly provoking opponent. Instead, we found a
differential effect in the outcome phase in the SMG. Several studies related the SMG to
the processing of intentions (Osaka, et al., 2012) and the perception of social cooperation
(Leube et al., 2012), but also to the processing of perspective taking (self vs. others,
Morey et al., 2012). Indicated by the decreased activations for the win trials under AVP
treatment, AVP seems to level such postdecisional processes. Together with the findings
from the decision phase, one may conclude that AVP rather influences appraisal and
mentalizing processes in emotional social exchange, but does not have a direct impact on

processes related to the aggressive act per se.

Although the present investigation focuses on the impact of AVP on aggressive behavior,
it is quite clear that AVP as well as OT modulate socially relevant behavior in a more
general sense. In contrast to AVP, only two social situations have been described in the
literature in which OT is associated with aggressive behavior: maternal aggression (Lee et
al.,, 2009) and defensive aggression against competing outgroups in the context of
parochial altruism (De Dreu et al., 2010). Apart from that, OT is closely related to bonding
and prosocial behavior (McCall and Singer, 2012; Meyer-Lindenberg et al., 2011; Zink
and Meyer-Lindenberg, 2012). It increases the ability to detect emotional and social signs

in facial expressions, acts as an anxiolytic and, as a secondary effect, promotes trust in
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other persons (Baumgartner et al., 2008). While functional imaging studies suggest that
the amygdala is a key brain site for OT effects, only indirect support is available for the
hypothesis that AVP acts via the amygdala as well. The dampening effect of OT on the
amygdala is very often accompanied by decreased activations in the orbito- and medial
prefrontal brain sites (Kirsch et al., 2005; Sripada et al., 2012). Just a few studies have
reported increased activations in mentalizing-related brain sites, when processing social
stimuli under OT treatment (Riem et al., 2011, 2012). However, the OT treatment related
effects in the superior temporal cortex were found in women (Domes et al., 2010), while
the present investigation and the study by Zink et al. (2011) found the AVP-treatment-
related effect in men. To summarize, there is some evidence that exogeneous OT and
AVP seem to act on overlapping brain circuitries. Future research has to disentangle the
mechanisms of action and the potential differences between sexes.

As a final cautionary note, we would like to point to two limiting aspects of the reported
results. As can be seen from other studies, the differential impact of AVP on BOLD
responses related to cognitive functions seems to be relatively small. Accordingly,
previous investigations have focused their analyses on a priori defined ROls, i.e. BA 25/32
and the amygdala (Zink et al., 2010) or the amygdala alone (Rilling et al., 2012), and
restricted corrections for multiple testing to these ROls. In contrast, our results are based
on a whole brain analysis. Since the reported t-values for between-group comparisons are
at least as high as in the Zink et al. (2010) or Rilling et al. (2012) study (our study see
table 4.4: t=4.62, Zink et al. (2010), table 1: Vasopressin>Placebo t=4.5; Rilling et al.
(2011), supplementary table 3, AVP>PL t=3.1), but the criteria for a statistical test to
survive a correction for multiple comparisons are more restrictive for a whole brain than
for a ROI analysis, our statistical tests do not survive corrections for multiple comparisons.
Due to the fact that the outcome of our statistical tests is similar to the effects of the cited
studies, we regard these results as reliable. However, it is obvious that future research on
AVP has to incorporate larger samples. Second, the present study only involved healthy
men since in women an AVP treatment could interact with the hormonal cycle. Previous
studies by Thompson et al. (2004; 2006) have revealed sex differences in AVP effects in
humans. Moreover, it is known that AVP interacts with estrogen and OT (Akaishi and
Sakuma, 1985; Gabor et al., 2012; Sarkar et al., 1992). Thus, further studies that also
involve female participants at specific points of the hormonal cycle are needed to
investigate, whether one can generalize the AVP effect seen in the current study also to

women.
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Chapter 5

General Discussion

The current thesis addresses the impact of AVP on various aspects of human social
behavior. In a first study the role of AVP on empathy and mentalizing processes (chapter
2) was investigated, while in a second investigation the influence of this neuropeptide on
human cooperative behavior (chapter 3) was illuminated. Third, the role of AVP in human
reactive aggression (chapter 4) was examined. The series of current studies suggest a
selective impact of AVP on human social behavior: during social situations that are
affiliative (cooperative interaction), AVP seems to facilitate appropriate behavior, while in
negative social situations such as an aggressive social interaction, AVP has no
substantial influence on behavior. This may indicate a specific impact of AVP on human
affiliative behavior and underpins the known role of AVP in social bonding as seen in
several animal models (Caldwell et al., 2008; Carter et al., 1995; Insel, 2010; Young et al.,
1999). Moreover, the present findings do not support the classical view of AVP as a
modulator of aggressive behavior, as previously emphasized in human (Coccaro et al.,
1998; Thompson et al., 2004; 2006) and animal studies (Bos et al., 2012; Caldwell and
Albers, 2004a; Caldwell et al., 2008; Ferris et al., 1997, Goodson and Bass, 2001). It
rather provides evidence for a prosocial action of AVP in humans. However, it should be
noted at this point that the present thesis provides the first human data on AVP’s impact
during a reactive aggressive interaction. Thus, a larger data base is required to reveal
more insight into the role of AVP in human aggressive behavior.

From an evolutionary point of view, a facilitated formation of social relationships might
improve an organism’s chance for survival and increase reproductive success. It is well
known that people with strong social support, by living in happy social relationships with
family and friends, have in most cases a longer life and can better cope with diseases
than those people who suffer from loneliness and social isolation (Giles et al., 2005). The
formation of social relationships also helps to establish security and thereby reduces
stress and anxiety.

The known interactive character of central AVP with dopaminergic reward pathways also
increases the rewarding nature of social relationships (Skuse and Gallagher, 2009; Young
and Wang, 2004). The reward system, which is crucially linked to socially affiliative
behavior, embodies a high quantity of AVP1a receptors in the ventral pallidum, the
nucleus accumbens shell, the lateral septal nucleus and further regions in the dorsal
striatum (Lim and Young, 2004; Skuse and Gallagher, 2009).
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The present thesis found first evidence for a modulatory impact of AVP on human reward
pathways. During cooperative behavior, AVP increased the functional coupling between
the left dIPFC and a brain site often attributed to the reward system: the left pallidum.
Previously, it has been reported that AVP1a receptors in this brain area are essential for
pair bonding in prairie voles (Young et al., 2004). The author’s argued that AVP acts on
the ventral pallidum such that the social interaction becomes pleasant for the individual
which in turn leads to an association of this pleasant, rewarding aspect with the other
individual. As the present thesis found a first hint of an interaction between
vasopressinergic and reward pathways, upcoming research might specifically focus on the
interplay of both pathways. In the long run this could lead to the development of
treatments for autism, borderline personality disorders, social anxiety disorders or
schizophrenia; neuropsychiatric disorders that are characterized by strong social deficits
(Meyer-Lindenberg et al., 2011).

For example, previous studies have linked social anxiety disorders to low dopamine levels
(Schneier et al., 2000; Tiihonen et al., 1997). In addition, recent research found that AVP
stimulates the release of dopamine in the reward system (Lim and Young, 2004; Nair and
Young, 2006). According to this, intranasal AVP might be considered as possible
treatment to stimulate the dopamine release in patients that suffer from social anxiety
disorders. Additionally, it might have therapeutic value for people who suffer from attention
deficit/hyperactive disorder which are similarly characterized by low dopamine levels

(Iversen and lIversen, 2007; Swanson et al., 2007; Volkow et al., 2007).

In general, an important precondition for the development of novel treatments is to
establish a better understanding of AVP’s neural pathway and the neuroanatomical
distribution of Vasopressin V1 receptors in the human brain. The series of current studies
identified possible target regions of centrally acting AVP: the right amygdala during the
processing of socially threatening scenes, the left dorsolateral prefrontal cortex during
human cooperative behavior and the right superior temporal sulcus during a reactive
aggressive interaction. Within this context, however, it should be noted that the functional
magnetic resonance imaging method, which was used in all of the present studies, is not
suited to distinguish whether the effects in latter brain regions are due to AVP’s direct
binding to specific receptors in these brain regions or are mediated via other brain sites.
For example, previous studies did not localize any Vasopressin V1 receptors in the
superior temporal cortex. Accordingly, it might well be that the AVP effect in the right
superior temporal sulcus during human reactive aggression (see chapter 4) is based on
excitatory influences of brain regions that comprise a high quantity of Vasopressin V1

receptors, such as the amygdala or the hippocampus. Bos et al. (2012) recently argued
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that the effects of AVP in the human brain are mediated by a direct binding of AVP in the
amygdala and that the effects of AVP on other brain sites are mediated via an indirect
pathway from the amygdala. The findings of the present thesis might provide evidence for
this assumption: (1) AVP significantly increased the BOLD signal in the right amygdala
and altered it's functional connectivity with the medial prefrontal cortex during the
processing of socially threatening scenes; (2) AVP enhanced the functional coupling
between the left dIPFC and the left amygdala during the defection of cooperative
behavior. This is consistent with Zink et al. (2010) who reported AVP induced alteration of
the functional coupling between the amygdala and regions of the medial prefrontal cortex
during the processing of fearful faces. However, given that previous work also localized
Vasopressin V1 receptors in the prefrontal cortex (Young et al., 1999), it is also
reasonable that AVP effects in the amygdala are modulated by influences from these
distal regions. Connectivity approaches that allow insight into the direction of influence
might bring more light into the discussion of a direct and indirect pathway of AVP’s
mediating effects in the socio-emotional network. In the present thesis functional
connectivity according to Rissman (Rissman et al., 2004) was used to get insight into
interregional interactions of the socio-emotional network and how these are affected by
acutely administered AVP. Since the Rissman connectivity approach is based upon
correlation analyses between beta-series, it does not provide any information regarding
the direction of information transfer and the impact of centrally acting AVP on this
information transfer. Therefore, effective connectivity approaches, such as Granger
causality mapping or Dynamic causal modelling, should be considered for future research

that allow to specify the causality between regions of the socio-emotional network.

The development of radioactively labeled AVP for PET studies might be a cornerstone for
the understanding of the Vasopressin V1 receptor distribution in the human brain and
could extent our knowledge, that we gained from receptor autoradiography and
hybridization histochemistry in animal models, in various ways. Furthermore, since the
intranasal pathway has been proven to bring a high level of AVP molecules into the
human brain (Born et al., 2002), a better knowledge of the neurophysiology of AVP might
help to establish treatments that mediate a long lasting effect of intranasally administered
AVP.

Previous research showed similar effects of AVP and OT with regard to emotion
recognition and memory encoding (Guastella et al., 2010, 2011) and found opposite
effects of both neuropeptides in the context of social stress and cognitive performance
(Ebstein et al., 2009; Kirschbaum et al., 1993; Meyer-Lindenberg et al., 2011; Shalev et

al., 2011). The present thesis observed AVP effects during human cooperative behavior
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that are similar to those reported for OT. AVP increased human cooperative behavior
when the incentive to cooperate was high, but showed no substantial impact when the
incentive to cooperate was low (see chapter 3). Similarly, in Declerck et al. (2010) OT
increased cooperative behavior in a coordination game (high incentives to cooperate),
whereas in the prisoner’s dilemma game (low incentives to cooperate), no substantial
impact of OT could be seen. Thus, the findings of the present thesis and those of Declerck
et al. (2010) suggest that AVP and OT both increase cooperative behavior, when the
situation is such that social approach is advantageous for the individual. Declerck et al.
(2010) also reported that OT increased cooperative behavior strongly dependent on a
prior social contact with the partner and surprisingly decreased cooperative behavior
when participants were matched with anonymous partners. In the current AVP study, all
participants had a prior social contact to the other player, which resulted in increased
cooperation rates, just as observed in Declerck et al. (2010) for OT, where participants
had to introduce each other by name, had to state their favorite hobby and shaked the
hand of the other player. It is interesting to speculate whether AVP induces similar
behavioral parameters like OT, when participants are matched with anonymous partners.
Rilling et al. (2012) compared both social neuropeptides and found that AVP increased
human cooperative behavior, but only in response to a cooperative gesture of the other
player. By contrast, OT increased cooperation following unreciprocated cooperation in the
previous round.

To summarize the current findings and the work of Declerck et al. (2010) and Rilling et al.
(2012), it appears that AVP and OT influence human cooperative behavior in dependence

on the social context.

The present findings also suggest that AVP increases trust in humans, as previously
reported for OT during a trust game (Kosfeld et al., 2005). Taking into account that AVP
facilitated cooperative behavior in humans and cooperation requires a certain trust in your
partner, it is reasonable that AVP promotes trust and might thus be used in future

research to enhance psychotherapeutic interventions by the application of neuropeptides.

In general, research with animal models provided the view that OT and AVP have
opposing roles (see e.g. Landgraf et al., 2008; Viviani and Stoop, 2008). For example, it
has been suggested that AVP and OT have opposite effects on anxiety and fear (Viviani
and Stoop, 2008). In humans, neuroimaging work found that intranasal OT reduced neural
activity in the amygdala in response to threatening stimuli of different social valence
(Kirsch et al., 2005). This dampening effect of OT on the amygdala has been replicated
(Baumgartner et al., 2008; Domes et al., 2007; Petrovic et al., 2008; Singer et al., 2008).
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By contrast, the present thesis found first evidence for an AVP promoted BOLD signal
increase in the amygdala during the processing of socially threatening scenes (see
chapter 2). This suggests opposing roles of both neuropeptides in humans’ fear-related
amygdala activity and is in agreement with the extant animal models (Viviani and Stoop,
2008). Nevertheless, as this is the first AVP study that found an AVP effect in the
amygdala, future research is needed to provide more data.

A possible sexual dimorphism of central AVP effects and the anatomical distribution of
Vasopressin V1 receptors within the socio-emotional network merit further consideration.
The present thesis, as well as the maijority of prior AVP studies, recruited only healthy
males in order to avoid interactions with cyclic hormonal fluctuations in women.
Accordingly, the effects demonstrated by the current thesis are limited to men and it is
possible that for instance mentalizing and emotional empathy processes are differently
affected by AVP in women. This is supported by Thompson et al. (2006) who found
different AVP effects in women and men on socio-emotional communication patterns.
Moreover, sex differences have also been demonstrated with regard to AVP’s sister
hormone OT (Domes et al., 2010; Gamer et al., 2010). These sex specific patterns might
in turn lead to a completely different behavioral outcome in females from the one seen in

males for cooperative behavior and reactive aggression.

The current work is based on administration of 20 IU of AVP in all studies which is a
relatively low dose taking into account that the majority of previous AVP studies has used
higher doses (e.g. Rilling et al., 2011, 2012; Zink et al., 2010, 2011). It is therefore
possible that a higher dose of AVP would have led to AVP induced behavioral changes
during the reactive aggressive interaction, as expected from the respective literature on

animal models. Accordingly, future studies should compare different dosages of AVP.
In conclusion, we are still at the beginning of understanding AVP effects in the regulation

of human social behavior and more research is needed, for example, on sex differences,

AVP effects in clinical populations, and the neuroanatomical distribution of AVP receptors.

100



References

References

Abraham, A., Werning, M., Rakoczy, H., von Cramon, D.Y., & Schubotz, R.I. (2008).
Minds, persons, and space: an fMRI investigation into the relational complexity of

higher-order intentionality. Consciousness and Cognition, 17, 438-450.

Abu-Akel, A., & Shamay-Tsoory, S. (2011). Neuroanatomical and neurochemical bases of

theory of mind. Neuropsychologia, 49, 2971-2984.

Adolphs, R., Tranel, D., (2003). Amygdala damage impairs emotion recognition from
scenes only when they contain facial expressions. Neuropsychologia, 41, 1281-
1289.

Adolphs, R., Tranel, D., Hamann, S., Young, A.W., Calder, A.J., Phelps, E.A., Anderson,
A., Lee, G.P., & Damasio, A.R. (1999). Recognition of facial emotion in nine

individuals with bilateral amygdala damage. Neuropsychologia, 37, 1111-1117.

Akaishi, T., & Sakuma, Y. (1985). Estrogen excites oxytocinergic, but not
vasopressinergic cells in the paraventricular nucleus of female rat hypothalamus.
Brain Research, 335, 302-305.

Albers, H.E. (2012). The regulation of social recognition, social communication and
aggression: vasopressin in the social behavior neural network. Hormones &
Behavior, 61, 283-292.

Albers, H.E., Hennessey, A.C., & Whitman, D.C. (1992). Vasopressin and the regulation
of hamster social behavior. Annals of the New York Academy of Sciences, 652,
227-242.

Amaral, D.G., & Price, J.L. (1984). Amygdalo-cortical projections in the monkey (Macaca
fascicularis). Journal of Comparative Neurology, 230, 465-496.

Amodio, D. M., & Frith, C. D. (2006). Meeting of minds: the medial frontal cortex and

social cognition. Nature reviews Neuroscience, 7, 268-277.

Anderson, C.A., & Bushman, B.J. (2002). Human aggression. Annual Review of
Psychology, 53, 27-51.

101



References

Anderson, P.B., & Sorensen, W. (1999). Male and female differences in reports of
women's heterosexual initiation and aggression. Archives of Sexual Behavior, 28,
243-253.

Apps, M. A., Balsters, J. H., & Ramnani, N. (2012). The anterior cingulate cortex:

monitoring the outcomes of others' decisions. Social Neuroscience, 7, 424-435.

Aragona, B.J., & Wang, Z. (2004). The prairie vole (Microtus ochrogaster): an animal
model for behavioral neuroendocrine research on pair bonding. ILAR Journal, 45,
35-45.

Aron, A., Fisher, H., Mashek, D. J., Strong, G., Li, H., & Brown, L. L. (2005). Reward,
motivation, and emotion systems associated with early-stage intense romantic

love. Journal of neurophysiology, 94, 327-337.

Aronson, S.C., Black, J.E., McDougle, C.J., Scanley, B.E., Jatlow, P., Kosten, T.R.,
Heninger G.R., & Price, L.H. (1995). Serotonergic mechanisms of cocaine effects

in humans. Psychopharmacology (Berl), 119, 179-185.

Asberg, M., Thoren, P., Traskman, L., Bertilsson, L., & Ringberger, V. (1976). "Serotonin
depression" - a biochemical subgroup within the affective disorders? Science, 191,
478-480.

Avinun, R., Israel, S., Shalev, |., Gritsenko, |., Bornstein, G., Ebstein, R.P., & Knafo, A.,
(2011). AVPR1A variant associated with preschoolers’ lower altruistic behavior.
PloS one, 6, e25274.

Axelrod, R. (2006). The evolution of cooperation: revised edition.

Balleine, B.W., Delgado, M.R., & Hikosaka, O. (2007). The role of the dorsal striatum in

reward and decision-making. Journal of Neuroscience, 27, 8161-8165.

Bandettini, P.A., & Wong, E.C. (1997). Magnetic resonance imaging of human brain
function. Principles, practicalities, and possibilities. Neurosurgery Clinics of North
America, 8, 345-371.

Bandura, A., & Barab, P.G. (1973). Processes governing disinhibitory effects through
symbolic modeling. Journal of Abnormal Psychology, 82, 1-9.

102



References

Banks, W.A., Kastin, AJ., Horvath, A., & Michals, E.A. (1987). Carrier-mediated
transport of vasopressin across the blood-brain barrier of the mouse. Journal of

Neuroscience Research,18, 326-332.

Baron-Cohen, S., Ring, H.A., Moriarty, J., Schmitz, B., Costa, D., & Ell, P. (1994).
Recognition of mental state terms. Clinical findings in children with autism and a
functional neuroimaging study of normal adults. The British journal of psychiatry :

the journal of mental science, 165, 640-649.

Baron-Cohen, S., Ring, H.A., Wheelwright, S., Bullmore, E.T., Brammer, M.J., Simmons,
A., & Williams, S.C. (1999). Social intelligence in the normal and autistic brain: an

fMRI study. European Journal of Neuroscience, 11, 1891-1898.

Bartz, J. A., Zaki, J., Bolger, N., & Ochsner, K. N. (2011). Social effects of oxytocin in

humans: context and person matter. Trends in cognitive sciences, 15, 301-309.

Basten, U., Biele, G., Heekeren, H.R., & Fiebach, C.J. (2010). How the brain integrates
costs and benefits during decision making. Proceedings of the National Academy
of Sciences of the United States of America, 107, 21767-21772.

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.

Becchio, C., Cavallo, A., Begliomini, C., Sartori, L., Feltrin, G., & Castiello, U. (2012).

Social grasping: from mirroring to mentalizing. Neuroimage, 61, 240-248.

Berkowitz, L. (1993). Aggression: Its causes, consequences, and control (p. 485). New
York: McGraw-Hill.

Bernhardt, B.C., & Singer, T. (2012). The neural basis of empathy. Annual Review of

Neuroscience, 35, 1-23.
Bernstein, S., Richardson, D., & Hammock, G. (1987). Convergent and discriminant
validity

of the Taylor and Buss measures of physical aggression. Aggressive Behavior.

Bielsky, I.LF., & Young, L.J. (2004). Oxytocin, vasopressin, and social recognition in
mammals. Peptides, 25, 1565-1574.

103



References

Bjork, J.M., Dougherty, D.M., Moeller, F.G., Cherek, D.R., & Swann, A.C. (1999). The
effects of tryptophan depletion and loading on laboratory aggression in men: time

course and a food-restricted control. Psychopharmacology (Berl), 142, 24-30.

Bjork, J.M., Dougherty, D.M., Moeller, F.G., & Swann, A.C. (2000). Differential behavioral
effects of plasma tryptophan depletion and loading in aggressive and

nonaggressive men. Neuropsychopharmacology, 22, 357-369.

Blair, R.J. (1995). A cognitive developmental approach to mortality: investigating the
psychopath. Cognition, 57, 1-29.

Blair, R.J. (2001). Neurocognitive models of aggression, the antisocial personality
disorders, and psychopathy. Journal of Neurology, Neurosurgery and Psychiatry,
71, 727-731.

Blair, R.J. (2004). The roles of orbital frontal cortex in the modulation of antisocial
behavior. Brain and Cognition, 55, 198-208.

Blair, R. J. R. (2005). Responding to the emotions of others: Dissociating forms of
empathy through the study of typical and psychiatric populations. Consciousness
and cognition, 14, 698-718.

Blair, R.J., & Cipolotti, L. (2000). Impaired social response reversal. A case of 'acquired
sociopathy'. Brain, 123, 1122-1141.

Blair, R.J., Jones, L., Clark, F., & Smith, M. (1997). The psychopathic individual: a lack of
responsiveness to distress cues? Psychophysiology, 34, 192-198.

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

Bos, P.A., Panksepp, J., Bluthe, R.M., & Honk, J. (2012). Acute effects of steroid
hormones and neuropeptides on human social-emotional behavior: A review of

single administration studies. Frontiers in neuroendocrinology, 33, 17-35.

Bosch, O.J. (2011). Maternal nurturing is dependent on her innate anxiety: the behavioral

roles of brain oxytocin and vasopressin. Hormones and behavior, 59, 202-212.

104



References

Bosch, O.J., & Neumann, I.D. (2010). Vasopressin released within the central amygdala

promotes maternal aggression. European Journal of Neuroscience, 31, 883-891.

Botvinick, M., Nystrom, L.E., Fissell, K., Carter, C.S., & Cohen, J.D. (1999). Conflict
monitoring versus selection-for-action in anterior cingulate cortex. Nature, 402,
179-181.

Braver, T.S., Barch, D.M., Gray, J.R., Molfese, D.L., & Snyder, A. (2001). Anterior
cingulate cortex and response conflict: Effects of frequency, inhibition and errors.
Cerebral Cortex, 11, 825-836.

Brett, M., Anton, J.L., Valabregue, R., & Poline, J.B. (2002). Region of interest analysis
using an SPM toolbox. Paper presented at the 8th International Conferance on

Functional Mapping of the Human Brain, Sendai, Japan.

Brower, M.C., & Price, B.H. (2001). Neuropsychiatry of frontal lobe dysfunction in violent
and criminal behaviour: a critical review. Journal of Neurology, Neurosurgery and
Psychiatry, 71, 720-726.

Brunet, E., Sarfati, Y., Hardy-Bayle, M.C., & Decety, J. (2000). A PET investigation of the

attribution of intentions with a nonverbal task. Neuroimage, 11, 157-166.

Brunnlieb, C., Minte, T. F., Tempelmann, C., & Heldmann, M. (2013a). Vasopressin
modulates neural responses related to emotional stimuli in the right

amygdala. Brain research, 1499, 29-42.

Bufalari, 1., Aprile, T., Avenanti, A., Di Russo, F., & Aglioti, S.M. (2007). Empathy for pain

and touch in the human somatosensory cortex. Cerebral Cortex, 17, 2553-2561.

Bush, G., Luu, P., & Posner, M. |. (2000). Cognitive and emotional influences in anterior

cingulate cortex. Trends in cognitive sciences, 4, 215-222.

Buss, A.H. (1966). Instrumentality of aggression, feedback, and frustration as
determinants of physical aggression. Journal of Personality and Social
Psychology, 3, 153-162.

Buss, A. H., & M. Perry. "The Aggression Questionnaire." Journal of Personality and
Social Psychology, 63, 452-459.

105



References

Byrnes, J.P., Miller, D.C., & Schafer, W. D. (1999). Gender differences in risk taking: A
meta-analysis. Psychological bulletin, 125, 367 .

Calder, A.J., Lawrence, A.D., Keane, J., Scott, S.K., Owen, A.M., Christoffels, I., & Young,
A.W. (2002). Reading the mind from eye gaze. Neuropsychologia, 40, 1129-1138.

Caldwell, H.K., & Albers, H.E. (2004a). Effect of photoperiod on vasopressin-induced

aggression in Syrian hamsters. Hormones and Behavior, 46, 444-449.

Caldwell, H.K., & Albers, H.E. (2004b). Photoperiodic regulation of vasopressin receptor
binding in female Syrian hamsters. Brain Research, 1002, 136-141.

Caldwell, H.K., Wersinger, S.R.,& Young, W.S. (2008). The role of the vasopressin 1b
receptor in aggression and other social behaviours. Progress in Brain Research,
170, 65-72.

Camara, E., Rodriguez-Fornells, A, Miinte, T.F. (2008). Functional connectivity of reward

processing in the brain. Frontiers in Human Neuroscience, 2-19.

Camara, F.P., Gomes, A.L., Carvalho, L.M., & Castello, L.G. (2011). Dynamic behavior of
sylvatic yellow fever in Brazil (1954-2008). Revista da Sociedade Brasileira de
Medicina Tropical, 44, 297-299.

Camchong, J., MacDonald, A. W., Nelson, B., Bell, C., Mueller, B. A., Specker, S., et al.
(2011). Frontal hyperconnectivity related to discounting and reversal learning in

cocaine subjects. Biological Psychiatry, 69, 1117-1123.

Carrington, S.J., Bailey, A.J. (2009). Are there theory of mind regions in the brain? A

review of the neuroimaging literature. Human Brain Mapping, 30, 2313-2335.

Carter, C.S., DeVries, A.C., & Getz, L.L. (1995). Physiological substrates of mammalian
monogamy: the prairie vole model. Neuroscience & Biobehavioral Reviews, 19,
303-314.

Carter, C.S., & Getz, L.L. (1993). Monogamy and the prairie vole. Scientific American,
268, 100-106.

Carter, C.S. & Van Veen, V. (2007). Anterior cingulate cortex and conflict detection: an
update of theory and data. Cognitive, Affective & Behavioral Neuroscience, 7, 367-
379.

106



References

Castelli, F., Happe, F., Frith, U., & Frith, C. (2000). Movement and mind: a functional
imaging study of perception and interpretation of complex intentional movement

patterns. Neuroimage, 12, 314-325.

Chakrabarti, B., & Baron-Cohen, S. (2006). Empathizing: neurocognitive developmental

mechanisms and individual differences. Progress in brain research, 156, 403-417.

Chaminade, T., Marchant, J. L., Kilner, J., & Frith, C. D. (2012). An fMRI study of joint
action in varying levels of cooperation correlates with activity in sensorimotor

control, but not mentalization, networks. Frontiers in Human Neuroscience, 6.

Cherek, D.R. (1981). Effects of smoking different doses of nicotine on human aggressive

behavior. Psychopharmacology (Berl), 75, 339-345.

Cisler, J.M., James, G.A., Tripathi, S., Mletzko, T., Heim, C., Hu, X.P., Mayberg, H.S.,
Nemeroff, C.B., & Kilts, C.D. (2012). Differential functional connectivity within an
emotion regulation neural network among individuals resilient and susceptible to

the depressogenic effects of early life stress. Psychological Medicine, 1-12.

Cleare, A.J., & Bond, A.J. (1995). The effect of tryptophan depletion and enhancement on
subjective and behavioural aggression in  normal male subjects.

Psychopharmacology (Berl), 118, 72-81.

Coccaro, E.F., & Kavoussi, R.J. (1997). Fluoxetine and impulsive aggressive behavior in

personality-disordered subjects. Archives of General Psychiatry, 54, 1081-1088.

Coccaro, E.F., Kavoussi, R.J., Hauger, R.L., Cooper, T.B., & Ferris, C.F. (1998).
Cerebrospinal fluid vasopressin levels: correlates with aggression and serotonin
function in personality-disordered subjects. Archives of General Psychiatry, 55,
708-714.

Coccaro, E.F., McCloskey, M.S., Fitzgerald, D.A., & Phan, K.L. (2007). Amygdala and
orbitofrontal reactivity to social threat in individuals with impulsive aggression.
Bioiogical Psychiatry, 62, 168-178.

Cohen, J.D., Botvinick, M., & Carter, C.S. (2000). Anterior cingulate and prefrontal cortex:

who's in control? Nature Neuroscience, 3, 421-423.

107



References

Coricelli, G., & Nagel, R. (2009). Neural correlates of depth of strategic reasoning in
medial prefrontal cortex. Proceedings of the National Academy of Sciences, 106,
9163-9168.

Craig, A.D. (2002). How do you feel? Interoception: the sense of the physiological

condition of the body. Nature Reviews Neuroscience, 3, 655-666.

Critchley, H.D., Mathias CJ, & Dolan, R.J. (2001). Neuroanatomical basis for first- and

second-order representations of bodily states. Nature Neuroscience, 4, 207-212.

Critchley, H.D, Wiens, S., Rotshtein, P., Ohman, A., & Dolan, R.J. (2004). Neural systems

supporting interoceptive awareness. Nature Neuroscience, 7, 189-195.

Damasio, A.R., Grabowski, T.J., Bechara, A., Damasio, H., Ponto, L.L., Parvizi, J., &
Hichwa, R.D. (2000). Subcortical and cortical brain activity during the feeling of

self-generated emotions. Nature Neuroscience, 3, 1049-1056.

Damasio, H., Grabowski, T., Frank, R., Galaburda, A.M., & Damasio, A.R. (1994). The
return of Phineas Gage: clues about the brain from the skull of a famous patient.
Science, 264, 1102-1105.

Dantzer, R., Bluthe, R.M., Koob, G.F., & Le Moal, M. (1987). Modulation of social memory
in male rats by neurohypophyseal peptides. Psychopharmacology (Berl), 91, 363-
368.

Davidson, R.J., Putnam, K.M., & Larson, C.L. (2000). Dysfunction in the neural circuitry of

emotion regulation - a possible prelude to violence. Science, 289, 591-594.

De Boer, S.F., Lesourd, M., Mocaer, E., & Koolhaas, J.M. (1999). Selective antiaggressive
effects of alnespirone in resident-intruder test are mediated via 5-
hydroxytryptamine1A receptors: A comparative pharmacological study with 8-
hydroxy-2-dipropylaminotetralin, ipsapirone, buspirone, eltoprazine, and WAY-

100635. Journal of Pharmacology and Experimental Therapeutics, 288,1125-1133.

De Dreu, C. K., Greer, L. L., Handgraaf, M. J., Shalvi, S., Van Kleef, G. A., Baas, M., et al.
(2010). The neuropeptide oxytocin regulates parochial altruism in intergroup

conflict among humans. Science, 328, 1408-1411.

108



References

De Quervain, D.J., Fischbacher, U., Treyer, V., Schellhammer, M., Schnyder, U., Buck,
A., & Fehr, E. (2004). The neural basis of altruistic punishment. Science, 305,
1254-1258.

De Vignemont, F., & Singer, T. (2006). The empathic brain: how, when and why? Trends
in Cognitive Science, 10, 435-441.

De Vries, G.J. (2008). Sex differences in vasopressin and oxytocin innervation of the

brain. Progress in Brain Research, 170, 17-27.

Decety, J. (2010). The neurodevelopment of empathy in humans. Developmental

neuroscience, 32, 257-267.

Decety, J., & Ickes, W. (2009): The Social Neuroscience of Empathy. Cambridge: MIT

press.

Decety, J., Jackson, P. L., Sommerville, J. A., Chaminade, T., & Meltzoff, A. N. (2004).
The neural bases of cooperation and competition: an fMRI investigation.
Neuroimage, 23, 744-751.

Declerck, C.H., Boone, C., & Kiyonari, T. (2010). Oxytocin and cooperation under
conditions of uncertainty: the modulating role of incentives and social information.
Hormones and Behavior, 57, 368-374.

Denny, B.T., Kober, H., Wager, T.D., & Ochsner, K.N. (2012). A meta-analysis of
functional neuroimaging studies of self- and other judgments reveals a spatial
gradient for mentalizing in medial prefrontal cortex. Journal of Cognitive
Neuroscience, 24, 1742-1752.

Depue, R.A., & Morrone-Strupinsky, J.V. (2005). A neurobehavioral model of affiliative
bonding: implications for conceptualizing a human trait of affiliation. Behavioral
Brain Sciences, 28, 313-350.

Detre, J.A., & Floyd, T.F. (2001). Functional MRI and its applications to the clinical

neurosciences. Neuroscientist, 7, 64-79.

DeVries, A.C., Young, W.S., & Nelson, R.J. (1997). Reduced aggressive behaviour in
mice with targeted disruption of the oxytocin gene. Journal of Neuroendocrinology,
9, 363-368.

109



References

Dimberg, U., Thunberg, M., & Elmehed, K. (2000). Unconscious facial reactions to

emotional facial expressions. Psychological Science, 11, 86-89.

Dodge, K.A., & Coie, J.D. (1987). Social-information-processing factors in reactive and
proactive aggression in children's peer groups. Journal of Personality and Social
Psychology, 53, 1146-1158.

Déhnel, K., Schuwerk, T., Meinhardt, J., Sodian, B., Hajak, G., & Sommer, M. (2012).
Functional activity of the right temporo-parietal junction and of the medial
prefrontal cortex associated with true and false belief reasoning. Neuroimage, 60,
1652-1661.

Dollard, J., Doob, L., Miller, N.E., Mowrer, O.H., & Sears, R.R. (1939). Frustration and

aggression. New Haven, CT: Yale University Press.

Domes, G., Heinrichs, M., Michel, A., Berger, C., & Herpertz, S. C. (2007). Oxytocin

improves “mind-reading” in humans. Biological 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. Psychoendocrinology, 35, 83-93.

Donaldson, Z.R., Kondrashov, F.A., Putnam, A., Bai, Y., Stoinski, T.L., Hammock, E.A., &
Young, L.J. (2008). Evolution of a behavior-linked microsatellite-containing
element in the 5' flanking region of the primate AVPR1A gene. BMC Evolutionary
Biology, 8, 180.

Dougherty, D.D., Shin, L.M., Alpert, N.M., Pitman, R.K., Orr, S.P., Lasko, M., Mackilin,
M.L., Fischman, A.J., & Rauch, S.L. (1999). Anger in healthy men: a PET study
using script-driven imagery. Biological Psychiatry, 46, 466-472.

Duncan, J., & Owen, A. M. (2000). Common regions of the human frontal lobe recruited

by diverse cognitive demands. Trends in neurosciences.

Ebstein, R. P., Israel, S., Lerer, E., Uzefovsky, F., Shalev, I., Gritsenko, I., ... & Yirmiya, N.
(2009). Arginine vasopressin and oxytocin modulate human social behavior.
Annals of the New York Academy of Sciences, 1167, 87-102.

Ebstein, R., Israel, S., Chew, S., Zhong, S., & Knafo, A. (2010). Genetics of human social
behavior. Neuron, 65, 831-844.

110



References

Eisenberg, N., Fabes, R.A., Shepard, S.A., Murphy, B.C., Jones, S., & Guthrie, LK.
(1998). Contemporaneous and longitudinal prediction of children's sympathy from

dispositional regulation and emotionality. Developmental Psychology, 34, 910-924.

Emery, N.J., Capitanio, J.P., Mason, W.A., Machado, C.J., Mendoza, S.P., & Amaral,
D.G. (2001). The effects of bilateral lesions of the amygdala on dyadic social
interactions in rhesus monkeys (Macaca mulatta). Behavioral Neuroscience, 115,
515-544.

Ermisch, A., Barth, T., Ruhle, H.J., Skopkova, J., Hrbas, P., Landgraf, R. (1985). On the
blood-brain barrier to peptides: accumulation of labelled vasopressin, DesGlyNH2-
vasopressin and oxytocin by brain regions. Endocrinologia experimentalis, 19, 29-
37.

Eslinger, P.J. (1998). Neurological and neuropsychological bases of empathy. European
Neurology, 39, 193-199.

Etkin, A., Egner, T., & Kalisch, R. (2011). Emotional processing in anterior cingulate and

medial prefrontal cortex. Trends in cognitive sciences, 15, 85-93.

Ferris, C.F., Albers, H.E., Wesolowski, S.M., Goldman, B.D., & Luman, S.E. (1984).
Vasopressin injected into the hypothalamus triggers a stereotypic behavior in
golden hamsters. Science, 224, 521-523.

Ferris, C.F., & Delville, Y. (1994). Vasopressin and serotonin interactions in the control of

agonistic behavior. Psychoneuroendocrinology, 19, 593-601.

Ferris, C.F., Melloni, R.H., Koppel, G., Perry, KW., Fuller, RW., & Delville, Y. (1997).
Vasopressin/serotonin interactions in the anterior hypothalamus control aggressive

behavior in golden hamsters. Journal of Neuroscience, 17, 4331-4340.

Ferris, C. F., Pollock, J., Albers, H. E., & Leeman, S. E. (1985). Inhibition of flank-marking
behavior in golden hamsters by microinjection of a vasopressin antagonist into the

hypothalamus. Neuroscience letters, 55, 239-243.

Ferris, C. F., & Potegal, M. (1988). Vasopressin receptor blockade in the anterior
hypothalamus suppresses aggression in hamsters. Physiology & behavior, 44,
235-239.

111



References

Ferris, C. F., Stolberg, T., Kulkarni, P., Murugavel, M., Blanchard, R., Blanchard, D. C., &
Simon, N. G. (2008). Imaging the neural circuitry and chemical control of

aggressive motivation. BMC neuroscience, 9,

Fletcher, P.C., Happe, F., Frith, U., Baker, S.C., Dolan, R.J., Frackowiak, R.S., & Frith,
C.D. (1995). Other minds in the brain: a functional imaging study of "theory of

mind" in story comprehension. Cognition, 57, 109-128.

Friston, K.J., Fletcher, P., Josephs, O., Holmes, A., Rugg, M.D., & Turner, R. (1998).

Event-related fMRI: characterizing differential responses. Neuroimage, 7, 30-40.

Frith, C.D., & Frith, U. (2012). Mechanisms of social cognition. Annual review of
psychology, 63, 287-313.

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. Behavioral Neuroscience, 126, 97-109.

Gallagher, H.L., Happe, F., Brunswick, N., Fletcher, P.C., Frith, U., & Frith, C.D. (2000).
Reading the mind in cartoons and stories: an fMRI study of 'theory of mind' in

verbal and nonverbal tasks. Neuropsychologia, 38, 11-21.

Gamer, M., Zurowski, B., & Buchel, C. (2010). Different amygdala subregions mediate
valence-related and attentional effects of oxytocin in humans. Proceedings of the
National Academy of Sciences of the United States of America, 107, 9400-9405.

George, C., & West, M. (2001). The development and preliminary validation of a new
measure of adult attachment: The Adult Attachment Projective. Attachment &

Human Development, 3, 30.

Ghashghaei, H. T., & Barbas, H. (2002). Pathways for emotion: interactions of prefrontal
and anterior temporal pathways in the amygdala of the rhesus

monkey. Neuroscience, 115, 1261-1280.

Ghashghaei, H. T., Hilgetag, C. C., & Barbas, H. (2007). Sequence of information
processing for emotions based on the anatomic dialogue between prefrontal cortex

and amygdala. Neuroimage, 34, 905-923.

Ghodsian-Carpey, J., & L.A. Baker (1987). Genetic and environmental influences on

aggression in 4- to 7-year-old twins. Aggressive Behavior, 13, 173-186.

112



References

Giancola, P. R., & Zeichner, A. (1995b). Construct validity of a competitive reaction- time

aggression paradigm. Aggressive Behavior, 21, 199-204

Gilbert, S. J., Gonen-Yaacovi, G., Benoit, R. G., Volle, E., & Burgess, P. W. (2010).
Distinct functional connectivity associated with lateral versus medial rostral

prefrontal cortex: a meta-analysis. Neuroimage, 53, 1359-1367.

Giles, L. C., Glonek, G. F., Luszcz, M. A., & Andrews, G. R. (2005). Effect of social
networks on 10 year survival in very old Australians: the Australian longitudinal

study of aging. Journal of Epidemiology and Community Health, 59, 574-579.

Gintis, H. (2005). Moral sentiments and material interests: The foundations of cooperation
in economic life (Vol. 6). The MIT Press.

Glascher, J. (2009). Visualization of Group Inference Data in Functional Neuroimaging.

Neuroinformatics, 7, 73-82.

Glimcher, P.W., Camerer, C.F., Fehr, E., & Poldrack, R.A. (eds.) Neuroeconomics:

Decision Making and the Brain. New York: Academic Press, 503-521.

Gobbini, M.l., Koralek, A.C., Bryan, R.E., Montgomery, K.J., & Haxby, J.V. (2007). Two
takes on the social brain: a comparison of theory of mind tasks. Journal of

Cognitive Neuroscience, 19, 1803-1814.

Goel, V., Grafman, J., Sadato, N., & Hallett, M. (1995). Modeling other minds.
Neuroreport, 6, 1741-1746.

Goodson, J.L., & Bass, A.H. (2001). Social behavior functions and related anatomical
characteristics of vasotocin/vasopressin systems in vertebrates. Brain Research
Reviews, 35, 246-265.

Gordon, R. M. (1995). Sympathy, simulation, and the impartial spectator. Ethics, 105, 727-
742.

Gottfried, J. A., O'Doherty, J., & Dolan, R. J. (2003). Encoding predictive reward value in
human amygdala and orbitofrontal cortex. Science, 301, 1104-1107.

Goubert, L., Craig, K.D., & Buysse, A. (2009). Experimental and Clinical Evidence on the
Role of Empathy. In The Social Neuroscience of Empathy. Vol., J. Decety, W.
Ickes, eds. MIT, Cambridge.

113



References

Grafman, J., Schwab, K., Warden, D., Pridgen, A., Brown, H.R., & Salazar, A.M. (1996).
Frontal lobe injuries, violence, and aggression: a report of the Vietnam Head Injury
Study. Neurology, 46, 1231-1238.

Grattan, L. M., Bloomer, R. H., Archambault, F. X., & Eslinger, P. J. (1994). Cognitive
flexibility and empathy after frontal lobe lesion. Cognitive and Behavioral
Neurology, 7, 251-259.

Grattan, L. M., & Eslinger, P. J. (1989). Higher cognition and social behavior: Changes in

cognitive flexibility and empathy after cerebral lesions. Neuropsychology, 3, 175.

Gregg, T.R., & Siegel, A. (2001). Brain structures and neurotransmitters regulating
aggression in cats: implications for human aggression. Progress in

Neuropsychopharmacology & Biological Psychiatry, 25, 91-140.

Gu, H., Salmeron, B.J., Ross, T.J., Geng, X., Zhan, W., Stein, E.A., & Yang, Y. (2010).
Mesocorticolimbic circuits are impaired in chronic cocaine users as demonstrated

by resting-state functional connectivity. Neuroimage, 53, 593-601.

Guastella, A.J., Kenyon, A.R., Alvares, G.A., Carson, D.S., & Hickie, I.B. (2010).
Intranasal arginine vasopressin enhances the encoding of happy and angry faces
in humans. Biological Psychiatry, 67, 1220-1222.

Guastella, A.J., Kenyon, A.R., Unkelbach, C., Alvares, G.A., & Hickie, I.B. (2011). Arginine
Vasopressin selectively enhances recognition of sexual cues in male humans.

Psychoneuroendocrinology, 36, 294-297.

Guastella, A. J., & MacLeod, C. (2012). A critical review of the influence of oxytocin nasal
spray on social cognition in humans: evidence and future directions. Hormones
and behavior, 61, 410-418.

Gupta, R., Koscik, T.R., Bechara, A., & Tranel, D. (2011). The amygdala and decision-
making. Neuropsychologia, 49, 760-766.

Hamann, S., Herman, R.A., Nolan, C.L., & Wallen, K. (2004). Men and women differ in

amygdala response to visual sexual stimuli. Nature Neuroscience,7, 411-416.

Hare, T. A., Camerer, C. F., & Rangel, A. (2009). Self-control in decision-making involves

modulation of the vmPFC valuation system. Science, 324, 646-648.

114



References

Harlow, J.M. (1848). Passage of an iron rod through the head. Boston Medical Surgical
Journal, 39, 389-393.

Harmon, A.C., Huhman, K.L., Moore, T.O., & Albers, H.E. (2002). Oxytocin inhibits
aggression in female Syrian hamsters. Journal of Neuroendocrinology,14, 963-
969.

Heberlein, A.S., Adolphs, R., Tranel, D., & Damasio, H. (2004). Cortical regions for
judgments of emotions and personality traits from point-light walkers. Journal of

Cognitive Neuroscience, 16, 1143-1158.

Heeger, D.J., & Ress, D. (2002). What does fMRI tell us about neuronal activity? Nature

Reviews Neuroscience, 3, 142-151.

Hein, G., & Knight, R.T. (2008). Superior temporal sulcus: It's my area: or is it? Journal of

cognitive neuroscience, 20, 2125-2136.

Heinrichs, M., Baumgartner, T., Kirschbaum, C., & Ehlert, U. (2003). Social support and
oxytocin interact to suppress cortisol and subjective responses to psychosocial

stress. Biological psychiatry, 54, 1389-1398.

Heinrichs, M., & Domes, G. (2008). Neuropeptides and social behaviour: effects of

oxytocin and vasopressin in humans. Progress in brain research, 170, 337-350.

Higley, J.D., Mehiman, P.T., Poland, R.E., Taub, D.M., Vickers, J., Suomi, S.J., & Linnoila,
M. (1996). CSF testosterone and 5-HIAA correlate with different types of
aggressive behaviors. Biological Psychiatry, 40, 1067-1082.

Hoffman, M.L. (2000). Empathy and Moral Development: Implications for caring and

justice. New York: Cambridge University Press

Hooker, C.1., Verosky, S.C., Germine, L.T., Knight, R.T., & D'Esposito, M. (2010). Neural
activity during social signal perception correlates with self-reported empathy. Brain
research, 1308, 100-113.

Hornak, J., Bramham, J., Rolls, E.T., Morris, R.G., O’'Doherty, J., Bullock, P.R., & Polkey,
C.E. (2003). Changes in emotion after circumscribed surgical lesions of the

orbitofrontal and cingulate cortices. Brain, 126, 1691-1712.

115



References

Huber, D., Veinante, P., & Stoop, R. (2005). Vasopressin and oxytocin excite distinct

neuronal populations in the central amygdala. Science, 308, 245-248.
Hume, D. (1740/1896). A treatise of human nature. Oxford: Oxford University Press.

Hynes, C.A., Baird, A.A., & Grafton, S.T. (2006). Differential role of the orbital frontal lobe

in emotional versus cognitive perspective-taking. Neuropsychologia, 44, 374-383.

lacoboni, M., Lieberman, M.D., Knowlton, B.J., Molnar-Szakacs, |., Moritz, M., Throop,
C.J., & Fiske, A.P. (2004). Watching social interactions produces dorsomedial
prefrontal and medial parietal BOLD fMRI signal increases compared to a resting
baseline. Neurolmage, 21, 1167-1173.

lllum, L. (2000). Transport of drugs from the nasal cavity to the central nervous system.

European Journal of Pharmaceutical Sciences, 11, 1-18.

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., Winslow, J.T., Williams, J.R., Hastings, N., Shapiro, L.E., & Carter, C.S.
(1993). The role of neurohypophyseal peptides in the central mediation of complex
social processes: evidence from comparative studies. Regulatory Peptides, 45,
127-131.

Insel, T. R., & Young, L. J. (2001). The neurobiology of attachment. Nature Reviews

Neuroscience, 2, 129-136.

Israel, S., Lerer, E., Shalev, |., Uzefovsky, F., Reibold, M., Bachner-Melman, R., Granot,
R., Bornstein, G., Knafo, A., Yirmiya, N. et al. (2008). Molecular genetic studies of
the arginine vasopressin 1a receptor (AVPR1a) and the oxytocin receptor (OXTR)
in human behaviour: from autism to altruism with some notes in between. Progress
in Brain Research, 170, 435-449.

Israel, S., Weisel, O., Ebstein, R. P., & Bornstein, G. (2012). Oxytocin, but not
vasopressin, increases both parochial and universal altruism.

Psychoneuroendocrinology,37, 1341-1344.

Iversen, S. D., & lversen, L. L. (2007). Dopamine: 50 years in perspective. Trends in

neurosciences, 30, 188-193.

116



References

Jackson, P.L., Brunet, E., Meltzoff, A.N., & Decety, J. (2006). Empathy examined through
the neural mechanisms involved in imagining how | feel versus how you feel pain.
Neuropsychologia, 44, 752-761.

Jackson, P.L., Meltzoff, A.N., & Decety, J. (2005). How do we perceive the pain of others?
A window into the neural processes involved in empathy. Neuroimage, 24, 771-
779.

Jancke, L. (2005): Methoden der Bildgebung in der Psychologie und den kognitiven

Neurowissenschaften. Stuttgart: Kohlhammer.

Jarcho, M.R., Mendoza, S.P., Mason, W.A., Yang, X., & Bales, K.L. (2011). Intranasal
Vasopressin Affects Pair-Bonding And Peripheral Gene Expression In Male
Callicebus Cupreus. Genes, Brain & Behavior, 10, 375-383.

Kilpatrick, L., & Cahill, L. (2003). Amygdala modulation of parahippocampal and frontal
regions during emotionally influenced memory storage. Neuroimage, 20, 2091-
2099.

Kirsch, P., Esslinger, C., Chen, Q., Mier, D., Lis, S., Siddhanti, S., Gruppe, H., Mattay, V.
S., Gallhofer, B., & Meyer-Lindenberg, A. (2005). Oxytocin modulates neural
circuitry for social cognition and fear in humans. The Journal of Neuroscience, 25,
11489-11493.

Kirschbaum, C., Pirke, K. M., & Hellhammer, D. H. (1993). The ‘Trier Social Stress Test’ -
a tool for investigating psychobiological stress responses in a laboratory setting.

Neuropsychobiology, 28, 76-81.

Knafo, A., Israel, S., Darvasi, A., Bachner-Melman, R., Uzefovsky, F., Cohen, L., ... &
Ebstein, R. P. (2008). Individual differences in allocation of funds in the dictator
game associated with length of the arginine vasopressin 1a receptor RS3
promoter region and correlation between RS3 length and hippocampal mRNA.
Genes, brain and behavior, 7, 266-275.

Knutson, B., Adams, C.M., Fong, G.W., & Hommer, D. (2001). Anticipation of increasing
monetary reward selectively recruits nucleus accumbens. Journal of
Neuroscience, 21, RC159.

117



References

Kosfeld, M., Heinrichs, M., Zak, P.J., Fischbacher, U., & Fehr, E. (2005). Oxytocin

increases trust in humans. Nature, 435, 673-676.
Kramer, U.M. (2008). The neural basis of human aggression. Sierke Verlag.

Kramer, U.M., Jansma, H., Tempelmann, C., & Munte, T.F. (2007). Tit-for-tat: the neural

basis of reactive aggression. Neuroimage, 38, 203-211.

Kramer, U.M., Mohammadi, B., Donamayor, N., Samii, A.,, & Munte, T.F. (2010).
Emotional and cognitive aspects of empathy and their relation to social cognition -
an fMRI-study. Brain Research, 1311, 110-120.

Kramer, U.M., Riba, J., Richter, S., & Munte, T.F. (2011). An fMRI study on the role of

serotonin in reactive aggression. PLoS One, 6, e27668.

Kumaran, D., & Maguire, E.A. (2005). The human hippocampus: cognitive maps or
relational memory? The Journal of neuroscience: the official journal of the Society
for Neuroscience, 25, 7254-7259.

Lamm, C., Nusbaum, H.C., Meltzoff, A.N., & Decety, J. (2007). What are you feeling?
Using functional magnetic resonance imaging to assess the modulation of sensory

and affective responses during empathy for pain. PLoS One 2, €1292.

Landgraf, R., Neumann, |., & Pittman, Q. J. (2008). Septal and hippocampal release of
vasopressin and oxytocin during late pregnancy and parturition in the rat.

Neuroendocrinology, 54, 378-383.

Laufer, O., & Paz, R. (2012). Monetary loss alters perceptual thresholds and compromises
future decisions via amygdala and prefrontal networks. Journal of Neuroscience,
32, 6304-6311.

Lee, H. J., Macbeth, A. H., Pagani, J. H., & Young, W. S. (2009). Oxytocin: the great
facilitator of life. Progress in Neurobiology, 88, 127-151.

Leube, D., Straube, B., Green, A., Blumel, I., Prinz, S., Schlotterbeck, P., et al. (2012). A
possible brain network for representation of cooperative behavior and its
implications for the psychopathology of schizophrenia. Neuropsychobiology, 66,
24-32.

118



References

Li, C.S., & Sinha, R. (2008). Inhibitory control and emotional stress regulation:
neuroimaging evidence for frontal-limbic dysfunction in psycho-stimulant addiction.

Neuroscience and Biobehavioral Reviews, 32, 581-597.

Lieberman, J. D., Solomon, S., Greenberg, J., & McGregor, H. A. (1999). A hot new way

to measure aggression: Hot sauce allocation. Aggressive Behavior, 25, 331-348.

Liebrand, W.B.G., Jansen, RW.T.L., Rijken, V.M., & Suhre, C.J.M. (1986). Might over
morality:social values and the perception of other players in experimental games.

Journal of Experimental Social Psychology, 22, 203-215.

Lim, M.M., Bielsky, I.LF., & Young, L.J. (2005). Neuropeptides and the social brain:
potential Rodent models of autism. International Journal of Developmental
Neuroscience,23,235-243.

Lim, M.M., & Young, L.J. (2006). Neuropeptidergic regulation of affiliative behavior and

social bonding in animals. Hormones & Behavior, 50, 506-517.

Logothetis, N.K. (2002). The neural basis of the blood-oxygen-level-dependent functional
magnetic resonance imaging signal. Philosophical Transactions of the Royal
Society B: Biological Sciences, 357, 1003-1037.

Logothetis, N.K. (2003). The underpinnings of the BOLD functional magnetic resonance

imaging signal. Journal of Neuroscience, 23, 3963-3971.

Logothetis, N.K., Pauls, J., Augath, M., Trinath, T., & Oeltermann, A. (2001).
Neurophysiological investigation of the basis of the fMRI signal. Nature, 412,150-
157.

Lotze, M., Veit, R., Anders, S., & Birbaumer, N. (2007). Evidence for a different role of the
ventral and dorsal medial prefrontal cortex for social reactive aggression: An
interactive fMRI study. Neuroimage, 34, 470-478.

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 research, 555.2, 220-232.

Ma, N., Liu, Y., Li, N., Wang, C.X., Zhang, H., Jiang, X.F., Xu, H.S., Fu, X.M., Hu, X., &
Zhang, D.R. (2010). Addiction related alteration in resting-state brain connectivity.
Neuroimage, 49, 738-744.

119



References

Machado, C.J., & Bachevalier, J. (2006). The impact of selective amygdala, orbital frontal
cortex, or hippocampal formation lesions on established social relationships in

rhesus monkeys (Macaca mulatta). Behavioral Neuroscience, 120, 761-786.

Manuck, S., Kaplan, J., & Lotrich, F. (2006). Brain serotonin and aggressive disposition in
humans and nonhuman primates. Biology of aggression. New York: Oxford

University Press.

Marjoram, D., Miller, P., McIntosh, A.M., Cunningham Owens, D.G., Johnstone, E.C., &
Lawrie, S. (2006). A neuropsychological investigation into 'Theory of Mind' and

enhanced risk of schizophrenia. Psychiatry research, 144, 29-37.

Mathiak, K., & Weber, R. (2006). Toward brain correlates of natural behavior: fMRI during
violent video games. Human Brain Mapping, 27, 948-956.

Matthews, P. (2001). An introduction to functional magnetic resonance imaging of the
brain. In: Functional magnetic resonance imaging: An introduction to methods
(Jezzard, P., Matthews, P., Smith, S.).

McCabe, K., Houser, D., Ryan, L., Smith, V., & Trouard, T. (2001). A functional imaging
study of cooperation in two-person reciprocal exchange. Proceedings of the
National Academy of Sciences, 98, 11832-11835.

McCall, C., & Singer, T. (2012). The animal and human neuroendocrinology of social

cognition, motivation and behavior. Nature Neuroscience, 15, 681-688.

McGraw, L.A., & Young, L.J. The prairie vole: an emerging model organism for

understanding the social brain. Trends in Neuroscience, 33,103-109.

Mehlman, P.T., Higley, J.D., Faucher, I., Lilly, A.A., Taub, D.M., Vickers, J., Suomi, S.J., &
Linnoila, M. (1994). Low CSF 5-HIAA concentrations and severe aggression and
impaired impulse control in nonhuman primates. American Journal of Psychiatry,
151, 1485-1491.

Meltzoff, A. N., & Moore, M. K. (1983). Newborn infants imitate adult facial gestures. Child
development, 702-709.

120



References

Mens, W.B., Witter, A., & van Wimersma Greidanus, T.B. (1983). Penetration of
neurohypophyseal hormones from plasma into cerebrospinal fluid (CSF): half-
times of disappearance of these neuropeptides from CSF. Brain Research, 262,
143-149.

Meyer-Lindenberg, A., Domes, G., Kirsch, P., & Heinrichs, M. (2011). Oxytocin and
vasopressin in the human brain: social neuropeptides for translational medicine.

Nature reviews Neuroscience, 12, 524-538.

Meyer-Lindenberg, A., Kolachana, B., Gold, B., Olsh, A., Nicodemus, K.K., Mattay, V.,
Dean, M., & Weinberger, D.R. (2009). Genetic variants in AVPR1A linked to
autism predict amygdala activation and personality traits in healthy humans.
Molecular Psychiatry, 14, 968-975.

Miles, D.R., & Carey, G. (1997). Genetic and environmental architecture of human

aggression. Journal of Personality and Social Psychology, 72, 207-217.

Milham, M.P., Banich, M.T., Webb, A., Barad, V., Cohen, N.J., Wszalek, T., & Kramer,
A.F. (2001). The relative involvement of anterior cingulate and prefrontal cortex in
attentional control depends on nature of conflict. Cognitive Brain Research, 12,
467-473.

Miller, E. K., & Cohen, J. D. (2001). An integrative theory of prefrontal cortex

function. Annual review of neuroscience, 24, 167-202.

Minati, L., Grisoli, M., Seth, A.K., & Critchley, H.D. (2012). Decision-making under risk: a
graph-based network analysis using functional MRI. Neuroimage, 60, 2191-2205.

Mischel, W. (1973). Toward a cognitive social learning reconceptualization of personality.
Psychological Review, 80, 252-283.

Mitchell, J.P., Banaji, M.R., & Macrae, C.N. (2005). The link between social cognition and
self-referential thought in the medial prefrontal cortex. Journal of Cognitive
Neuroscience, 17, 1306-1315.

Mohr, P. N., Biele, G., & Heekeren, H. R. (2010). Neural processing of risk. The Journal of
Neuroscience, 30, 6613-6619.

121



References

Molenberghs, P., Cunnington, R., & Mattingley, J.B. (2012). Brain regions with mirror
properties: a meta-analysis of 125 human fMRI studies. Neuroscience and
biobehavioral reviews, 36, 341-349.

Morey, R. A., McCarthy, G., Selgrade, E. S., Seth, S., Nasser, J. D., & LaBar, K. S.
(2012). Neural systems for guilt from actions affecting self versus others.
Neuroimage, 60, 683-692.

Morrison |, Lloyd D, di Pellegrino G, & Roberts N. (2004). Vicarious responses to pain in
anterior cingulate cortex: is empathy a multisensory issue? Cognitive Affective &

Behavioral Neuroscience, 4, 270-278.

Moss, H.B., Yao, J.K., & Panzak, G.L. (1990). Serotonergic responsivity and behavioral
dimensions in antisocial personality disorder with substance abuse. Biological
Psychiatry, 28, 325-338.

Nair, H. P., & Young, L. J. (2006). Vasopressin and pair-bond formation: genes to brain to
behavior. Physiology, 21, 146-152.

Narumoto, J., Okada, T., Sadato, N., Fukui, K., & Yonekura, Y. (2001). Attention to
emotion modulates fMRI activity in human right superior temporal sulcus.
Cognitive Brain Research, 12, 225-231.

Nash, J. F. (1950). Equilibrium points in n-person games. Proceedings of the national

academy of sciences, 36, 48-49.

Nelson, J.K., Reuter-Lorenz, P.A., Sylvester, C.Y., Jonides, J., & Smith, E.E. (2003).
Dissociable neural mechanisms underlying response-based and familiarity-based
conflict in working memory. Proceedings of the National Academy of Sciences of
the United States of America, 100, 11171-11175.

Nelson, R.J., & Trainor, B.C. (2007). Neural mechanisms of aggression. Nature Review
Neuroscience, 8, 536-546.

New, A.S., Hazlett, E.A., Buchsbaum, M.S., Goodman, M., Reynolds, D., Mitropoulou, V.,
Sprung, L., Shaw, R.B., Koenigsberg, H., Platholi, J., Silverman, J., & Siever, L. J.
(2002). Blunted prefrontal cortical 18fluorodeoxyglucose positron emission
tomography response to meta-chlorophenylpiperazine in impulsive aggression.
Archives of General Psychiatry, 56, 621-629.

122



References

Noori, H.R., Spanagel, R., & Hansson, A.C. (2012). Neurocircuitry for modeling drug
effects. Addiction Biology,17, 827-864.

O'Doherty, J., Dayan, P., Schultz, J., Deichmann, R., Friston, K., & Dolan, R.J. (2004).
Dissociable roles of ventral and dorsal striatum in instrumental conditioning.
Science, 304, 452-454.

O'Doherty, J., Kringelbach, M. L., Rolls, E. T., Hornak, J., & Andrews, C. (2001). Abstract
reward and punishment representations in the human orbitofrontal cortex. Nature

neuroscience, 4, 95-102.

Ochsner, K. N., & Gross, J. J. (2005). The cognitive control of emotion. Trends in

cognitive sciences, 9, 242-249.

Ogawa, S., Lee, T.M,, Kay, A.R., & Tank, D.W. (1990). Brain magnetic resonance imaging
with contrast dependent on blood oxygenation. Proceedings of the National
Academy of Sciences of the United States of America, 87, 9868-9872.

Osaka, N., Ikeda, T., & Osaka, M. (2012). Effect of intentional bias on agency attribution
of animated motion: an event-related FMRI study. PLoS One, 7, e49053.

Panksepp, J. (1998). Affective neuroscience: The foundations of human and animal

emotions. New York: Oxford University Press.

Parsey, R.V., Oquendo, M.A., Simpson, N.R., Ogden, R.T., Van Heertum, R., Arango, V.,
& Mann, J.J. (2002). Effects of sex, age, and aggressive traits in man on brain
serotonin 5-HT1A receptor binding potential measured by PET using [C-11]WAY-
100635. Brain Research, 954, 173-182.

Passarotti, A.M., Ellis, J., Wegbreit, E., Stevens, M.C., & Pavuluri, M.N. (2012). Reduced
Functional Connectivity of Prefrontal Regions and Amygdala Within Affect and
Working Memory Networks in Pediatric Bipolar Disorder. Brain Connect, 2, 320-
334.

Passamonti, L., Crockett, M.J., Apergis-Schoute, A.M., Clark, L., Rowe, J.B., Calder, A.J.,
& Robbins, T.W. (2012). Effects of Acute Tryptophan Depletion on Prefrontal-
Amygdala Connectivity While Viewing Facial Signals of Aggression. Biological
Psychiatry, 71, 36-43.

123



References

Passamonti, L., Rowe, J.B., Ewbank, M., Hampshire, A., Keane, J., & Calder, A.J. (2008).
Connectivity from the ventral anterior cingulate to the amygdala is modulated by
appetitive motivation in response to facial signals of aggression. Neuroimage, 43,
562-570.

Paulus, C. (2009). DER SAARBRUECKER PERSOENLICHKEITSFRAGEBOGEN SPF
(IRI) ZUR MESSUNG VON EMPATHIE: Psychometrische Evaluation der
deutschen Version des Interpersonal Reactivity Index. http://www.uni-
saarland.de/fak5/ezw/personal/paulus/empathy/SPF_Artikel.pdf, Vol., eds.

Universitaets- und Landesbibliothek, Saarbruecken.

Peters, J., & Blichel, C. (2010). Episodic future thinking reduces reward delay discounting
through an enhancement of prefrontal-mediotemporal interactions. Neuron, 66,
138-148.

Petrovic, P., Kalisch, R., Singer, T. & Dolan, R. J. (2008). Oxytocin attenuates affective
evaluations of conditioned faces and amygdala activity. Journal of Neuroscience,
28, 6607-6615.

Pezawas L., Meyer-Lindenberg A., Drabant E.M., Verchinski B.A., Munoz K.E.,Kolachana,
B.S., Egan, M.F., Mattay, V.S., Hariri, A.R., & Weinberger, D.R. (2005). 5-HTTLPR
polymorphism impacts human cingulate-amygdala interactions: a genetic

susceptibility mechanism for depression. Nature Neuroscience, 8, 828-834.

Phelps, E.A. (2004). Human emotion and memory: Interactions of the amygdala

andhippocampal complex. Current Opinion in Neurobiology, 14, 198-202.

Phillips, M.L., Young, A.W., Senior, C., Brammer, M., Andrew, C., Calder, A.J., Bullmore,
E.T., Perrett, D.l., Rowland, D., Williams, S.C., Gray, J.A., & David, A.S. (1997). A
specific neural substrate for perceiving facial expressions of disgust. Nature, 389,
495-498.

Pietrini, P., Guazzelli, M., Basso, G., Jaffe, K., & Grafman, J. (2000). Neural correlates of
imaginal aggressive behavior assessed by positron emission tomography in

healthy subjects. American Journal of Psychiatry, 157, 1772-1781.

124



References

Pietrowsky, R., Striben, C., Mdlle, M., Fehm, H., & Born, J. (1996). Brain potential
changes after intranasal vs. intravenous administration of vasopressin: evidence
for a direct nose-brain pathway for peptide effects in humans. Biological
Psychiatry, 39, 332-340.

Pihl, R.O., Young, S.N., Harden, P., Plotnick, S., Chamberlain, B., & Ervin, F.R. (1995).
Acute effect of altered tryptophan levels and alcohol on aggression in normal

human males. Psychopharmacology (Berl), 119, 353-360.

Pitkow, L.J., Sharer, C.A., Ren, X., Insel, T.R., Terwilliger, E.F., & Young, L.J. (2001).
Facilitation of affiliation and pair-bond formation by vasopressin receptor gene
transfer into the ventral forebrain of a monogamous vole. Journal of Neuroscience,
21, 7392-7396.

Powell, M., & Ansic, D. (1997). Gender differences in risk behaviour in financial decision-

making: An experimental analysis. Journal of Economic Psychology, 18, 605-628.

Prater, K.E., Hosanagar, A., Klumpp, H., Angstadt, M., & Phan, K.L. (2012). Aberant
Amygdala-Frontal Cortex Connectivity During Perception of Fearful Faces and at

Rest In Generalized Social Anxiety Disorder. Depression and Anxiety.

Preston, S.D., & de Waal, F.B. (2002). Empathy: Its ultimate and proximate bases.

Behavioral Brain Sciences, 25,1-20; discussion 20-71.

Preuschoff, K., Bossaerts, P., & Quartz, S. R. (2006). Neural differentiation of expected

reward and risk in human subcortical structures. Neuron, 51, 381-390.

Prichard, Z.M., Mackinnon, A.J., Jorm, A.F., & Easteal, S. (2007). AVPR1A and OXTR
polymorphisms are associated with sexual and reproductive behavioral

phenotypes in humans. Human Mutation, 28, 1150.

Quirk, G.J., Likhtik, E., Pelletier, J.G., & Pare’, D. (2003). Stimulation of medial prefrontal
cortex decreases the responsiveness of central amygdala output neurons. Journal
of Neuroscience, 23, 8800-8807.

Ragnauth, A.K., Devidze, N., Moy, V., Finley, K., Goodwillie, A., Kow, L.M., Muglia, L.J., &
Pfaff, D.W. (2005). Female oxytocin gene-knockout mice, in a semi-natural
environment, display exaggerated aggressive behavior. Genes, Brain & Behavior,
4, 229-239.

125



References

Ragnauth, A.K., Goodwillie, A., Brewer, C., Muglia, L.J., Pfaff, D.W., & Kow, L.M. (2004).
Vasopressin stimulates ventromedial hypothalamic neurons via oxytocin receptors

in oxytocin gene knockout male and female mice. Neuroendocrinology, 80, 92-99.

Raine, A., & Yang, Y. (2006). Neural foundations to moral reasoning and antisocial

behavior. Social Cognitive & Affective Neuroscience, 1, 203-213.

Ray, J.P., & Price, J.L. (1993) The organization of projections from the mediodorsal
nucleus of the thalamus to orbital and medial prefrontal cortex in macaque

monkeys. Journal of Comparitive Neurology, 337, 1-31.

Redgrave, P., & Horrell, R.I. (1976). Potentiation of central reward by localised perfusion

of acetylcholine and 5-hydroxytryptamine. Nature, 262, 305-307.

Riekkinen, P., Legros, J.J., Sennef, C., Jolkkonen, J., Smitz, S., & Soininen, H. (1987).
Penetration of DGAVP (Org 5667) across the blood-brain barrier in human
subjects. Peptides, 8, 261-265.

Riem, M. M., Bakermans-Kranenburg, M. J., Pieper, S., Tops, M., Boksem, M. A,
Vermeiren, R. R., van ljzendoorn, M. H., & Rombouts, S.A. (2011). Oxytocin
modulates amygdala, insula, and inferior frontal gyrus responses to infant crying: a

randomized controlled trial. Biological Psychiatry, 70, 291-297.

Riem, M. M., van, I. 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.

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.

Rilling, J.K., Gutman, D., Zeh, T., Pagnoni, G., Berns, G., & Kilts, C. (2002). A neural

basis for social cooperation. Neuron, 35, 395-405.

Rilling, J.K., Sanfey, A.G., Aronson, J.A., Nystrom, L.E., & Cohen, J.D. (2004). The neural
correlates of theory of mind within interpersonal interactions. Neuroimage, 22,
1694-1703.

126



References

Rissman, J., Gazzaley, A., & D'Esposito, M. (2004). Measuring functional connectivity

during distinct stages of a cognitive task. Neuroimage, 23, 752-763.

Roberts, K.L., & Hall, D.A. (2008) Examining a supramodal network for conflict
processing: Asystematic review and novel functional magnetic resonance imaging
data for related visual and auditory stroop tasks. Journal of Cognitive
Neuroscience, 20, 1063-1078.

Rolls, E. T. (2000). The orbitofrontal cortex and reward. Cerebral cortex, 10, 284-294.

Rowe, A.D., Bullock, P.R., Polkey, C.E., & Morris, R.G. (2001). "Theory of mind"
impairments and their relationship to executive functioning following frontal lobe
excisions. Brain, 124, 600-616.

Sabatinelli, D., Bradley, M.M., Lang, P.J., Costa, V.D., & Versace, F. (2007). Pleasure
rather than salience activates human nucleus accumbens and medial prefrontal

cortex. Journal of Neurophysiology, 98, 1374-1379.

Sarkar, D. K., Frautschy, S. A., & Mitsugi, N. (1992). Pituitary portal plasma levels of
oxytocin during the estrous cycle, lactation, and hyperprolactinemia. Annals of the
New York Acadamy of Sciences, 652, 397-410.

Sarter, M., & Markowitsch, H. J. (2004). Collateral innervation of the medial and lateral
prefrontal cortex by amygdaloid, thalamic, and brain-stem neurons. The Journal of

comparative neurology, 224, 445-460.

Sasaki-Adams, D.M., & Kelley, A.E. (2001). Serotonin-dopamine interactions in the control
of conditioned reinforcement and motor behavior. Neuropsychopharmacology, 25,
440-452.

Saudou, F., Amara, D.A., Dierich, A., LeMeur, M., Ramboz, S., Segu, L., Buhot, M.C., &
Hen, R. (1994). Enhanced aggressive behavior in mice lacking 5-HT1B receptor.
Science, 265, 1875-1878.

Saxe, R., & Kanwisher, N. (2003). People thinking about thinking people. The role of the

temporo-parietal junction in "theory of mind". Neuroimage, 19, 1835-1842.

Saxe, R., & Powell, L.J. (2006). It's the thought that counts: specific brain regions for one
component of theory of mind. Psychological Science, 17, 692-699.

127



References

Saxe, R., & Wexler, A. (2005). Making sense of another mind: the role of the right
temporo-parietal junction. Neuropsychologia, 43, 1391-1399.

Schneier, F. R., Liebowitz, M. R., Abi-Dargham, A., Zea-Ponce, Y., Lin, S. H., & Laruelle,
M. (2000). Low dopamine D2 receptor binding potential in social phobia. American
Journal of Psychiatry, 157, 457-459.

Schulte-Ruther, M., Markowitsch, H. J., Fink, G. R., & Piefke, M. (2007). Mirror neuron
and theory of mind mechanisms involved in face-to-face interactions: a functional

magnetic resonance imaging approach to empathy. Journal of Cognitive
Neuroscience, 19, 1354-1372.

Seo, D., Patrick, C.J., & Kennealy, P.J. (2008). Role of Serotonin and Dopamine System
Interactions in the Neurobiology of Impulsive Aggression and its Comorbidity with

other Clinical Disorders. Aggression and Violent Behavior, 13, 383-395.

Shalev, |, Israel, S., Uzefovsky, F., Gritsenko, I., Kaitz, M., & Ebstein, R. P. (2011).
Vasopressin needs an audience: Neuropeptide elicited stress responses are
contingent upon perceived social evaluative threats. Hormones and behavior, 60,
121-127.

Siegle, G. J., Thompson, W., Carter, C. S., Steinhauer, S. R., & Thase, M. E. (2007).
Increased amygdala and decreased dorsolateral prefrontal BOLD responses in
unipolar depression: related and independent features. Biological psychiatry, 61,
198-209.

Siever, L.J., Buchsbaum, M.S., New, A.S., Spiegel-Cohen, J., Wei, T., Hazlett, E.A,,
Sevin, E., Nunn, M., & Mitropoulou, V. (1999). d,l-fenfluramine response in
impulsive personality disorder assessed with [18F]fluorodeoxyglucose positron

emission tomography. Neuropsychopharmacology, 20, 413-423.

Singer, T., Seymour, B., O'Doherty, J., Kaube, H., Dolan, R.J., & Frith, C.D. (2004).
Empathy for pain involves the affective but not sensory components of pain.
Science, 303, 1157-1162.

Singer, T., Seymour, B., O'Doherty, J.P., Stephan, K.E., Dolan, R.J., & Frith, C.D. (2006).
Empathic neural responses are modulated by the perceived fairness of others.
Nature, 439, 466-9.

128



References

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 in cognitive sciences, 13.1, 27-35.

Skyrms, B., (2004). The Stag Hunt and the Evolution of Social Structure. Cambridge
Univerty Press, Cambridge.

Soloff, P.H., Meltzer, C.C., Becker, C., Greer, P.J., Kelly, T.M., & Constantine, D. (2003).
Impulsivity and prefrontal hypometabolism in borderline personality disorder.
Psychiatry Research, 123, 153-163.

Sommer, M., Dohnel, K., Sodian, B., Meinhardt, J., Thoermer, C., & Hajak, G. (2007).

Neural correlates of true and false belief reasoning. Neuroimage, 35, 1378-1384.

Spreng, R. N., Mar, R. A, & Kim, A. S. (2009). The common neural basis of
autobiographical memory, prospection, navigation, theory of mind, and the default
mode: a quantitative meta-analysis. Journal of cognitive neuroscience, 21, 489-
510.

Sprengelmeyer, R., Rausch, M., Eysel, U.T., & Przuntek, H. (1998). Neural structures
associated with recognition of facial expressions of basic emotions. Proceedings of
the Royal Society of London. Series B: Biological Sciences, 265, 1927-1931.

Spunt, R.P., Satpute, A.B., & Lieberman, M.D. (2011). Identifying the what, why, and how
of an observed action: an fMRI study of mentalizing and mechanizing during action

observation. Journal of Cognitive Neuroscience, 23, 63-74.

Sripada, C. S., Phan, K. L., Labuschagne, |., Welsh, R., Nathan, P. J., & Wood, A. G.
(2012). Oxytocin enhances resting-state connectivity between amygdala and

medial frontal cortex. International Journal of Neuropsychopharmacology, 1-6.
Stein J.L., Wiedholz L.M., Bassett D.S., Weinberger D.R., Zink C.F., Mattay V.S., &

Meyer-Lindenberg A. (2007). A validated network of effective amygdala
connectivity. Neuroimage, 36, 736-745.

129



References

Swanson, J. M., Kinsbourne, M., Nigg, J., Lanphear, B., Stefanatos, G. A., Volkow, N., ...
& Wadhwa, P. D. (2007). Etiologic subtypes of attention-deficit/hyperactivity
disorder: brain imaging, molecular genetic and environmental factors and the

dopamine hypothesis. Neuropsychology review, 17, 39-59.

Takayanagi, Y., Yoshida, M., Bielsky, I. F., Ross, H. E., Kawamata, M., Onaka, T., &
Nishimori, K. (2005). Pervasive social deficits, but normal parturition, in oxytocin
receptor-deficient mice. Proceedings of the National Academy of Sciences of the
United States of America, 102, 16096-16101.

Tang, Y., Kong, L., Wu, F., Womer, F., Jiang, W., Cao, Y., Ren, L., Wang, J., Fan, G,
Blumberg, H.P., Xu, K., & Wang, F. (2012). Decreased functional connectivity
between the amygdala and the left ventral prefrontal cortex in treatment-naive
patients with major depressive disorder. a resting-state functional magnetic

resonance imaging study. Psychological Medicine, 1-7.

Taylor, S.P. (1967). Aggressive behavior and physiological arousal as a function of
provocation and the tendency to inhibit aggression. Journal of Personality, 35,
297-310.

Tedeschi, J. T., & Felson, R. B. (1994). Violence, Aggression and Coercive Actions.

Washington: American Psychological Association.

Thompson, R.R., George, K., Walton, J.C., Orr, S.P., & Benson, J. (2006). Sex-specific
influences of vasopressin on human social communication. Proceedings of the
National Academy of Sciences of the United States of America, 103, 7889-7894.

Thompson, R.R., Gupta, S., Miller, K., Mills, S., & Orr, S. (2004). The effects of
vasopressin on human facial responses related to social communication.

Psychoneuroendocrinology, 29, 35-48.

Thorne, R.G., Emory, C.R., Ala, T.A., & Frey, W.H. (1995). Quantitative analysis of the
olfactory pathway for drug delivery to the brain. Brain Research, 692, 278-282.

Tiihonen, J., Kuikka, J., Bergstrom, K., Lepola, U., Koponen, H., & Leinonen, E. (1997).
Dopamine reuptake site densities in patients with social phobia. American Journal
of Psychiatry, 154, 239-242.

130



References

Uzefovsky, F., Shalev, |, Israel, S., Knafo, A., & Ebstein, R.P. (2012). Vasopressin
selectively impairs emotion recognition in men. Psychoneuroendocrinology, 37,
576-580.

Van Anders, S.M., Goldey, K.L., & Kuo, P.X. (2011). The Steroid/Peptide Theory of Social
Bonds: integrating testosterone and peptide responses for classifying social

behavioral contexts. Psychoendocrinology, 36, 1265-1275.

Van Honk, J., Harmon-Jones, E., Morgan, B.E., & Schutter, D.J. (2010). Socially explosive
minds: the ftriple imbalance hypothesis of reactive aggression. Journal of
Personality, 78, 67-94.

Van Veen, V., & Carter, C.S. (2002). The timing of action-monitoring processes in the

anterior cingulate cortex. Journal of Cognitive Neuroscience, 14, 593-602.

Van Veen, V., Cohen, J.D., Botvinick, M.M., Stenger, V.A., & Carter, C.S. (2001). Anterior
cingulate cortex, conflict monitoring, and levels of processing. Neuroimage, 14,
1302-1308.

Veenema, A.H., Beiderbeck, D.I., Lukas, M., & Neumann, I.D. (2010). Distinct correlations
of vasopressin release within the lateral septum and the bed nucleus of the stria

terminalis with the display of intermale aggression. Hormones and Behavior, 58,
273-281.

Veinante, P., & Freund-Mercier, M.J. (1997). Distribution of oxytocin- and vasopressin-
binding sites in the rat extended amygdala: a histoautoradiographic study. The

Journal of comparative neurology, 383, 305-25.

Viviani, D., & Stoop, R. (2008). Opposite effects of oxytocin and vasopressin on the
emotional expression of the fear response. Progress in brain research, 170, 207-
218.

Vogeley, K., Bussfeld, P., Newen, A., Herrmann, S., Happe, F., Falkai, P., Maier, W.,
Shah, N.J., Fink, G.R., & Zilles, K. (2001). Mind reading: neural mechanisms of

theory of mind an d self-perspective. Neuroimage, 14, 170-181.

Volkow, N.D., Tancredi, L.R., Grant, C., Gillespie, H., Valentine, A., Mullani, N., Wang,
G.J., & Hollister, L. (1995). Brain glucose metabolism in violent psychiatric

patients: a preliminary study. Psychiatry Research, 61, 243-253.

131



References

Volkow, N. D., Wang, G. J., Newcorn, J., Telang, F., Solanto, M. V., Fowler, J. S., ... &
Swanson, J. M. (2007). Depressed dopamine activity in caudate and preliminary
evidence of limbic involvement in adults with attention-deficit/hyperactivity

disorder. Archives of general psychiatry, 64, 932.

Vélim, B.A., Taylor, A.N., Richardson, P., Corcoran, R., Stirling, J., McKie, S., Deakin,
J.F., & Elliott, R. (2006). Neuronal correlates of theory of mind and empathy: a
functional magnetic resonance imaging study in a nonverbal task. Neuroimage, 29,
90-98.

Walum, H., Westberg, L., Henningsson, S., Neiderhiser, J.M., Reiss, D., Igl, W., Ganiban,
J.M., Spotts, E.L., Pedersen, N.L., Eriksson, E., & Liechtenstein, P. (2008).
Genetic variation in the vasopressin receptor 1a gene (AVPR1A) associates with
pair-bonding behavior in humans. Proceedings of the National Academy of
Sciences of the United States of America, 105, 14153-14156.

Watanabe, M., Hikosaka, K., Sakagami, M., & Shirakawa, S. |. (2005). Functional
significance of delay-period activity of primate prefrontal neurons in relation to
spatial working memory and reward/omission-of-reward expectancy. Experimental
brain research, 166, 263-276.

Weiland, S., Hewig, J., Hecht, H., Mussel, P., & Miltner, W. H. (2012). Neural correlates of

fair behavior in interpersonal bargaining. Social Neuroscience, 7, 537-551.

Williams, J.R., Insel, T.R., Harbaugh, C.R., & Carter, C.S. (1994). Oxytocin administered
centrally facilitates formation of a partner preference in female prairie voles

(Microtus ochrogaster). Journal of Neuroendocrinology, 6, 247-250.

Wiltermuth, S.S., & Heath, C. (2009). Synchrony and cooperation. Psychological Science,
20, 1-5.

Winslow, J.T., Hearn, E.F., Ferguson, J., Young, L.J., Matzuk, M.M., & Insel, T.R. (2000).
Infant vocalization, adult aggression, and fear behavior of an oxytocin null mutant

mouse. Hormones and Behavior, 37, 145-155.

Winslow, J.T., & Insel, T.R. (1991). Social status in pairs of male squirrel monkeys
determines the behavioral response to central oxytocin administration. The Journal
of neuroscience : the official journal of the Society for Neuroscience. 11, 2032-
2038.

132



References

Wispé, L. (1986). The distinction between sympathy and empathy: To call forth a concept,
a word is needed. Journal of Personality and Social Psychology, 50, 314-321.

Wiswede, D., Taubner, S., Munte, T.F., Roth, G., Struber, D., Wahl, K., & Kramer, U.M.
(2011). Neurophysiological correlates of laboratory-induced aggression in young

men with and without a history of violence. PLoS One, 6, €22599.

Wolf, I., Dziobek, I|., & Heekeren, H.R. (2010). Neural correlates of social cognition in

naturalistic settings: a model-free analysis approach. Neurolmage. 49, 894-904.

Wood, R.M., Rilling, J.K., Sanfey, A.G., Bhagwagar, Z., & Rogers, R.D. (2006). Effects of
tryptophan depletion on the performance of an iterated Prisoner's Dilemma game

in healthy adults. Neuropsychopharmacology, 31, 1075-1084.

Yanowitch, R., & Coccaro, E.F. (2011). The neurochemistry of human aggression.
Advances in Genetics, 75, 151-169.

Ye, Z., Hammer, A., Camara, E., & Minte, T.F. (2010). Pramipexole modulates the neural

network of reward anticipation. Human brain mapping, 32, 800-811.

Yoshida, W., Seymour, B., Friston, K.J., & Dolan, R.J. (2010). Neural mechanisms of
belief inference during cooperative games. Journal of Neuroscience, 30, 10744-
10751.

Young, L.J. (1999). Oxytocin and vasopressin receptors and species-typical social

behaviors. Hormones and Behavior, 36, 212-221.

Young, L.J., Toloczko, D., & Insel, T.R. (1999). Localization of vasopressin (V1a) receptor
binding and mRNA in the rhesus monkey brain. Journal of Neuroendocrinology,
11, 291-297.

Young, L. J., & Wang, Z. (2004). The neurobiology of pair bonding. Nature neuroscience,
7, 1048-1054.

Zahn-Waxler, C., Robinson, J. L., & Emde, R. N. (1992). The development of empathy in
twins. Developmental Psychology, 28, 1038-1047.

Zink, C.F., Stein, J.L., Kempf, L., Hakimi, S., & Meyer-Lindenberg, A. (2010). Vasopressin
modulates medial prefrontal cortex-amygdala circuitry during emotion processing

in humans. Journal of Neuroscience, 30, 7017-7022.

133



References

Zink, C.F., Kempf, L., Hakimi, S., Rainey, C.A., Stein, J.L., & Meyer-Lindenberg, A.
(2011). Vasopressin modulates social recognition-related activity in the left

temporoparietal junction in humans. Translational Psychiatry, 1, 3.

Zink, C. F., & Meyer-Lindenberg, A. (2012). Human neuroimaging of oxytocin and

vasopressin in social cognition. Hormones & Behavior, 61, 400-409.

Zlokovic, B.V., Segal, M.B., Davson, H., Lipovac, M.N., Hyman, S., & McComb, J.G.
(1990). Circulating neuroactive peptides and the blood-brain and blood-

cerebrospinal fluid barriers. Endocrinologia Experimentalis, 24, 9-17.

134



Abbrevations

Abbreviations

ACC
AC-PC
AH

Al

am
ANOVA
AQ
Arg
Asp
AVP
AVPR1a
AVPR2
BA
BOLD
CSF
Cys

Df
dIPFC
EEG
EMG
ERP

F

FDR
FFG
fMRI
fMRT
FOV
FWHM
GAM
GLM
GIn
Hem
HRF
i.e.

IRI

U

L
MANOVA
min
mm
MNI
mPFC
MR
MRI
Ms
OFC
oT
PAM
PD
PET
Phe
pm

anterior cingulate cortex
anterior and posterior commissure
anterior hypothalamus
anterior insula

ante meridiem

analysis of variance
aggression questionnaire
arginine

aspartic acid

vasopressin

AVP receptor 1a

AVP receptor 2

brodmann area

blood oxygen level dependant
cerebrospinal fluid

cysteine

degrees of freedom
dorsolateral prefrontal cortex
electroencephalography
electromyography
event-related potential
F-value (ANOVA)

false discovery rate

fusiform gyrus

functional magnetic resonance imaging
funktionelle Magnetresonanztomographie

field of view

full width half maximum
general aggression model
general linear model

glycine

hemisphere

hemodynamic response function
(lat:id est) that is

interpersonal reactivity index
international Units

left

multivariate analysis of variance
minutes

milimetre

Montreal Neurological Institute
medial prefrontal cortex
magnetic resonance

magnetic resonance imaging
milisecond

orbitofrontal cortex

oxytocin

perception-action model
prisoner’s dilemma

positron emission tomography
phenylalanine

post meridiem

135



Abbrevations

Pro
R
ROI
S

SD
Size
SH
SMG
SPM
STS
t
TAP
TE
ToM
TP
TPJ
TR
Tyr

uncofrr.

VOl

proline

right

region of interest

second

standard deviation

cluster size

stag hunt

supramarginal gyrus
statistical parametric mapping
superior temporal sulcus
t-values

taylor aggression paradigm
echo time

theory of mind

temporal poles
temporo-parietal junction
repetition time

tyrosine

uncorrected

volume of interest
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